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Light-field shaping technology plays an important role in optics and nanophotonics. For instance, the spatially structured light

field, which exhibits characteristic features in complex phases, light intensity, and polarization, is crucial to understanding new

physical phenomena and exploring practical applications. Herein, we propose and demonstrate a new class of tunable circular

Pearcey beams (TCPBs) by imposing the annular spiral-zone phase (ASZP). Through experiments, we used a spatial light modu-

lator to generate TCPBs based on their spiral phase distribution, and numerically analyzed the generation and control of the beams

with unusual autofocusing and self-rotating dynamics. ASZP is a general term for complex phases composed of the spiral phase,

equiphase, and radial phase. TCPB typically exhibits dynamical properties, including abrupt autofocusing, automatic generation

of optical bottles, and self-rotation of the beam pattern, during propagation. Besides, the number of generated optical bottles can

be modulated by the superposition mode of ASZP and the number of subphases. We found that an inappropriate superposition

mode leads to distortion, and we analyzed the underlying mechanism. Potential applications of TCPBs in optical manipulation

are also discussed, presenting an exemplary role desired for light-field manipulation.
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1 Introduction

The Pearcey function was discovered in 1946 by Pearcey
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[1] through analytical derivation and numerical calculation

of field structures at and near the focal line of a cylindrical

electromagnetic wave. In 2012, Ring et al. [2] introduced

the Pearcey function into optics and realized Pearcey beams

through theoretical and experimental studies. Pearcey beams

represent a solution of the paraxial equation and describe
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diffraction near two-dimensional caustics [3], which have the

same self-healing and -focusing properties as Airy beams

during propagation. To date, different forms of Pearcey

beams have been proposed. Among them, circle Pearcey

beams [4] have attracted extensive attention owing to their

abruptly autofocusing (AAF) properties, including high peak

intensity contrast, short focal length, and no oscillation af-

ter focusing. Several new designs based on circle Pearcey

beams, including chirp ring Pearcey beams [5], vector ring

Pearcey beams [6], ring Pearcey beams with a cross-phase

[7], and generalized ring Pearcey beams [8], have also been

proposed.

The AAF properties of circular Airy beams were first re-

ported by Efremidis et al. [9] and later verified experimen-

tally [10, 11]. AAF beams possess a large focal depth and

a small divergence angle, which play an important role in

increasing the power density of the beams. Compared to

conventional Gaussian beams, when AAF beams are prop-

agated, the interaction between the beams and the media di-

minishes, and even disappears, before focusing so that they

can focus on target positions. Besides, their profiles turn into

a Bessel-like pattern soon after abrupt focusing [11], pre-

venting damage during subsequent propagation through the

media. Therefore, AAF beams are vital in laser processing

and biomedical treatment [9, 12]. Moreover, their applica-

tions have been extended to optical trapping [11], atom ma-

nipulation [13], etc. On the other hand, AAF beams have

a symmetrical caustic distribution and form a large gradient

light field that can capture and simultaneously manipulate

particles. Therefore, AAF beams have attracted significant

interest recently [14]. For example, Panagiotopoulos et al.

[15] reshaped AAF beams into nonlinear intense light-bullet

wave packets, which have significant advantages in attosec-

ond physics. Jiang et al. [16] used AAF beams to capture

two types of particles in the area of particle manipulation.

Simultaneously, nonparaxial autofocusing beams with pre-

engineered trajectories associated with larger intensity con-

trasts, focusing at smaller distances and smaller spot sizes as

compared with the paraxial case, have been investigated [17].

In theory, if AAF beams focus more than twice, they are

likely to form optical bottles (OBs) [18, 19]. OB is an op-

tical field possessing a dark closed region and offers an op-

tical trap in three dimensions. OB beams, which can trap

aerosol particles [20] and low-refractive-index particles com-

pared with the traditional convergent Gaussian beams, have

unique applications in optical tweezers. OB was first demon-

strated by Arlt and Padgett [18] by superimposing vortex

beams. It was obtained by various methods, including self-

image effect [21], Fourier-space generation [22], and caustics

under revolution [23]. Although optical cages employ simi-

lar optical traps in three dimensions as OBs, they are mainly

generated by vector beams, and some are even generated in

numerical-aperture optical systems [24-27]. In addition, an

optical vortex (OV) beam is a spatially structured light field

widely used in optical tweezers, and it has the characteristics

of spiral phase distribution, phase singularity, and zero cen-

tral light intensity. OV beams have a certain orbital angular

momentum (OAM) [28]. Since the zero intensity in the axial

region of OV weakens the scattering force, as opposed to the

gradient force, OV can capture particles with both high and

low refractive indices [29]. Furthermore, OV can transfer the

OAM of a beam to particles, driving them to rotate like an

optical spinner [30-34].

Recently, with the in-depth exploration of vortex beams,

traditional vortex beams no longer meet the application

needs. Multiple new light fields with special light field dis-

tribution based on the modulation of phases, amplitudes, and

polarization have been proposed [35]. Ni et al. [36] formed a

3D spiral light field through coaxial coherence between a vor-

tex beam and a plane wave. The spiral light-field implements

a 3D spiral chiral nanostructure with a 3D twisted cross-

section in an isotropic material. In addition, a new phase

modulation, imposing the annular spiral-zone phase (ASZP)

on a beam phase, was proposed by Lan et al. [37] to generate

tunable polycyclic chiral Gaussian beams. In this method,

the superposition between an equiphase and a spiral phase

is equivalent to the interference between a vortex beam and

a plane wave. Then, Wu et al. [38] theoretically proposed

a polycyclic tornado ring Airy beam induced by ASZP with

the second-order chirped factor and analyzed its AAF char-

acteristics. However, the propagation properties of tunable

circular Pearcey beams (TCPBs), circle Pearcey beams pro-

duced with ASZP, have not been reported.

In this study, we derive theoretically and demonstrate ex-

perimentally TCPBs. Additionally, the properties of the

beams, such as AAF, automatic generation of OBs, and self-

rotation of the beam pattern, are analyzed. In sect. 2, we

illustrate the theoretical model and propagation dynamics of

TCPBs and highlight the influence of the number of subphase

and annular phases for the TCPBs to discuss the propagation

properties of TCPBs. In sect. 3, the experimental setup and

results are presented. In sect. 4, we summarize the results of

the study.

2 Theoretical model and propagation dynamics
of TCPBs

2.1 Theory

In paraxial optical systems, the (2+1)-dimensional normal-

ized potential-free Schrödinger equation describes the spatial
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beam dynamics while propagating along z-axis. In terms of

the radially symmetrical beam solution, TCPBs can be ex-

pressed more easily in cylindrical coordinates as [4, 9]:

2i
∂E
∂z
+
∂2E
∂r2
+ r−1 ∂E

∂r
+ r−2 ∂

2E
∂θ2
= 0, (1)

where E(r, θ, z) is the amplitude of TCPBs, and (r, θ) is the

polar coordinates. The radial distance r is normalized with

arbitrary transverse length x0, the propagation distance z is

normalized with kx0
2, and k = 2π/λ0 (λ0 is the center wave-

length in free space) represents the wavenumber.

The initial optical field of TCPBs imposed with ASZP can

be expressed in cylindrical coordinates as:

E(r, θ, 0) = A0Pe(−r/ps, 0)q(r) exp [iΦ(r, ϕ)], (2)

where A0 is the normalized constant amplitude of the initial

optical field, and Pe (·) is the Pearcey integral [1, 2] in terms

of Pe(s, t) =
∫ +∞
−∞ dq exp (iq4 + iq2t + iqs). The spatial dis-

tribution factor ps can manipulate the intensity distribution

of the input beams and the position of the focal point (i.e.,

the focal length Ls = 2p2
s ) [4]. Ideally, the light fields of

TCPBs and other Pearcey beams are distributed in an infi-

nite space [1]. q(r) guarantees that the total conveyed power∫ 2π

0

∫ ∞
0

E (r, θ, 0) drdθ is finite. To experimentally generate

TCPBs, it can be described as:

q(r) =

⎧⎪⎪⎨⎪⎪⎩
eηr

ξ

, r < r0,

0, r ≥ r0,
(3)

and η, ξ can adjust the amplitude distribution of the input

beams at r < r0. ASZP Φ(r, ϕ) is composed of multiple

subphases φi(r, ϕ), which is defined as ASZPn, with n corre-

sponding to the number of subphases. The phase distribution

of ASZP can be expressed as [37]:

Φ (r, ϕ) =

n∑
i=1

circ
( r
rmax

)
φi (r, ϕ) , (4)

where circ(r/rmax) is the cylindrical function. Figure 1(a1)

depicts the structure of the subphases. Every subphase

contains three annular phases, including the radial phase,

equiphase, and spiral phase, starting from the inner part of

the phase distribution, which can be expressed as [37, 39]:

φi(r, ϕ) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

βr, rir
i < r < ror

i ,

γ, rie
i < r < roe

i ,

liϕ + αr, ris
i < r < ros

i ,

(5)

where βr, γ and liϕ + αr denote the radial phase, equiphase,

and spiral phase of the ith subphase, respectively; li repre-

sents the topological charge for the ith subphase; α and β

are the tunable radial shift factors. rir
i , rie

i , and ris
i are the in-

ner radii of the ith radial phase (RPi), equiphase (EPi), and

spiral phase (SPi) respectively, and ror
i , roe

i , and ros
i are the

outer radii corresponding to the subphase, respectively. Fur-

thermore, we define the ring length of RPi, EPi, and SPi as

rrpi = ror
i − rir

i , repi = roe
i − rie

i , and rspi = ros
i − ris

i , respec-

tively, and rtotal denotes the radius of the whole ASZP for

convenience. Owing to the tight connection of these three

annular phases, rie
i =ror

i , and ris
i =roe

i . Therefore, the radius of

the whole ASZPn is given by rtotal = ros
n = rir

1 + rrp1+ rep1+

rsp1 + · · · · · · + rrpn + repn + rspn.

Figure 1 shows the process for generating TCPBs and the

main features of TCPBs. It shows that the phase of TCPBs

is formed by superposing ASZPn onto the phase of circle

Pearcey beams. The edges of the combined phase of ASZP

and TCPBs are sharp (Figure 1), but they do not affect or

reshape the AAF properties. For convenience, TCPBs with

ASZP1 and ASZP2 are defined as TCPB1 and TCPB2, re-

spectively. Thus, we can modulate TCPBs by altering one

of the ASZP’s parameters to explore the propagation prop-

erties and potential applications of TCPBs. However, it is

difficult to derive the analytical solution of E(r, θ, z) from the

Fresnel diffraction integral, (2+1)-dimensional potential-free

Schrödinger equation eq. (1), and the corresponding initial

solution eq. (2). Nevertheless, we can numerically simu-

late the propagation of TCPBs using the split-step Fourier

transform method [40]. To spatially display the propagation

patterns of TCPB1, we draw slice diagrams at certain propa-

gation distances as shown in Figure 1(c). The beam is charac-

terized by abrupt autofocusing, automatic generation of OBs,

and self-rotation of the beam pattern, and the beamwidth of

the beam decreases gradually during propagation until it ap-

proaches plane 4 where the beam starts to diffract. The beam

is discussed in detail in a later section.

Herein, some parameters show little influence on the prop-

agation dynamics of TCPBs. li only reflects the number of

vortex stripes of TCPBs. Besides, an increase in β and γ re-

duces only the peak intensity contrast of TCPBs with little

contribution to the structure of TCPBs. α has no effect on

the propagation properties. We choose appropriate values for

these parameters to generate both high peak intensity con-

trast and high-quality TCPB. For convenience, we assume

that r0 = 1.5 mm, rir
1 = 0.1 mm, x0 = 1 mm, A0 = 1,

ps = 0.1, η = 0.65, ξ = 1, β = 0.5π, α = 2π, γ = 0 unless

otherwise specified.

2.2 Influence of the number of subphases

First, we simulated TCPB1 in free space (Figure 2). Both cir-

cle Pearcey beams and TCPB1 exhibit the AAF properties,

as shown in Figure 2(a) and (c) [4]. To be specific, TCPB1

starts to undergo autofocusing several times at plane 1, but

the intensity remains low at focal positions, such as planes 1,
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Figure 1 (Color online) (a1)-(a3) Process for generating TCPB1; l = 6, β = 0.5π, α = 2π, and γ = 0. (b1)-(b3) Process for generating TCPB2; l1 = 6, l2 = 6,

β = 0.5π, α = 2π, and γ = 0. (c) Slice diagram of TCPB1, illustrating 3D propagation dynamics numerically.

2, and 4, in contrast with plane 5, where the intensity abruptly

increases by several orders of magnitude (Figure 2(c)). Com-

pared with circle Pearcey beams [4], TCPB1 forms an on-

axis OB on plane 3 where the low-intensity spot appears in

the center of the transverse intensity pattern (Figure 2(b3)).

On planes 2 and 3, TCPB1 focuses, and the main spots in

the transverse intensity patterns form the head and bottom

of the OB, respectively, implying that OB is generated. Be-

sides, TCPB1 exhibits OAM because of the OV. These results

prove that the TCPB1 has potential in particle manipulation

[18-20]. In contrast to the doughnut transverse propagation

mode of circle Pearcey beams, the transverse propagation

mode of TCPB1 is a rotating (around the circumference) and

twisting intensity distribution mode, which is similar to the

pattern of a gear or a tornado. During the propagation, the

spots initially slowly spin in a counterclockwise direction,

after which the direction of rotation changes to clockwise at

the AAF point due to the inversion of Pearcey beams [2, 41],

as is illustrated in Figure 2(b1)-(b6).

Next, the impact of the number of subphases on TCPBs is

shown in Figure 3. TCPB2 imposes two subphases (ASZP2)

that form two AAF points during propagation. OB is gen-

erated between the two focal points, as shown in Figure

3(a), which is even larger than that in Figure 2. Besides,

Figure 3(c2) shows that the central part has low intensity in-

stead of zero intensity. Additionally, the rotating property of
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Figure 2 (Color online) Numerical results showing the propagation of TCPB1 in free space with ps = 0.1, β = 0.5π, α = 2π, l = 6, rir
1
= 0.1, rrp1 = 0.2,

rep1 = 0.2, and rsp1 = 0.25. (a) Side view of TCPB1 from the numerical beam propagation; (b1)-(b6) calculated transverse intensity patterns of TCPB1 at

planes 1-6; (c) peak intensity of TCPB1 as a function of propagation distance z.

(a)

1 2 3

z (mm)

r 
(m

m
)

0.25 mm

1

0.5

0
1

0.5

0

(b)

x (mm)

y
 (

m
m

)

(c1) (c2) (c3)

0.5 mm

I m
a

x
 (

c
d

)

z

0 0.5L
s

1.5L
s

2L
s

L
s

3000

2000

1000

0

0.25L
s

Figure 3 (Color online) Propagation of TCPB2 in free space with l1 = 6, l2 = 6, rir
1
= 0.1, rrp1 = 0.2, rep1 = 0.2, rsp1 = 0.25, rrp2 = 0.2, rep2 = 0.2, and

rsp2 = 0.25. (a) Side view of TCPB2 from the numerical beam propagation; (b) peak intensity of TCPB2 as a function of propagation distance z; (c1)-(c3)

calculated transverse intensity patterns of TCPB2 on planes 1-3. All other parameters are the same as those in Figure 2.

TCPB2 is almost identical to that of TCPB1. TCPB2 spins

anticlockwise before approaching plane 1, as shown in Fig-

ure 3(c1). After plane 1, the transverse intensity pattern

of TCPB2 rotates clockwise between planes 1 and 3, after

which it changes again to anticlockwise rotation. Therefore,

with the rotating property, the beam can be used as optical

spanners to rotate particles. Compared with the polycyclic

tornado ring Airy beams [38], TCPBs have high peak inten-

sity contrast, as shown in Figures 2(c) and 3(b).

2.3 Influence of annular phases

An equiphase (γ) superposed on an annular spiral phase is

equivalent to a vortex beam interfering with a plane wave
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[42]. Besides, the vortex beam can be deflected by radial

phases αr and βr so that it interferes to a large extent with

the plane wave [37]. Therefore, we analyze the influence

of the radial phase, equiphase, and spiral phase on TCPBs.

Figure 4 depicts the propagation of TCPB1 with different

ring lengths of the radial phase. TCPB1 still has AAF prop-

erties, as shown in Figure 4(b1). With an increase in rrp1, the

intensity scatters from the AAF point to the two focuses on

both sides, and OB is generated. Moreover, OB is formed

(illustrated in a white circle in Figure 4(a1)) before the AAF

point. However, it is not well generated after the AAF point

because there is no zero-intensity area near Ls in Figure

4(b2). When rrp1 increases to 0.7 mm, two OBs are gener-

ated, as indicated by the white circles in Figure 4(a2). Be-

cause of the ratio limit of the phase of TCPB1, when rtotal in-

creases to 1.45 mm, that is, the ring length of rrp1 approaches

to 0.9 mm, OBs annihilate, as shown in the circle in Figure

4(a3). This phenomenon is discussed in detail in a later sec-

tion. Therefore, the OBs are generated and annihilated with

an increase in rrp1, and we can also obtain an appropriate

number of OB by adjusting the radial phase rrp1.

Increasing the ring length of the equiphase enlarges the

area of the plane wave, which enables the vortex beam

to interfere better with the plane wave. Figure 5 shows

the side views of TCPB1 with different ring lengths of the

equiphase during the propagation. When the ring length of

the equiphase is increased, the variation trends of propaga-

tion properties are similar to those of the radial phase. In

particular, with an increase in rep1, the intensity of the AAF

point scatters to two sides, and two high-quality OBs are

formed (Figure 5(a1)). When rep1 is increased to 0.9 mm,

the beam suffers weaker distortion (Figure 5(a2)) than that in

Figure 4(a3).

Besides the equiphase and radial phase, the spiral phase

rsp1 has a great impact on the propagation of TCPBs, as

shown in Figure 6. Compared with Figure 2(a), the discrep-

ancies of energy between the body and other parts of OB

are more apparent, implying that high-quality multi OB is

formed in Figure 6(a1). Through the simulation of TCPB1

with different rsp1, we found that the propagation character-
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Figure 4 (Color online) Propagation of TCPB1 in free space with different ring lengths of the radial phase rrp1 = 0.5, 0.7, and 0.9. (a1)-(a3) Side views

of TCPB1 from the numerical beam propagation; (b1) peak intensity as a function of propagation distance z; (b2) on-axis peak intensity as a function of

propagation distance z. All other parameters are the same as in Figure 2.
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from numerical beam propagation; (b1)-(b6) calculated transverse intensity patterns of TCPB1 on planes 1-6; (c1) peak intensity as a function of propagation

distance z; (c2) on-axis peak intensity as a function of the propagation distance z. All other parameters are the same as in Figure 2.

istics vary much when rsp1 is more than 0.6, especially at

rsp1 = 0.9. Specifically, Figure 6(a1) shows that the beams

undergo autofocusing back and forth more times than the

above-mentioned beam, and several OBs are formed on the

right part of the pattern. Interestingly, when rsp1 reaches

1.0 mm, meaning that rtotal approaches the limit r0 (1.5 mm),

all OBs annihilate, and the intensity concentrates in two

spots. In addition, Figure 6(c1) and (c2) show the generation

and annihilation of OBs as well as the phenomenon of focus-

ing several times. The occurrence of this phenomenon is ex-

plained in detail in a later section. Compared with the afore-

mentioned parameters, the spiral phase rsp1 has the greatest

impact on TCPB1.

From the above results, the annihilation of OBs, that is,

the distortion of the beam, occurs only when the radius of

ASZP rtotal approaches 1.5 mm. The phenomenon can be

explained by the phase distribution of the beam at the ini-

tial plane. Because q(r), which is in the expression of initial

light field of TCPBs, is in the role of the aperture and lim-

its the special scale of the phase, annihilation occurs on the

beam corresponding to Figure 7(a2), (a4), and (a6). In par-

ticular, when the outermost ring has phase singularities in the

red circles in Figure 7(a2), (a4), and (a6), the phase singular-

ities destroy the “phase barrier” and distort the beam. On the

contrary, if no specific phase singularity exists, the OBs are

not annihilated, as depicted in Figure 7(a1), (a3), and (a5). To

verify our assumption, the outermost spiral phase in Figure

7(a6) is replaced with the radial phase rrp2 = 0.1, resulting

in a new phase distribution pattern (Figure 7(c)). Figure 7(b)

shows the superior properties of TCPBs due to the protection

of the outer barrier by the radial phase. Both the positions of

focus shift and the number of OB are greater than those in

Figure 6(a1). Hence, the appropriate superposition mode of

ASZP enables the beam to gain diverse properties.

3 Experimental setup and results

Currently, it is more popular and convenient to control a

phase [43] to implement a new type of light field. Since the
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Figure 7 (Color online) (a1), (a2) Phase distributions of TCPB1 with rrp1 = 0.7 and 0.9, corresponding to the initial planes in Figure 4(a2) and (a3),

respectively; (a3), (a4) phase distributions of TCPB1 with rep1 = 0.7 and 0.9, corresponding to the initial planes in Figure 5(a1) and (a2), respectively; (a5),

(a6) phase distributions of TCPB1 with rsp1 = 0.9 and 1.0, corresponding to the initial planes in Figure 6(a1) and (a2), respectively; (b) side view of TCPB

from the numerical beam propagation with l1 = 6, l2 = 6, rir
1
= 0.1, rrp1 = 0.2, rep1 = 0.2, rsp1 = 0.9, and rrp2 = 0.1; (c) phase distribution corresponding to the

initial plane of (b). All other parameters are the same as in Figure 2.

liquid crystal SLM has the advantages of programmable,

high resolution, and high diffraction efficiency, the pure

phase modulation method of SLM is widely used for light-

field modulation [44-46]. Herein, we generate TCPBs using

the pure phase modulation method of SLM, as illustrated in

the experimental system shown in Figure 8(a). An He-Ne

laser is used to generate a linearly polarized Gaussian beam

(632.8 nm) expanded and collimated by using BE. The beam

is divided into two parts by BS: one is used as a reference

beam, and the other is launched onto and reflected by the

SLM (Santec SLM-200; pixel size 7.8/8.0 μm; pixel resolu-

tion (H)1900×(V)1200 pixels). To form TCPBs, we feed a

“phase mask” (Figure 8(b1)) with interference fringes con-

taining both phase and amplitude information of TCPBs [47]

onto the SLM through a computer. The two above-mentioned

beams interfere in the BS. In the 4 f system, the beam per-

forms Fourier and inverse Fourier transforms. Only the pos-

itive first diffracting order of the beam is selected by a spec-

tral aperture to pass through the 4 f filter system. Finally,

TCPBs are generated at the focal plane of L2, and the in-

tensity pattern of the beam can be observed in CCD (Beam-

Pro 11.11; pixel size 5.5 μm; pixel resolution 2048×2048,

4.2 MPx), which is equivalent to the diffraction reproduction

of the holography. The experimental and simulation results

agree well at the initial plane (Figure 8(b2) and (b3)). In ad-

dition to the aforementioned method, beams can be generated

using two SLMs to improve the diffraction efficiency of the

beams [48].

The transverse intensity pattern at the initial plane is orig-

inally chosen by the phase mask in Figure 8(b1). How-

ever, the pattern significantly distorts during the propagation.

Therefore, we modulate the transverse intensity pattern on

the focal plane (plane 1 in Figure 2(a), plane 1 in Figure 3(a),

and plane 1 in Figure 6(a1)) by the phase mask to compensate

(b2)  

(b1)  

(b3)  

(a)  

CCD 

SLM 
BS 

M1 

He-Ne 
Laser 

AP 

M2 

L2 

BE 

L1 

Figure 8 (Color online) (a) Schematic diagram of the experimental setup

for generating TCPBs. BE, beam expander; BS, beam splitter; M1 and

M2, mirrors; L1 and L2, lenses; AP, aperture; SLM, spatial light modula-

tor; CCD, charge-coupled device. (b1) Phase mask at the initial plane of the

corresponding TCPB1 in Figure 2; (b2) corresponding calculated transverse

intensity pattern; (b3) corresponding measured transverse intensity pattern.

for the distortion of the experimental results. Thus, nine mea-

sured transverse intensity patterns (Figure 9(b1)-(d3)) were

obtained from the experiments. Figure 9(b1)-(c3) show that

the rotation direction of the measured transverse intensity

patterns agrees quite well with the inversion dynamics of the

Pearcey beams. Besides, the measured transverse intensity

patterns all have a hollow closed region in the center (Figure

9(b1), (c2), and (d2)). Therefore, the region forms an effec-

tive OB that can be used to trap and manipulate particles.

Comparing the calculated and measured transverse intensity

patterns, we find that the experimental results are consistent

with the numerical simulation results.

4 Conclusions

In summary, we developed a scheme to design and generate

TCPBs by active phase modulation using ASZP and exp-
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Figure 9 (Color online) (a1)-(a3) Phase masks on plane 1 for the TCPBs in

Figures 2(a), 3(a), and 6(a1), respectively; (b1)-(b3) experimentally recorded

transverse intensity patterns on planes 3, 5, and 6, respectively, in Figure

2(a); (c1)-(c3) measured transverse intensity patterns on planes 1-3, respec-

tively, in Figure 3(a); (d1)-(d3) measured transverse intensity patterns on

planes 3-5, respectively, in Figure 6(a1).

erimentally generated the beams. We found that the focusing

property of TCPBs can be modulated by the number of sub-

phases and the superposition mode of ASZP. Besides, TCPBs

can exhibit abrupt autofocusing once or multiple times in a

sequence. In addition, TCPBs form one or more OBs in free

space, indicating that TCPBs exhibit an unusual ability to

trap particles. However, TCPBs have the self-rotation prop-

erty of the beam pattern, which could be utilized for transfer-

ring OAM from beams to particles and for developing effec-

tive photonic tools for optical trapping and manipulation. For

instance, with the properties exhibited by TCPBs, the beams

can be used to rotate as an optical spanner to rotate parti-

cles. Furthermore, we conducted several numerical analyses

and investigated the distortion phenomenon of TCPBs. Us-

ing the appropriate superposition mode of ASZP, we could

explore the propagation properties of the beams. Owing to

these properties, different types of TCPBs have application

potentials in laser biomedical treatment, optical tweezers, op-

tical communication, and optical spanners.
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