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We propose and demonstrate an autofocusing beam, named the circular Pearcey Airy beam (CPAB). It
is found that the CPAB exhibits a superior autofocusing property, leading to an enhanced trapping force
within the autofocusing region. By thoroughly analyzing the power flow and the trapping-force distribu-
tion, we present a quantitative understanding of the autofocusing properties and the trapping capabilities
of the CPAB. We also show how to tune the autofocusing and trapping properties of the CPAB by adjust-
ing the physical parameters, such as transverse scale factor, spatial offset, and exponential decay factor.
Moreover, the CPAB exhibits multiple focusing peaks along the propagation direction, capable of trapping
multiple particles longitudinally and periodically. These results indicate that the CPAB is promising for
optical trapping and manipulations, which may be useful in various fields, including biological research
and atomic physics.
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I. INTRODUCTION

Optical tweezer is an essential technique for non-
invasively manipulating micronanoparticles, significantly
advancing many research areas, such as biology and
atomic physics [1–4]. To strongly trap particles, light
should be tightly focused by controlling the complex
amplitudes on the wave front [5], among which the sim-
plest way is to focus a quasiplane Gaussian beam. The
intrinsic property of Gaussian beam unavoidably imposes
a limit to trapping force such as photodamage [5–10].
Interestingly, similar to the effect of other structure lights
[5,9–12], by replacing Gaussian beam with recently devel-
oped autofocusing beam [13], the trapping force could
be greatly enhanced, implying lower photodamage and
significant application potentials in optical tweezers.

Autofocusing beams could maintain a low-intensity pro-
file to propagate a certain distance and abruptly auto-
focuses within a small focal volume with the intensity
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increased by orders of magnitude without the help of lens
or nonlinearity [13–18]. Within the autofocus region, the
light beams show larger intensity gradient in both the lon-
gitudinal and the transversal directions, forming a deep
potential well, giving rise to increased trapping force com-
pared with the focused Gaussian beam [13]. For practical
applications, the improved trapping capability with aut-
ofocusing beams offers lots of advantages for biological
samples that may suffer photodamage and optical heat-
ing [5,7–9]. From then on, many variants of autofocusing
beams have been proposed and demonstrated [17], which
could improve the performance of optical trapping with
enhanced autofocusing properties. The well-known auto-
focusing beam, named the radially symmetric circular Airy
beam (CAB), was generated in 2010. Recently, another
autofocusing beam was developed by Chen et al. [19],
called the circular Pearcey beam (CPB). Comparing with
the CAB, the autofocusing of the CPB occurs within a
shorter focusing range with the autofocused peak inten-
sity much higher. As a result, the CPB exhibits a much
stronger trapping force compared with the CAB. Later, a
lot of efforts have been devoted to further enhancing the
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autofocusing properties of the CPB, leading to the devel-
opment of circular chirp Pearcey Gaussian vortex beams
[20], partially coherent Pearcey-Gauss beams [21], split
autofocusing Pearcey beams [22], etc.

In this work, we propose and demonstrate that hybridiz-
ing CAB and CPB can lead to a tunable and more tightly
autofocusing effect, thereby suitable for enhancing trap-
ping capability that is critical for optical tweezers. For
clarity, we dub this hybridized beam as the circular Pearcey
Airy beam (CPAB). The experimental and theoretical
results show that this kind of autofocusing beam can be
easily controlled by adjusting its transverse scale factor,
spatial offset, and exponential decay factor. Moreover, the
CPAB inherits the oscillating autofocus of the CAB, which
does not exist for the CPB. The significantly enhanced
trapping force (twice larger than that with the CPB),
together with the oscillating autofocus character, make the
CPAB a promising candidate for trapping and manipu-
lating individual particles, as well as multiple particles
along the propagation direction [24]. Our results present
a comprehensive understanding of the optical properties
and dynamics of the CPAB in both theory and experiment,
opening opportunities for optical manipulation based on
optical tweezers.

II. TURNABILITY AND ENHANCEMENT OF
AUTOFOCUSING OF CPAB

The proposed CPAB at the source plane is expressed as

ψ (r, 0) = A0Ai
(

r0 − r
w

)
exp

(
a

r0 − r
w

)
Pe

(−r
w

, s
)

q (r) . (1)

where A0 is the amplitude, and the second and third terms
represent the finite-energy CAB, while the last two terms
represent the CPB. Ai(x) = ∫ ∞

−∞ exp(i(t3/3 + xt))dt is the
Airy function, Pe(u, v) = ∫ ∞

−∞ exp(i(t4 + ut2 + vt))dt is
the Pearcey function. r =

√
x2 + y2 is the radial coordi-

nate, where x and y are the transversal coordinates. w
and s are the transverse scale factors to adjust the ini-
tial intensity distribution, r0 denotes the spatial offset of
the Airy function, and a is an exponential decay factor.

q(r) =
{

1 r ≤ r1

0 r > r1
is an indicator used to limit the power

and the region of the beam. It is clear that the CPAB is a
combination of the CAB and the CPB, but exhibits quite
different autofocusing properties and trapping forces as
shown in the following.

The input field distribution of the CPAB at the source
plane is totally described by Eq. (1), which leads to unique
autofocusing properties of the CPAB. To give a detailed
analysis on the autofocusing properties, we calculate the

propagation of the CPAB under different conditions by
employing the split-step Fourier method [25–28]. To com-
pare the autofocusing and trapping forces with the CPB
(potentially shows stronger trapping forces than the CAB
[19]), the incident light powers are kept the same (here 1
W) for all cases in the calculations for clarity.

A. Tuning the exponential decay factor and the spatial
offset

In our theoretical analysis and experiments hereafter,
the light wavelength is kept as λ = 532 nm. First, we
let w = 100 μm, s = 0, r1 = 1.1 mm, but change the
exponential decay factor a at different spatial offset r0.
The peak intensity at focal point Imax and focal length
fz of the CPAB are shown in Figs. 1(a) and 1(b). As a
increases, the focal peak intensity Imax decreases and focal
length fz becomes longer. Interestingly, as r0 increases,
the focal peak intensity Imax undergoes a growing oscil-
lation variation until r0 = 350 μm where the focal peak
intensity Imax reaches a maximum. As r0 grows larger than
350 μm, Imax rapidly falls off. The shadow area (marked
by black scattering dots) in Fig. 1(a) indicates the appro-
priate parameters’ range to modulate the CPAB to realize
a stronger focal peak intensity than the corresponding CPB
(same w). Meanwhile, theoretical analysis shows that the fz
of the CPAB is always shorter than the CPB.

Based on above analysis, we take r0 = 350 μm, a =
0.01 to generate a CPAB experimentally. Our experimen-
tal setup is similar to the off-axis hologram method like
Ref. [26], as depicted in Fig. 1(c). An expanded quasiplane
Gaussian beam is launched to pass through a spatial light
modulator (SLM, Holoeye-LC 2012), and the designed
complex amplitude of the CPAB is loaded on the wave
front of the light beam via the hologram method, imple-
mented with a 4-f system. The autofocusing propagation
of the generated CPAB is measured by a charge-coupled
device (CCD, Daheng Optics). The experimental results
are shown in Figs. 1(d1)–1(d3). At the source plane, the
profile of the CPAB consists of a series of rings and the
innermost two rings have the largest intensity [Fig. 1(d1)].
When propagating to the distance z = 156 mm, the CPAB
automatically focuses with a focal peak intensity maxi-
mum [Figs. 1(d2) and 1(d3)]. For simplicity, the intensity
images of the experimental results are normalized with
the maximum value. By comparing with the peak inten-
sity at the autofocusing point, the peak intensity at the
input (z = 0 mm) is smaller than 0.01. After the focal
point, the CPAB experiences an oscillating propagation
while its peak intensity quickly falls off compared with
the autofocusing peak intensity [Fig. 1(d3)]. These results
demonstrate the strong autofocusing effect and the lon-
gitudinal oscillating autofocusing peaks of the proposed
CPAB. Besides, the experimental results agree with our
theoretical predictions as shown in the insets in Figs. 1(d1),
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FIG. 1. Focal peak intensity Imax and (b) autofocusing length fz of the CPABs with different a and r0. Shadow area marked by black
scattering dots indicate the appropriate parameters range to realize a stronger focal peak intensity than the CPB; (c) Schematic diagram
of the experiment setup. Experimental results (hot colormap) and theoretical results (jet colormap) about propagations and intensity
profiles of the CPAB (d1)–(d4) and the CPB (e1)–(e4). (d1)–(e1) Results at the source plane z = 0 mm, (d2)–(e2) Autofocusing results
at z = fz . (d3-e3) and (d4)–(e4) Sideview propagation, showing the different autofocusing properties of the two beams. Here, blue
curves indicate the longitudinal intensity profiles; Red curves describe the lateral intensity distributions at focal point. The intensities
in (d1),(e1) are enlarged about 100 times for better visualization while (e2) are enlarged twice. Amplitude and phase of the CPAB are
shown in the Sec. 1 of Supplemental Material [23].

1(d2) and 1(d4). Through theoretical analysis, the intensity
contrast of the autofocusing peak (2.2 × 108 W/m2) to the
maximum intensity at the source plane (1.3 × 106 W/m2)
is found more than 100.

For comparison, the propagation and autofocusing prop-
erties of the CPB with a same w is also presented here
[Figs. 1(e1)–1(e4)]. The CPB has half the number of rings
in comparison to the CPAB, and the width of the corre-
sponding ring is twice as large at the input plane [Figs.
1(d1) and 1(e1)]. We note that their initial peak inten-
sities at the input plane are almost equal. Generally, the
autofocusing spots of these beams mainly come from the
shrinking of the main ring of these beams, where the
shrinking is ultimately determined by the particular com-
plex wave front at the source plane. As a result, the CPAB
produces a smaller spot size. and focal intensity of the CPB
is 50% less than that of the CPAB [Figs. 1(d2) and 1(e2)].

Moreover, no oscillating propagation after the focal point
appears in the propagation of the CPB [Figs. 1(e3) and
1(e4)], different from the CPAB. We also calculate their
Poynting vector and analyze its internal transverse power
flow, which further explains different propagation dynam-
ics between the CPAB and the CPB (see Fig. S2 within the
Supplemental Material [23]).

B. Tuning the transverse scale factor and the spatial
offset

Moreover, the autofocusing of the CPAB can be fur-
ther tuned by jointly changing the transverse scale factor
w and the spatial offset r0. The results about peak inten-
sity at focal point Imax and focal length fz are shown in
Figs. 2(a1) and 2(a2) (here we take the case of a = 0.01
as an example for the analysis). The results show that, as
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FIG. 2. Focal peak intensity Imax (a1)–(b1) and autofocusing length fz (a2)–(b2) of the CPAB with different w, a, and r0. Shadow
area marked by black scattering dots indicate the appropriate parameters’ range to realize a stronger focal peak intensity than the
CPB. Inset in (a2) indicates the largest changes of focal peak intensity (cyanine curve) and autofocusing length (light brown curve)
against w at different r0; (c1)–(c4) and (d1)–(d4) describe the experimental (hot colormap) and the theoretical (jet colormap) results
about propagations and intensity profiles of the CPAB with different r0 [r0 = 350 μm for (c1)–(c4), and r0 = 62 μm for (d1-d4)].
(c1)–(d1) and (c3)–(d3) show the results at z = 0 mm. (c2)–(d2) and (c4)–(d4) show the results at z = fz . (c5),(d5) show the sideview
propagation of the beams, where the blue curves indicate the longitudinal intensity profiles, and the red curves describe the lateral
intensity distributions. For better visualization, the intensities in (c1),(c3),(d1),(d3) are enlarged about 100 times while (c2),(d2) are
enlarged twice.

the transverse scale factor w increase, the focal peak inten-
sity becomes weaker and focal length becomes longer.
Particularly, these changes against the transverse scale fac-
tor w are different at different r0, as shown in the inset
of Fig. 2(a2). The largest drop in focal peak intensity
happens at r0 = 350 μm. In this case, the largest focal
peak intensity is not exactly at r0 = 350 μm as in Sec.
II A. For example, when w = 120 μm and a = 0.01, focal
peak intensity Imax reaches a maximum, i.e., 1.0635 ×
108 W/m2 at r0 = 62 μm [Fig. 2(b1)] although focal peak
intensity (1.0633 × 108 W/m2) at r0 = 350 μm is very
close to this value.

To further demonstrate the above autofocusing proper-
ties, we experimentally generate two CPABs with r0 =
350 μm [Fig. 2(c)] and r0 = 62 μm [Fig. 2(d)], respec-
tively. Meanwhile, the theoretical results are shown for
comparison. At r0 = 350 μm, the CPAB exhibits less
but wider rings as w increases compared with Figs.
1(d1)–1(d4) with the same r0, leading to a wider focal
point as shown in Figs. 2(c1)–2(c4). The main power of the
CPABs stays at the inner two rings at the source plane. The
CPAB with r0 = 62 μm shows a shorter focal length, and
the power at the input plane mostly locates at the innermost
ring. Both of the demonstrated CPABs have very close
focal peak intensities and focal point sizes, as predicted

by the theory. Besides, Fig. 2(b) shows that the autofo-
cusing properties of the CPAB can be tuned by exploring
other parameters, and the autofocusing peak intensity can
be much stronger than the CPB (same w) with proper beam
parameters.

Based on the above theoretical analysis and experimen-
tal results, it is seen that the autofocusing properties of
CPABs can be flexibly tuned by adjusting the exponential
decay factor a, the transversal scale factor w, and spatial
offset r0, and we summarize here: (i) a is used to control
the decay of intensity from the main ring to side rings. A
larger a makes all rings get less power and the peak aut-
ofocusing intensity decreases because the focal point of
autofocusing beams comes from these inward rings. (ii) w
tunes the diameter and width of rings. A larger w leads to
an increased diameter with the number of rings reduced
in a fixed distribution area, and also widens the width of
rings. Thus, a larger w produces a lower focal peak inten-
sity, a longer autofocusing propagation and a larger focal
point. (iii) r0 controls the diameter of rings, and a larger r0
gives rise to a longer focal length. Furthermore, r0 decides
which ring dominates the main power of the CPAB. As r0
increase, the second inner ring starts to increase its inten-
sity, narrowing the dark gap from the first inner ring. After
passing a critical r0, the peak intensity of the second inner
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ring may still be weaker than that of the first ring, but it has
a larger diameter with more total power. Consequently, the
second ring starts to contribute the main power for autofo-
cusing. This power shift related to r0 is responsible for the
complicated oscillating autofocusing peak intensity of the
CPAB.

III. SUPERIOR TRAPPING PERFORMANCE OF
CPAB

The unique autofocusing properties make the CPAB
interesting for optical trapping and manipulation in optical
tweezers. The trapping forces acting on Rayleigh particles
includes the gradient force and the scattering force, and
they are formulated as [1,23]

Fg = 1
4
ε0εmRe(α)

� ∣∣ψ2
∣∣ , Fs = 1

6πc
ε3

mk4
0

∣∣α2
∣∣ S, (2)

where ε0 is the permittivity in vacuum, c is the light speed
in vacuum, α = 4πR3(εp − εm)/(εp + 2εm) is the polar-
izability, R is the radius of the particle, k0 = 2π/λ is the

the wave vector, S is the Poynting vector, εp and εm are
the dielectric permittivity of particle and medium, respec-
tively. Next, we theoretically calculate the trapping forces
with the CPAB for a polystyrene bead (R = 50 nm) in the
water (εp = 2.5, εm = 1.7) and compare the results with
those for the CPB.

Figures 3(a) and 3(b) present the transversal gradient
force and scattering force at the focal point for the CPAB
and the CPB, and the beam parameters are the same as
those used in Fig. 1. We see that the CPAB exhibits twice
stronger gradient force and six times stronger scattering
force than the CPB does. This trapping force enhance-
ment is even stronger than that of the focal peak intensity
enhancement. This is due to different autofocusing prop-
erties of the two kinds of beams: Firstly, from Eq. (2),
the gradient force is determined by intensity gradient. As
shown in Fig. 1, the CPAB has a larger focal peak inten-
sity and a smaller focal point size than the CPB. Therefore,
the CPAB shows a much larger intensity gradient, leading
to the twice enhanced gradient force. Due to the CPB hav-
ing higher intensity and gradient than the CAB (close to
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the Airy-beam array) [19,29]. One can infer that the CPAB
also shows a much stronger trapping force than the CAB
(see Sec. S4 within the Supplemental Material [23]). Sec-
ondly, from Eq. (2), the scattering force depends on power
flow. By analyzing the power flow of both beams (see Sec.
S2 within the Supplemental Material [23]), the focal peak
power flow of the CPAB is found exactly six times larger
than that of CPB, explaining the six times stronger scat-
tering force. Notably, gradient force is much stronger than
scattering force.

To further analyze the trapping properties, we also cal-
culated the total trapping force distributions at initial and
focal positions (�Ftrap = �Fg + �Fs), as shown in Figs. 3(c)
and 3(d). The CPAB has twice the number of rings and less
than half the ring width than the CPB does at the source
plane [Figs. 3(c1) and 3(d1)]. The largest peak trapping
force of the CPAB locates at the second and third inner
ring while that of the CPB still keeps a nearly uniform dis-
tribution. In addition, the directions of the trapping forces
at the adjacent rings are always opposite and the trapping
positions appear in the dark ring between these two rings.
At the focal point, the peak trapping force has 2 orders
of magnitude enhancement and mainly concentrate in the
center as shown in Figs. 3(c2) and 3(d2). All the directions
point to the center, such that the center is the only sta-
ble trapping position. Particularly, the total trapping force
is mainly contributed by gradient force, and therefore the
trapping force of the CPAB is 2 times larger than the
CPB.

Next, we investigate how the gradient force at the focal
point changes with a and r0. Not surprisingly, the changes
are qualitatively similar to the trend of intensity: while
w = 100 μm, the trapping force decreases with an increas-
ing a and the force is largest at r0 = 350 μm [Fig. 3(g)].
Before r0 = 350μm the force experiences a growing oscil-
lation variation and rapidly drops down after r0 = 350μm.
However, the shadow area, where the force is larger than

the CPB, is quantitatively bigger than that of the focal
intensity shown in Fig. 1. The same results are observed for
Fig. 3(h) with w = 120 μm. In Fig. 3(h), the trapping force
shows a damping descent first before r0 = 200 μm, then
rapidly goes up to a maximum at r0 = 350 μm, and finally
decays rapidly. In this case, the largest force is not located
at r0 = 350 μm, and the same result is demonstrated in
Fig. 3(i).

Furthermore, we compare the longitudinal trapping
forces of the CPAB and the CPB, as presented in Figs.
3(e) and 3(f). The CPAB exhibits twice stronger gradient
force and 1.5 times stronger scattering force than the CPB.
Meanwhile, due to the oscillating propagation, the CPAB
offers multiple longitudinal trapping positions (marked by
circle dots), different from the CPB. The 1st trapping posi-
tion of the CPAB is at the focal point (zf 1 = 156 mm). The
2nd and 3rd positions are at zf 2 = 193 mm, zf 3 = 237 mm,
respectively. A more detailed analysis on the trapping
forces for the 2nd and 3rd focal points can be found in Sec.
S3 within the Supplemental Material [23].

Finally, to experimentally demonstrate the above
enhanced trapping capability of the CPAB, we utilize the
CAPB and the CPB as optical tweezers to trap polystyrene
beads with different sizes in water. Similar to Refs. [6,7],
the experiment for trapping beads is schematically shown
in Fig. S5 within the Supplemental Material [23]. The
CPAB (or CPB) is generated at the focal plane of lens 4
(source plane of the CPAB and CPB), and then is relayed
to the sample by using a 4-f imaging system composed
of lens 5 and oil lens. Here, after we introduce a beam
into a normal microscopic system via the 4-f imaging
system composed by lens 5 and oil lens, we let the aut-
ofocusing positions appear right at the focal point of oil
lens by changing the distances between lens 4 and lens
5. Thus, optical tweezers based on CPABs and CPBs
are realized for trapping polystyrene beads. Then, we use
power-spectrum methods to analyze the trap stiffnesses of
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the beams (more detail can be found in Sec. S5 within the
Supplemental Material [23]).

Our results are shown in Fig. 4. When the input power of
beam is 30 mW and the size of trapping bead is 4 μm, the
corner frequency fc(∼ 29 Hz) of the CPAB is larger than
that of the CPB (approximately 21 Hz) [Fig. 4(a)]. Fol-
lowing κr = 2πγ fc, the CPAB (approximately 7 pN/μm)
has larger trap stiffness than the CPB (approximately
5 pN/μm). Accordingly, the CPAB shows a stronger trap-
ping force (Ftrap = κr	r), as predicted in theory. However,
the experimental result does not reach the same twice
improvement as in theoretical analysis for Rayleigh parti-
cles (size is much smaller than wavelength) [Fig. 3], since
the size of the experimental polystyrene bead is larger than
wavelength. In this case, the full-wave generalized Lorenz-
Mie theory and Maxwell stress-tensor technique [7,30] are
used to calculate the trapping force and stiffness. Then,
the theoretical results are consistent with our experimental
results (see more detail in Sec. S6 within the Supplemental
Materials [23]). Furthermore, when we change the input
power and the size of trapping beads, the CPAB keeps
larger trap stiffnesses than the CPB while trap stiffnesses
are almost proportional to the power and increase with
a bigger trapping beads [Figs. 4(b), and 4(c)]. Besides,
since the 4-f imaging configuration composed by a tube
lens and an oil objective lens demagnifies only the com-
plex wave front at the focal plane, the demagnified beam
after the objective lens still preserves the propagation prop-
erties of the autofocusing beam in free space, including
exhibiting multiple forces, as demonstrated in the Video
S1 within the Supplemental Material [23]. In this case,
CPAB can offer multiple longitudinal trapping positions in
experiment.

IV. CONCLUSIONS

In conclusion, we demonstrate that the proposed CPAB
exhibits unique autofocusing features and stronger trap-
ping force both theoretically and experimentally. By study-
ing the propagation dynamics and power flow of the
CPAB, we show that the autofocusing and trapping forces
of the CPAB are tunable by controlling transverse scale
factor, spatial offset, and exponential decay factor. By ana-
lyzing the tunable autofocusing dynamics, it is shown that
trapping forces of the CPAB can be much larger than that
of the CPB. Moreover, the longitudinal oscillating auto-
focuses of the CPAB inherited from the CAB offers the
possibility to trap multiple particles longitudinally. Our
results bring the possibility of developing optical manip-
ulation tools based on autofocusing beams for biomedical
applications, such as accessing the deformability of cells,
sensing microstructure, and reducing the photodamage on
biological samples [1,8,10].
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