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A novel optical-trap method for improving the trapping capability using a radially polarized narrow-width annular beam
(NWAB) has been proposed. In this paper, we theoretically study the tight focusing properties of a radially polarized
NWAB, formed by subtly blocking the central portion of a radially polarized Bessel–Gaussian beam (the original dough-
nut beam), through a high-numerical aperture objective. It is shown that a sub-wavelength focal spot (0:32k) with a quite
long depth of focus (about 3k) can be formed in the vicinity of the focus. Furthermore, the optical trapping forces acting
on a metallic Rayleigh particle are calculated for the case where a radially polarized annular beam is applied. Numerical
results show that the radially polarized NWAB can largely enhance the transverse trap stiffness and broaden the longitu-
dinal trap range compared with the usage of the original doughnut beam. The influence of the annular factor δ on the
focusing properties and the trap stiffness is investigated in detail.
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1. Introduction

Optical tweezers (originally called ‘single-beam gradient
force trap’), which are capable of trapping and manipula-
tion small objects with non-contact forces by photon lin-
ear momentum transfer from light to matter, were
derived from the seminal work of Ashkin et al. [1].
Since then, optical trapping and manipulation have been
applied in various areas of science, particularly in phys-
ics, chemistry, and biophysical research, for example,
trapping and cooling molecules and atoms [2], single
aerosol trapping [3,4], trapping red blood cells in living
animals [5], and so on. Thus, optical tweezers have been
developed into a versatile and convenient tool in micro-
scopic research [6].

Polarization, which describes the electric field oscilla-
tion direction of electromagnetic waves, is of particular
interest. In recent years, cylindrical vector beams, such
as radially and azimuthally polarized beams, have
attracted extensive attention due to their unique focusing
properties and potential applications, including optical
data storage, material processing, and optical trapping
[7–23]. A strong longitudinally polarized field compo-
nent and a tighter spot beyond the diffraction limit can
be created when a radially polarized beam is focused by
a high-numerical aperture (NA) objective lens [10]. It is
interesting that such a longitudinal field component can
be efficiently suppressed or enhanced by amplitude
[7,10,11], polarization [12] or phase modulation [13] of
the incident beam. For example, using an annular

aperture as an amplitude modulation device is an effec-
tive method to generate a sharper focal spot beyond the
diffraction limit [7,11]. More recently, Yang et al. [11]
have experimentally demonstrated the measurement of a
tighter focal spot generated by a radially polarized nar-
row-width annular beam (NWAB) with the double-knife-
edge method, they reported that a smallest focal spot
with size of 0:0711k2 can be obtained with an annular
factor of 0.91, and they also pointed out that sharper
focus cannot be achieved by an ultra-narrow annular
aperture further because the diffraction effect should be
considered.

For a long time, an increasing research effort has
been put into improving the trapping efficiency [18–24].
It has been shown that the radially polarized beams are
superior to the linearly polarized beams in the trapping
capability [18–22]. The extremely strong axial compo-
nent generated by highly focused radially polarized
beams provides a large gradient force, whereas it does
not contribute to Poynting vector along the optical axis
and thus does not create axial scattering and absorption
forces. These features are suitable for improving the per-
formance of an optical trap system, especially for trap-
ping metallic particles [18–22]. Considering the difficulty
of trapping metallic particles due to their strong scatter-
ing and absorption forces, optical trapping of metallic
particles has been explored with different types of beams
to reduce the scattering and absorption, including cylin-
drical vector beam [18,19,22]. A double-ring-shaped
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radially polarized beam (denoted as R-TEM11*) can be
used to increase the axial trap distance and to improve
the radial trap stiffness for a metallic Rayleigh particle
compared to a conventional single-ring-shaped radially
polarized beam (denoted as R-TEM01*) [22,23]. In this
paper, we present an effective method to improve the
trapping capability. One can use a radially polarized
NWAB, formed by simply blocking the central portion
of a radially polarized Bessel–Gaussian beam (BGB, the
original doughnut beam), to greatly enhance the radial
trap stiffness and broaden the axial trap distance.

2. Highly focused properties of radially polarized
annular beams

According to the vector diffraction theory [25], the elec-
tric field components in the vicinity of the focus of a
radially polarized annular beam can be obtained as fol-
lows:

Erðr; zÞ ¼ g
Z a

d�a
cos1=2 h sinð2hÞ‘ðhÞJ1ðk1r sin hÞ

� expðik1z cos hÞdh (1)
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where the azimuthal component of the electric filed is
zero everywhere in the diffraction field. An azimuthally
polarized magnetic field can be produced, this field can
be found from Maxwell’s equations, that is [26],
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In Equations (1)–(3), α = arcsin (NA/n1) is the maximum
convergence angle of the objective, and the annular fac-
tor δ is defined as the ratio of the inner focusing angle
θmin to α as shown in Figure 1; g ¼ E0pfn1=k is a con-
stant with f being the focal length, E0 is the amplitude
factor, which is related to the power of the incident
beam, k1 ¼ kn1 ¼ 2pn1=k is the wave number in the
immersion liquid with the refractive index n1. Jn(·) is the
nth order Bessel function of the first kind.

The incident beam is assumed to be a BGB; there-
fore l(θ), which represents the amplitude and phase dis-
tribution at the exit pupil, can be written as [7,12]
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" #
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� �
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where β0 is the ratio of the pupil radius to the beam
waist, which is called as the truncation parameter.

The schematic of the focusing of a radially polar-
ized NWAB is shown in Figure 1. A circular blocking
mask is placed directly in front of an aplanatic objec-
tive lens to generate an annular illumination. We
assume the incident beam has a planar wavefront over
the pupil, and the aplanatic objective lens can produce
a converging spherical wave towards the focus of the
lens.

In our calculations, the NA of the focusing lens is
set to 0.95n1 (α ≈ 71.8°); the immersion liquid is water
with a refractive index of n1 = 1.332, and the laser wave-
length (k) is 1.047 μm, and β0 = 1.6. It should be pointed
out that when a circular blocking mask is used to form
an annular beam, a lot of energy of the incident light
beam will be lost. For the sake of comparison, we set
the power of the incident beam through the lens which
is a constant of 100 mW in our calculations. All the
lengths are normalized in units of wavelength. We focus
on the influence of the annular factor δ on the focused
intensity distribution. Figure 2 shows the intensity distri-
bution of a highly focused radially polarized annular
beam in the vicinity of the focus for (a1–3) δ = 0 (the
original doughnut beam without a blocking mask) and
(b1–3) δ = 0.8 (NWAB), respectively. Comparing the
results in Figure 2(a1) and (a2) with that in Figure 2(b1)
and (b2), it is seen that a sub-wavelength focal spot
(0:32k) with a quite long depth of focus (about 3k) can
be formed near the focus when a radially polarized nar-
rower annular beam is focused. In contrast to the original
doughnut beam, the radial component of the radially
polarized NWAB can be largely suppressed while the
longitudinal component can be greatly enhanced, as
shown in Figure 2(a3) and (b3), making the longitudinal
component dominant, thus a smaller focal spot can be
expected. The extension of the focal depth can be attrib-
uted to the constructive interference between the inner

Figure 1. Schematic of a radially polarized NWAB focused
by an aplanatic objective lens. The black arrows indicate the
direction of the polarization. (The colour version of this figure
is included in the online version of the journal.)
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and outer parts of the annular beam at the focal point.
More explicit interpretation can be found in Ref. [7].

We further study the dependence of the focal spot
and the depth of focus on the annular factor δ as shown
in Figure 3. The depth of the focus is about 1:3k and the
spot size is about 1:05k in the case of δ = 0, while the
depth of the focus extends to about 3k and the spot size
decreases to 0:32k in the case of δ = 0.8. It is shown that
the focal spot size decreases gradually with the incre-
ments of δ. For the depth of focus, as the value of δ
increases, it will increase slowly at the beginning (about
0 ≤ δ < 0.7), and increase more rapidly with further
increasing of δ.

3. Optical trapping forces acting on metallic
Rayleigh particles induced by highly focused radially
polarized annular beam

As is shown above, a highly focused radially polarized
NWAB can generate a sub-wavelength spot size, which
is suitable for trapping small particles. Assuming a
spherical metallic Reyleigh particle with radius
aða � kÞ, such a small particle develops an electric
dipole moment in response to the light’s electric field.
The dipole approximation can be used to calculate the
radiation forces [18]. The radiation forces acting on a
metallic particle can be divided into three parts: the gra-
dient force Fg, the absorption force Fa, and the

Figure 2. (a1) and (b1) Contour plots for intensity distribution of radially polarized annular beam in the r–z plane; (a2) and (b2)
Contour plots for the focal spot of radially polarized annular beam in the focal plane; (a3) and (b3) The cross-section intensity pro-
files of the radial, longitudinal and the total field components of radially polarized annular beam for δ = 0 and δ = 0.8, respectively.
(The colour version of this figure is included in the online version of the journal.)
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scattering force Fs. The gradient forces are responsible
to pull the particle towards the center of the focus while
the scattering and absorption forces tend to destabilize
the trap. Thus, stable trapping requires the axial gradient
force to dominate. According the Rayleigh scattering the-
ory, these forces can be expressed as [18,21–23]

Fg ¼ ReðcÞe0rjEðr; zÞj2=4 (5)

Fa ¼ n1hSiCabs=c (6)

Fs ¼ n1hSiCscat=c (7)

where γ = 4πa3ε1(ε2− ε1)/(ε2 + 2ε1) is the polarizability of
the metallic particle, with ε2 and ε1 being the relative
permittivity of the particle and the ambient, respectively.
Cabs ¼ kn1ImðcÞ=e1 and Cscat = k4|γ|2/6π are the absorp-
tion and scattering cross-sections, respectively. The time-
averaged Poynting vector of the focused radially polar-
ized annular beam can be expressed as [18,21–23]

hSi ¼ ½ReðErH
�
uÞêz � ReðEzH

�
uÞêr�=2 (8)

In our calculations, we assume that the radius of the gold
particle is 19.1 nm, and its relative permittivity is
ε2 = −54 + 5.9i [18,22]. The other parameters are the
same as Figure 2. Figure 4 shows the total transverse
trapping force Ft = (Fg,t + Fa,t + Fs,t) acting on the gold
particle along the x-axis direction for three different val-
ues of annular factor δ in the focal plane and at the off-
focus distance of z ¼ k, respectively. From Figure 4(a),
it can be seen that the particle can be trapped at the
focus, and the radially polarized narrower annular beam
provides a larger total transverse trapping force com-
pared with that of the original beam as expected. It is
also found that the origin doughnut beam can’t trap the
particle at the off-focus distance of z ¼ k anymore,
whereas the annular beam can still stably trap the

particle, as shown in Figure 4(b). We can conclude that
one can use a radially polarized NWAB instead of the
original doughnut beam to improve the trapping stability
and to broaden the axial trap range.

Figure 5 shows the longitudinal gradient force Fg,z,
the sum of the longitudinal absorption and scattering
forces (Fa,z + Fs,z), and the total longitudinal trapping
force Fz = (Fg,z + Fa,z + Fs,z) with three different values
of annular factor δ for two cases of on the z-axis and at
the off-axis distances of x ¼ 0:15k, respectively. The cal-
culation parameters are the same as in Figure 4. It is
clear from Figure 5(a) that the sum of the scattering and
absorption forces is substantially zero along the optical
axis due to the vanishing of Poynting flux component
under tight focusing conditions, and thus the particle can
be trapped longitudinally at the focus. For smaller values
of δ, the longitudinal gradient force can be enhanced
slightly compared to the usage of the original doughnut
beam. For higher values of δ, the longitudinal trap range
can be broadened, even though the longitudinal gradient
force will be decreased. As shown in Figure 5(b), when
the particle locates at an off-axis position of x ¼ 0:15k,
the particle will suffer strong scattering and absorption

Figure 3. Focal spot size and depth of the focus of radially
polarized annular beams as a function of annular factor δ. The
other parameters are the same as Figure 2. (The colour version
of this figure is included in the online version of the journal.)

Figure 4. The total transverse trapping force Ft acting on a
gold particle along the x-axis for three different values of annu-
lar factor for δ = 0, 0.4 and 0.8, (a) in the focal plane, (b) at the
off-focus distance of z ¼ k, respectively. (The colour version of
this figure is included in the online version of the journal.)
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forces, thus a shift of the trap equilibrium appears along
the propagation direction, for example, the trap equilib-
rium position is Zequ ¼ 0:406k for the case of δ = 0.8.

The transverse and longitudinal trap stiffness can be
expressed as [22] κt = |@F t=@x|Xequ and κz = |@Fz=@z|Zequ,
respectively. In Figure 6, we plot the dependence of the
transverse and longitudinal trap stiffness on the annular
factor δ at the focus. It is shown that the transverse trap
stiffness increases gradually with the increments of δ,
until it reaches its maximum value (approximately at δ =
0.75), which is more than 10 times larger than that of
the original beam. Then the transverse trap stiffness

decreases rapidly with further increasing of δ, this pecu-
liar behavior may be attributed to the diffraction effect.
It is also found that by increasing the value of δ, the lon-
gitudinal trap stiffness has a slight increase at the begin-
ning (δ < 0.4), and then decreases as δ increases further
due to the extension of the focal depth. The most feasi-
ble method of improving the trap stability is to choose a
suitable width of the annular beam by adjusting the
radius of the blocking mask.

The small particle always suffers the Brownian
motion due to the thermal fluctuation from the surround-
ing medium. Following the fluctuation-dissipation

Figure 5. The longitudinal gradient force (top row), the sum of the longitudinal absorption and scattering forces (middle row), and
the total longitudinal trapping force (bottom row) for three different values of annular factor for δ = 0, 0.4 and 0.8 at two different
off-axis distances of x = 0 (left column) and x ¼ 0:15k (right column), respectively. (The colour version of this figure is included in
the online version of the journal.)
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theorem of Einstein, the magnitude of the Brownian
force is expressed as [27] |fB| = (12πκakBT)

1/2 with κ
being the viscosity of the surrounding medium, kB being
the Boltzmann constant, and T being the temperature of
the surrounding medium. For the case of T = 300 K, the
magnitude of the Brownian force is 1.542 × 10−3 pN,
which is much smaller than the gradient forces, thus the
influence of the Brownian motion can be neglected.

4. Conclusions

In summary, we have theoretically investigated the
focusing properties and the optical trapping forces acting
on a gold Rayleigh particle produced by a highly
focused radially polarized NWAB, formed by subtly
blocking the central portion of a radially polarized BGB.
For the sake of comparison, the case of the original
doughnut beam is also calculated under the same condi-
tions. Our results show that a sub-wavelength spot size
with long depth of focus can be generated by focusing a
radially polarized NWAB. More importantly, these fea-
tures are suitable for trapping small particles. One can
use a radially polarized narrower annular beam to largely
enhance the transverse trapping stability and broaden the
longitudinal trap range compared to the usage of the ori-
ginal doughnut beam. Our research presents an innova-
tive method to improve the trapping capability, which
will be useful for experimental trapping by means of
optical tweezers.
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