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We propose a single-beam generation scheme to obtain a bottle-hollow (BH) beam using a binary phase mask and a
focusing lens. The resulting BH beam is shown to possess an open bottle-shaped null intensity region, which has two
hollow tube-shaped null intensity regions located on two opposite sides of this bottle. It is found that this scheme
works identically under incident illumination with radial or azimuthal polarization. Another advantage of this
scheme is that the same binarymask can be employed as a focusing lens with different choices of numerical aperture
(NA). Furthermore, we observe that the length of the BH beam is inversely proportional to NA2 while the diameters
of both the bottle and hollow regions are inversely proportional to NA; thereby leading to an adjustable BH beam.
This BH beam may find attractive applications in noninvasive manipulation of microscopic particles over large
distances. © 2014 Optical Society of America
OCIS codes: (050.1380) Binary optics; (260.5430) Polarization; (050.1965) Diffractive lenses; (350.4855) Optical

tweezers or optical manipulation.
http://dx.doi.org/10.1364/OL.39.000630

Using a single light beam for optical trapping [1–3] and
manipulation of micron-sized light-absorbing particles
[3–5] has recently attracted the attention of researchers.
It has been shown that a single beam with hollow or
bottle intensity distribution can be readily utilized for sta-
ble manipulation. The high-intensity barrier of the hollow
or bottle beam may serve as a repelling ‘pipe wall’ on
particles trapped in the dark region on the axis while
the axial component of the thermal photophoretic force
pushes particles along the channel [4]. This mechanism
minimizes the optical damage due to heating of captured
particles at high optical intensity [6]. Optical hollow
beams are beams with low (or zero) central intensity
channels surrounded by ring-shaped regions with higher
intensity, which can be generated using an axicon [7,8],
spatial light modulator [9,10], or holographic phase plates
[4,11]; whereas, optical bottle beams are beams with
low (or zero) intensity bottle-shaped regions surrounded
by three-dimensional regions of higher intensity, which
can be generated using moiré techniques [2], speckle
pattern [1], spatial light modulator [3], diffractive optical
elements [12], axicon [13], or computer-generated holo-
gram [14].
An optical bottle or hollow beam is usually time-

independent and can be generated via different mecha-
nisms [7–14]. However, it has recently been reported that
an optical bottle beam can be dynamic along the trans-
verse direction [15]. Optical bottle and hollow beams are
also reported to be generated individually in the same
system [13], but in this mechanism they are separated
by the objective. Consequently, either hollow beam or
bottle beam can only be adopted in trapping and manipu-
lation of particles, and individual properties cannot
be integrated into one beam. Functioning similarly to the
optofluidic channel in the slot waveguide [16], the optical
hollow beam finds applications in transporting particles
[1]. However, unlike the optical bottle beam, which acts
like a highly volumetric container with appropriate con-
finement [14], the optical hollow beam cannot be used in

manipulating a large amount of particles even though
they are precisely delivered to the desired location. The
particles transported to the tail of the hollow will lose
control, as the field at the tail of the hollow is a diffracted
field, without good confinement. Hence, to increase the
flexibility of a hollow or bottle beam for optical manipu-
lation, it is highly desirable to generate the bottle-hollow
(BH) beam via one system, to combine individual merits.
To achieve this aim, we propose a scheme for generating
a BH beam using a specially designed binary phase mask
and a focusing lens [17,18]. We have observed that both
radially and azimuthally polarized illuminations can give
rise to a BH beam in the focal region. The generated BH
beam has an open bottle-shaped null intensity region
surrounded by a high-intensity light barrier, and a hollow
located at the neck and bottom of the bottle, respectively.
More interestingly, we have found during the course of our
research that the same binary mask may be employed for
lenses with different numerical apertures (NAs), resulting
in a BH beam with various parameters. To the best of our
knowledge, the relationship between lens NA and BH
beam properties, such as length and diameter has not been
explicitly studied previously. Our results show that the BH
beam length is inversely proportional to NA2 while the
diameter of both the bottle and hollow beams is inversely
proportional to NA, thus leading to an adjustable BH
beam. This BH beam may find applications in manipulat-
ing micron-sized particles over large distances [4].

In principle, the focusing of a vector beam modulated
by binary elements can be numerically approximated by
Richards and Wolf’s theory [19]. Assuming that the inci-
dent electric field of the vector beam at the pupil plane in
cylindrical coordinate is given by

E
⇀

i�ρ;ϕ� � l0P�ρ��ξ�ρ;ϕ� e
⇀

ρ � η�ρ;ϕ� e⇀ϕ�; (1)

where l0 is the peak field amplitude at the pupil plane, the
amplitude P�ρ� at the pupil plane obeys the Bessel–
Gaussian distribution [20], and ξ�ρ;ϕ� and η�ρ;ϕ� are
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the field strength factors of the respective components
(with both of them satisfying ξ2 � η2 � 1). The incident
light is radially polarized when ξ � 1 and η � 0, or azimu-
thally polarized when ξ � 0 and η � 1. From Richards
and Wolf’s theory [18], the electric field in the focal
region can be expressed as

E�r;ϕ0; z� � −il0f

λ

Z
θmax

0

Z
2π

0
sin θ · P�θ� · Γ

× eik�z cos θ�r sin θ cos�φ−ϕ0��dφdθ; (2)

where P�θ� is the pupil apodization function relative to
P�ρ� [18], k is the wave number, and Γ is the transmission
matrix defined in Eq. (3):
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where g�θ� is the ray projection function, which is equal
to sin�θ� for a lens obeying the sine condition, f is the
focal length of the objective lens, and T�θ� denotes the
amplitude modulation induced by the binary phase mask.
Obviously, Eq. (2) and Eq. (3) are generalized forms of
all the field components in the focal region, where the
polarization of the illumination is controlled via the
appropriate choice of ξ and η. Figure 1(a) depicts the pro-
posed schematics of the setup to generate the BH beam.
Radially or azimuthally polarized light, which can be pro-
duced by modulating linearly polarized laser beam with
any of the existing techniques [21,22], is first collimated
and then modulated by the binary phase mask, as por-
trayed in Fig. 1(b). For convenience, a box labeled as
modulator is used to represent the devices that are
capable of generating radially or azimuthally polarized
light. In this work, we adopt a five-belt silica groove as
our phase mask, as depicted in Fig. 1(b). A phase differ-
ence of π will be created between the bright yellow and
dark gray regions. Consequently, the amplitude of the

light passing through the phase mask can be expressed
as

T�θ� �
�
1 for 0 < θ < θ1; θ2 < θ < θ3; θ4 < θ < α
−1 for θ1 < θ < θ2; θ3 < θ < θ4

:

(4)

where α � arcsin�NA� of the focusing lens, and the angle
θi�i � 1 ∼ 4� corresponds to the four radial positions
ri � �sin θi�∕NA.

To generate the BH beam, the phase mask is optimized
with a particle swarm optimization algorithm [23] to
make the constructive interference occur at the high in-
tensity light barrier while destructive interference occurs
at the dark region. The optimal parameters of the phase
mask are listed in Table 1. To investigate the beam-
shaping property of this mask, numerical simulations
are performed using Eqs. (1)–(3). Figures 2(a) and 2(b)
present the total electric field intensity distributions,
when the incident illumination is radially or azimuthally
polarized with identical intensity distributions. In both
cases, the NA of the objective lens is 0.95. As shown
in Fig. 2(a), when the incident light is radially polarized,
a closed bottle-shaped distribution is created. In contrast,
a BH beam is produced when the incident light is azimu-
thally polarized, as shown in Fig. 2(b). It can be inferred
from Eqs. (1)–(3) that focused radially polarized beam
leads to a vector field with both longitudinal and radial
components; whereas, azimuthally polarized incidence
generates purely transversal component (Eφ) in the focal
region [19,24]. To understand the underlying reason
for the distributions in Fig. 2(a), we plot the radial and
longitudinal components in Figs. 2(c) and 2(d), both of

Fig. 1. Schematic setup to generate BH beam with phase-
controlled binary elements. The dark region between the objec-
tive and the lens denotes the area where a BH beam forms.

Fig. 2. Generation of BH beam with a high-NA (NA � 0.95)
lens under incident light with (a) radially and (b) azimuthally
polarized fields. For radially polarized light, the intensity
profiles of its (c) longitudinal and (d) radial components are
also shown.

Table 1. Optimized Parameters of Binary Phase
Mask

i 1 2 3 4

θ (degree) 6.34 31.09 49.33 64.84
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which are normalized with respect to the total electric
field intensity. As can be seen from Fig. 2(c), a strong
longitudinal component (Ez) arises and two hotspots
appear at two separate locations. However, the BH-
shaped intensity distribution is found in the radial com-
ponent (Er), as shown in Fig. 2(d). The intensity of the
radial component is very weak when compared with its
longitudinal counterpart. Thus, we infer that the closed
bottle-shaped distribution in Fig. 2(a) originates from
the vector property of the total electric field intensity
(jErj2 � jEzj2) [24].
In the case of a low-NA lens, the BH beam can be

generated for both azimuthally and radially polarized
incident beams. From Figs. 2(c) and 2(d), it can be ob-
served that the radial component has a BH-shaped
distribution while the longitudinal component has two
hotspots along the z axis. Therefore, to achieve a BH
beam when the illumination is radially polarized, one has
to lower the Ez intensity by adopting a low-NA lens. In
this study, NA ≤ 0.1 is considered as low NA. It is taken
as a null field when the energy of longitudinal component
at the locations [similar to Fig. 2(c)] where strong longi-
tudinal component is generated is smaller than 1.8%
when NA ≤ 0.1. Figures 3(a) and 3(b) depict a BH beam
which is created when NA � 0.001 for illumination with
radial and azimuthal polarization. As shown in Figs. 3(a)
and 3(b), an open bottle-shaped dark region surrounded
by a high-intensity barrier is created in the middle, and
two hollows are located at the neck and bottom of the
bottle, respectively. Obviously, the intensity profiles in
Figs. 3(a) and 3(b) are identical to each other due to the
fact that the longitudinal component is negligible when
focusing radially polarized light with low NA lens. How-
ever, the field in Fig. 3(a) is radially polarized, whereas it
is azimuthally polarized in Fig. 3(b). Figure 3(c) depicts

the electric field intensity distribution in the x–y plane
sampled at different positions along the optical axis; if
the wavelength of the incident light is 632.8 nm, then
the resulting BH beam has a length of approximately
3.16 m, with a diameter approximately 632 μm inside
the bottle and 63.2 μm at the hollow position. For optical
manipulation of microscopic particles, the high-intensity
barrier of the hollow or bottle beam may serve as a re-
pelling ‘pipe wall’ to trap particles in the dark region on
the axis while the axial component of thermal force
pushes particles along the channel [2,4]. With the BH
beam, for example, particles of diameter 50 μm can be
transported one by one via this hollow channel and reach
the highly volumetric bottle, where dozens of particles
can still have good confinement. It is unlike the conven-
tional optical bottle beam, which acts like a highly volu-
metric container with appropriate confinement, but
without the channel to continuously manipulate particles
[14]. Moreover, it is also distinct from the optical hollow
beam, which cannot be used in manipulating a large
amount of particles, even though they are precisely de-
livered to the desired location. The particles transported
to the tail of the hollow will lose control, as the field at
the tail of the hollow is diffracted field without good
confinement. Hence, the BH beam introduced in this Let-
ter may be applied to manipulate micron-sized light-
absorbing particles over a large distance. In contrast with
[13], the bottle and hollow beams are formed together in
one single BH beam combining individual merits of the
optical bottle and the hollow beam.

Apart from the NA � 0.001 example we selected, it
should be further stressed that the mask also works
for other lenses with different NA choices. To illustrate
this, we progressively change the value of NA in the sim-
ulation. It is found that both of the length and diameter of

Fig. 3. Electric energy density distributions along the optical
axis under incident light with (a) radially and (b) azimuthally
polarized fields (where NA � 0.001), and (c) at different posi-
tions along the optical axis. The symbols in (a) and (b) denote
the polarization directions of the vectorial BH beam.

Fig. 4. (a) E-field intensity distribution at the focal plane
(z � 0) along the radial direction versus different NA. (b) Rela-
tionship between BH beam parameters and NA—red curve
denoting BH beam length (along the optical axis) and blue
curve denoting BH beam radius.
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the BH beam change according to the NA of the focusing
lens. It is evident from the plots presented in Fig. 4(a) that
the energy inside the bottle region is null for the high-NA
case. Conversely, for the low-NA case, small regions with
weak intensity smaller than 2% appear. However, this will
not affect the BH beam generation due to the negligibly
low fraction of energy in these regions. In addition, we
observe from Fig. 4(a) that the diameters of the bottle
for NA � 0.95, 0.1, 0.01, and 0.001 are in the order of
λ, 10λ, 100λ, and 1000λ, respectively.
Furthermore, the relationship between the length,

diameter, and NA can be quantitatively described. We
note from Fig. 4(b) that the BH beam length is inversely
proportional to NA2[i.e., L ∝ λ∕NA2 for the red plot in
Fig. 4(b)]; whereas, its diameter is inversely proportional
to NA [i.e., d ∝ λ∕NA for the blue plot in Fig. 4(b)]. The
advantage of our proposed scheme is that the same binary
phase mask may be employed for different choices of NA.
Compared with the bottle or hollow beams generated in
[9,10,13], what we have proposed is clearly more flexible:
the length and diameter of the BH beam can be conven-
iently changed by swapping the objectives, thus leading
to an adjustable BH beam. The resulting BH beam may
enhance the flexibility of manipulating light-absorbing
particles by using only a single beam [2,4].
In conclusion, we propose a scheme for generating a

BH beam which has an open bottle-shaped region with
zero intensity surrounded by a light barrier, and two
hollows located at the neck and bottom of this bottle,
respectively. For a high-NA lens, the BH beam can be
generated only if the incident illumination is of azimuthal
polarization. For a low-NA (NA ≤ 0.1) lens, however, the
BH beam can be generated with both radially and azimu-
thally polarized illumination. It is shown that radially
polarized light will lead to BH beam with radial polariza-
tion and azimuthally polarized light will lead to azimu-
thally polarized BH beam. In addition, we have found
that the binary phase mask does not need to be changed
whenever we choose a focusing lens with a different NA;
the resulting BH beam can be controlled to localize at
varying positions with different lengths and diameters
accordingly (L ∝ λ∕NA2, d ∝ λ∕NA), thus leading to an
adjustable BH beam. This BH beam may find attractive
applications in manipulating microsized particles over
large distances.
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