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A B S T R A C T

A modified helical phase is presented in this paper. The generated vortex beams with the modified helical phases
are characterized with ring-broken intensity distributions. The transverse intensity patterns of the generated
vortex beams at a defined axial position and the focal plane are analyzed, respectively. The results demonstrate
that the generated beam has an opening, whose size can be customized with a variable ′l . The proposed vortex
beams realized optical guiding of microparticles in the transverse planes of the beams. This kind of ring-broken
beams will be promising for optical manipulation.

Introduction

Optical vortices (OVs) have been widely used for optical trapping
and communication [1,2]. The beams can rotate dielectric micro-
particles and trap nano/mico- metallic particles in the dark cores of the
OVs [3–6]. Furthermore, the generated annular beams with different
phase gradients and circularly polarized beams were also used to rotate
microparticles [7,8]. Arrays of OVs generated with the holographic
technique can realize the function of microoptomechanical pumps [9].
However, the above-mentioned optical beams can guide microparticles
along a closed ring-like trajectory only. In order to expand the appli-
cations of OVs, researchers proposed many kinds of OVs, such as helico-
conical optical beams [10,11], fractional OVs [12–14], modulated OVs
[15,16], power-exponent-phase OVs [17–19] and so on. Fractional OVs
have a ring-broken opening, whose size is dependent on the topological
charge carried by the OVs [20]. Although microparticles can be guided
by the fractional OVs with an opening which also hindered the se-
quential whirling of the trapped microparticles [12], the size of a ring-
broken opening of the fractional OVs is relatively small, which restricts
the use in optical micro-fluid manipulation. The helico-conical OVs
have the spiral-broken intensity patterns [21]. The power-exponent-
phase OVs generated with the complex exponential term is character-
ized with a spiral-broken intensity [17,22]. Although the above-men-
tioned OVs have potential applications in the accumulation of micro-
particles, the small spiral-broken openings limit the applications in
optical guiding and sorting. A robust C-shaped OVs carrying the OAM
has been proposed [23]. The proposed C-shaped beams carry an

adjustable gap with a relatively small size, which also limits the ap-
plications in the field of optical trapping.

The modified OVs with spiral-like intensities are proposed in this
paper. The intensity patterns and phase distributions of the generated
OVs are analytically studied. The generated vortex beams are promising
in optical manipulation.

Modulated vortices

With the generation of OVs the complex phase term can be ex-
pressed as iψexp( ) with =ψ lθ, where l is the topological charge [20].
When the topological charge is set as a fraction, the ring-broken
opening occurs along the corresponding OVs. For the control of the size
and the ring-broken opening of the modified OVs, a new phase function
with azimuthal angle θ is written as Eq. (1),

= ⎛
⎝

+ ′ ⎞
⎠

ψ l l θ
π

θ
2 (1)

where, l is the topological charge, and ′l can be set as an arbitrary in-
teger.

The phase in Eq. (1) can be expressed by a matrix of T. In this paper,
the angular plane-wave spectrum theory is used to simulate free-space
propagation of the electric field expressed in Eq. (2) [24].

=E iFT FT T H[ ( ) ] (2)

where E is the complex amplitudes of the diffracted patterns, FT and iFT
represent the Fourier transform and the inverse Fourier transform,
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Fig. 1. (a)-(e) the phases expressed by Eq. (1) with l=25 and ′l =0, −5, −10, −15, −20, respectively, and the corresponding (f)-(j) intensity distributions and (k)-
(o) phase distributions of the generated ring-broken beams at the propagation distance of z=0.01ZR, respectively.

Fig. 2. Plots of the sizes of the broken-ring
openings versus (a) the normalized axial
propagation distance zn and (b) the para-
meter ′l .

Fig. 3. The recorded intensity patterns at the focal plane for the modified OVs with l=25 and ′l =0, −5, −10, −15, −20, respectively.
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respectively, and H is the transfer function expressed in Eq. (3) [25],
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where z is the propagation distance, λ is the wavelength of light, d is the
size of the phase profile, and x and y are the dimensionless coordinates
of the sampling grid. We will use Eq. (2) to evaluate the free-space
propagation of the generated ring-broken OVs. In the simulation, the
wavelength of light λ is set as 532 nm. The phase profiles are sampled
with a grid of 512×512 pixels with the pixel pitch of 15 μm.

The intensity distributions of the ring-broken OVs encoded with the
phases described by Eq. (1) at a free-space propagation distance of
z= 0.01ZR (ZR is the Rayleigh range of the beam) are analyzed theo-
retically. Fig. 1(a)–(e) show the phase profiles demonstrated in Eq. (1)
with l=25 and ′l =0, −5, −10, −15, −20, respectively. The sizes of
the encoded phase profiles shown in Fig. 1(a)–(e) are 512×512 pixels
with the pixel pitch of 15 μm. Fig. 1(f)–(j) show the intensity profiles
extracted from the simulated field distributions for z= 0.01ZR corre-
sponding to l=25 and ′l =0, −5, −10, −15, −20, respectively. The
sizes of the intensity profiles shown in Fig. 1(f)–(j) are 200× 200 pixels
with the pixel pitch of 15 μm. The phase shown in Fig. 1(a) is a helical
phase and the correspondingly generated optical beam shown in
Fig. 1(f) is an optical vortex. These distributions shown in Fig. 1(g)–(j)
are novel compared with those generated by the previously analyzed
phase profiles [11]. There exist ring-broken openings of different sizes

along the intensity ring when the parameter ′l is set as a different value.
We also investigate the corresponding phase profiles of the gener-

ated light fields shown in Fig. 1(f)–(j). Fig. 1 (k)–(o) show the corre-
sponding phase profiles of the generated light fields at a free-space
propagation distance of z= 0.01ZR with l=25 and ′l =0, −5, −10,
−15, −20, respectively. The results demonstrate that the corre-
sponding phase profiles have distortions marked with the white dot-
lines in Fig. 1(n) and (o). When the size of the ring-broken opening of
the generated light field is large, the distortion of the corresponding
phase profiles is also large. Furthermore, it can be seen in Fig. 1(k) that
the helical phase gradient is uniform. However, the phase gradient will
be changed with the parameter ′l decreased. For example, it can be seen
in Fig. 1(i) and (n) that the phase gradient will get larger along the
direction marked with the black arrow. Thus, the microparticle will be
trapped in the ring-broken OVs and moved along the marked direction.
Furthermore, the trapped microparticles will move faster for the phase
gradient is getting larger.

In this paper we mainly focus on the dependence of the size of the
ring-broken opening on the axial propagation distance z and the para-
meter ′l , respectively. The axial distance can be normalized to the
Rayleigh range of the beam, ZR. When the parameters l and ′l are de-
fined, we analyze the relation between the sizes of the ring-broken
openings and the normalized axial propagation distance zn. For an ex-
ample, the simulated field distributions are analyzed at the normalized
axial propagation distance zn corresponding to the defined parameters

Fig. 4. (a) The setup for the generation of the modified ring-broken OVs, (b)-(f) the modified phase holograms with l=25 and ′l =0, −5, −10, −15, −20,
respectively, and (g)-(k) the recorded intensity patterns at the focal plane for the modified OVs with l=25 and ′l =0, −5, −10, −15, −20, respectively.
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l=25 and ′l =−10, respectively. The sizes of the ring-broken open-
ings are obtained by measuring the distance between the extreme
points of the opening. The size of the ring-broken opening is provided
by the distance between the two points A and B shown in Fig. 1(j). The
plot of the sizes of the generated ring-broken openings versus the
normalized axial propagation distance zn with the parameters l=25
and ′l =−10 is shown in Fig. 2(a). Furthermore, the simulated field
distributions are also analyzed at the axial propagation distance of
z= 0.01ZR corresponding to the parameter l=25 and ′l =0, −3, −5,
−8, −10, −13, −15, −18, −20, −23, −25, respectively. The plot of
the sizes of the generated ring-broken openings versus the parameter ′l

is shown in Fig. 2(b). The results shown in Fig. 2(a) and (b) demonstrate
that the size of the opening for the generated ring-broken OVs is line-
arly dependent on the normalized axial propagation distance zn and the
parameter ′l , respectively.

Scalar diffraction theory was used to simulate the field distributions
at the focal plane. Thus, it is convenient to evaluate the diffraction
profiles numerically with an FFT algorithm. Fig. 3(a)–(e) show the si-
mulated field distributions of the modified ring-broken OVs at the focal
plane with l=25 and ′l =0, −5, −10, −15, −20, respectively. We
present the setup for the generation of the modified ring-broken OVs at
the focal plane shown in Fig. 4(a) [22]. The lenses L1 and L2
(f1= 30mm and f2= 300mm) is a beam expander, and the lens L3
(f3= 300mm) realizes the Fourier transforms [22]. The phase holo-
grams shown in Fig. 1(a)–(e) were loaded on the spatial light modulator
(SLM) in order to obtain the desired ring-broken OVs. A blazed grating
had been added into the phase hologram to obtain an off-axis output.
Fig. 4(b)–(f) show the modified phase holograms with l=25 and ′l =0,
−5,−10,−15,−20, respectively. The measured intensity at the beam
profiler is then provided. Fig. 4(g)–(k) show the recorded intensity
patterns at the focal plane for the modified OVs with l=25 and ′l =0,
−5, −10, −15, −20, respectively. The recorded intensity patterns
agree with those shown in Fig. 3(a)–(e). It can be seen from Fig. 3(b)–(f)
that the ring-broken openings of the generated OVs at the focal plane
get larger with the parameter ′l ranging from −5 to −20.

Optical trapping

The modified vortex beams shown in Fig. 4(i) and (j) were used to
guide microparticles in this paper. Fig. 5(a) demonstrates the diagram
of the optical tweezers platform which can be referenced to [26]. We
can capture the modified vortex beams shown in Fig. 5(b) and (c) at the
imaging plane of the objective when the holograms with the blazed
gratings were printed on the SLM, respectively. Silica beads (about
3 µm in diameter) were used as the trapping microparticles.

Fig. 5(b) shows the modified ring-broken OVs with l=25 and
′l =−10. When the laser power is set as 350 mW, the microparticles
can be sunk in the optical trap, and then moved along the ring-broken
OVs [26]. In paraxial approximation, the distribution of the orbital
angular momentum (OAM) density of the ring-broken OVs at the focal

Fig. 5. (a) Optical tweezers system, and (b)-(c) the modified ring-broken OVs
with l=25 and ′l =−10, −15, respectively.

Fig. 6. (a)-(h) The trapped single silica bead moves along the ring-like trajectory with a small opening.
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plane is consistent with the corresponding intensity distribution shown
in Fig. 3(c). Thus, the microparticles can be driven along the ring-
broken route of the generated ring-broken OVs. Eight sequential frames
extracted from the multimedia file 1.avi are shown in Fig. 6(a)–(h). The
result demonstrates that the trapped single silica bead can be moved
along the intensity ring. The red arrow in the figures indicates the
moving direction of the trapped silica bead. The dashed lines indicate
the regions of the generated ring-broken OVs. Although the modified
OVs shown in Fig. 5(b) have a ring-broken opening, the trapped mi-
croparticle still rotates along the intensity ring due to the small broken
opening. Furthermore, the phase distribution of the ring-broken OVs at
the focal plane is similar to that in Fig. 1(n), i.e., both the phases have
the gradient. Thus, it can be seen in the multimedia file 1.avi that the
trapped microparticles moved faster and faster. The results can explain
the phase distribution of the ring-broken OVs, i.e., the phase gradient
gets larger along the ring-broken route. Fig. 6(f) demonstrates that the
trapped silica bead cannot separate from the broken opening. The bead
paused at the position marked with the black arrow shown in Fig. 6(f)
and then moved along the intensity ring. When the modified vortex
beam in Fig. 5(c) was introduced into the optical system to manipulate
the silica beads, the generated ring-broken OVs shown in Fig. 5(c) can
guide the trapped silica bead owing to the larger broken opening than
that of the ring-broken OVs shown in Fig. 5(b). Six sequential frames
extracted from the multimedia file video 2.avi are shown in
Fig. 7(a)–(f). The result demonstrates that the trapped single silica bead
can be manipulated along the intensity ring. It can be seen from the
multimedia file 2.avi that the trapped silica bead leaves the end of the
broken ring without jumping across the gap. The experimental results
show that the modified OVs have the openings customized by the
variable ′l and can be used to guide microparticles along different di-
rections. It is expected that the modulated ring-broken OVs is useful for
optical guiding.

Video 1.

Video 2.

Conclusions

We have proposed the modified OVs which are characterized with
ring-broken intensity patterns. The intensity patterns of the ring-broken
OVs along the z axis and at the focal plane of a Fourier transforming
lens are analyzed, respectively. The results demonstrated that the
noncanonical OVs have the adjustable opening which can be

Fig. 7. (a)-(f) The trapped single silica bead moves along the ring-like trajectory with a relatively large opening.
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customized with the variable ′l , and the size of the ring-broken opening
is linearly increased with ′l , e.g., from −20 to 0. In the trapping ex-
periments the proposed noncanonical OVs were used to realize optical
guiding of microparticles in the transverse plane of the beams. It is
expected that the proposed noncanonical OVs are promising in the re-
search fields of optical guiding.
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