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Generation and Manipulation of Optical Ferris Wheel
by Nested Spiral-Array Plates

Wenren Li

Abstract—Orbital angular momentum of light has attracted
great attention in recent years. Optical ferris wheel, composed of
the superposition of different orbital-angular-momentum modes,
further broadens the application of orbital angular momentum
of light in many fields. Here, we experimentally demonstrate a
simple way to produce optical ferris wheel with controllable orbital-
angular-momentum modes using a mask of spiral arrays. We show
that optical ferris wheel can be rotated by adjusting the spiral
arrays, and the rotation angle is studied analytically and experi-
mentally. Our technique shows the advantages of wide operation
bandwidth and flexible manipulation and the simplicity of our
method may find potential application in optical manipulation.

Index Terms—OQptical ferris wheel, orbital angular momentum,
spiral arrays.

1. INTRODUCTION

PTICAL vortex with a phase factor exp(ilp) carries well-

defined orbital angular momentum (OAM), exhibiting
central null intensity and helical wavefront, where [ and ¢ are
topological charge and azimuthal angle in the cylindrical coor-
dinate system, respectively [1]. Optical vortex is of particular
interest due to its unique characteristics, and it is potential for
various applications such as micromanipulations [2], [3], optical
pump [4], optical communications [5], [6], detection [7], etc. To
enable rising applications, several methods have been proposed
for the generation of an optical vortex, ranging from spiral phase
plates [8], computer-generated holograms [9], g-plates [10],
metasurface [11]-[14], phase retrieval method [15], to cone lens
[16].

Recently, the superposition of optical vortices with different
OAM modes, i.e., optical ferris wheel (OFW), have attracted
appreciable interest [17]-[19] due to its wide applications [20],
[21]. Compared with the regular OAM beams, although the
OFW loses the helical phase structure, it forms a uniform ring
well, which provides a solution for trapping ultralcold atoms
[21] and realizing collisional quantum gates [22]. Paterson et al.
demonstrated that OFW could be used to trapped microscopic
particles [20]. Lavery and his collaborators successfully used
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OFW to detect the angular velocity of rotating objects based on
the rotational Doppler effect [7]. Zhang et al. successfully used
OFW to measure polarization states of light [23]. Furthermore,
Lembessis et al. demonstrate that OFW can be used for the real-
ization of scalable quantum computation [22]. Besides classical
methods, based on pinhole plates [24] or diffractive gratings
[25], the recent introduction of alternative methods, namely,
photon sieves [26]—[28], spiral zone phase [29] pave the way
towards the generation of OFW. However, the OFW generated
by above mentioned methods contain fixed OAM modes, and
few studies have been done on how to simply control the rotation
or the rotational properties of OFW.

In this study, we propose a technique based on structured spiral
arrays for generating OFW with controllable OAM modes. We
first show such structures and then experimentally demonstrate
the effectiveness of our method. In addition, we show that the
OAM modes of the generated OFW can be controlled by propa-
gation distance. Furthermore, we demonstrate that the OFW can
be rotated by introducing the relative rotation between two spiral
arrays. Benefiting from the simplicity of our technique, these
structures are promising and competitive in many applications,
such as optical tweezers and ultracold atoms.

II. METHODS

Several identical spirals uniformly distributed along the az-
imuthal direction are regarded as basic unit of our structures.
As shown in Fig. 1(a), it illustrates that 4 identically clockwise
spirals are uniformly arranged along the azimuthal direction.
Each spiral consists of a number of pinholes located at a special
position and the radius and azimuthal angle of the nth pinhole
of the spiral, measured from the center, can be expressed as
T = (10% + lazoha, /7)Y?  and «, = 27n/M  [30]-[32].
Here, [, is parameter concerning local topological charges [31],
zp is the distance of observation plane, M, ry and A denote
the number of pinholes, the initial radius and the wavelength,
respectively.

The field of a plane wave diffracted by a mask with a trans-
mittance function T(z, yo) can be written as:
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where A is wavelength, k is wave number.
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Schematic plot for generating OFW. (a) and (b) Two masks with 4 clockwise spirals and 9 counterclockwise spirals; (c) The nested mask with (a) and (b);

(d)—(f) and (g)—(i) The corresponding phase distribution of the diffracted field illuminated with a plane wave of wavelength A = 632.8 nmand A = 532.8 nm,
respectively. The inserted patterns in (d)—(i) are the corresponding intensity patterns.

According to Eq. (1), the phase distribution and intensity
patterns of diffractive field generated by the mask (Fig. 1(a))
are shown in Fig. 1(d) under the illumination of a plane wave of
wavelength A = 632.8 nm. We can see that an optical vortex
with OAM mode ! = —4 can be generated with this rotationally
symmetric spiral structures, which can be explained by theory
of mode selection [30]. The theory states that this m-order
rotationally symmetric structure composed of several spirals can
select the OAM modes that are multiples of m and focus an OAM
mode we want near the optical axis by adjusting spirals [24].

Another mask including 9 counterclockwise spirals is given
in Fig. 1(b). An optical vortex with OAM mode | = 9 and
corresponding phase distribution are shown in Fig. 1(e). In
addition, it is worth noting that the signs of the OAM modes
indices in Fig. 1(d) and (e) are determined by the handedness
(clockwise or counterclockwise) of spirals [24].

It is noted that the superposition of two optical vortices with
different OAM modes generate an intensity distribution consist-
ing of several petal-like structures, i.e., OFW. In order to generate
OFW, structures in Fig. 1(a) and (b) are nested together to
construct nested spiral-array plate (NSP), as shown in Fig. 1(c).
Under the illumination of a plane wave, the intensity distribution
after this NSP should be the interference of two aforementioned
fields. Accordingly, OFW with 13 bright petals can be generated
by mask Fig. 1(c). The corresponding phase distribution and
intensity patterns are given in Fig. 1(f). OFW with OAM modes
of [ = —4 and I = 9 (corresponding to the inner and outer
spiral arrays, respectively) further prove the effectiveness of our
method. Fig. 1(g), (h) and (i) show the corresponding simulation
results obtained by illuminating the above masks with a plane

Fig. 2. Experimental setup for generating OFW; CCD: Charge-coupled de-
vice; L1, La: A pair of lens; NSP: Nested spiral-array plate we designed; A
sample of physical NSP we produced with a mark “G2”.

wave with a wavelength of A = 532.8 nm. From Fig. 1, we can
see that our mask can work for different wavelength.

III. RESULTS AND DISCUSSION
A. Generation of OFW

Fig. 2 shows the experimental setup for producing OFW. A
beam is expended and collimated by a pair of lens (L1, L),
and then passes through the NSP we designed. At a given
propagation distance, the intensity patterns generated by OFW
are captured by charge-coupled device (CCD). The NSP for our
experiment was produced from a circular SiO5 substrate (2 cm
in diameter) plated with Cr film, and the diameter of each pinhole
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Generation of OFW through different NSPs. (a), (b) and (g) Represent NSPs we designed; The simulation results of intensity distribution at a given

plane are given in (c), (d), (h) and (i); (e), (), (j) and (k) are the corresponding experimental results, respectively; (1) Shows the intensity distribution of light field

generated by mask (g) in the x-z plane.

is 30 pum. Due to the diffraction effect, the energy utilization rate
is relatively low.

Using the aforementioned method, we give some examples
of producing OFW in Fig. 3. Fig. 3(a) and (b) are the NSPs
we designed (4 clockwise spirals and 8 clockwise spirals in
NSP (a), 5 counterclockwise spirals and 10 counterclockwise
spirals in NSP (b)). In the experiment, we choose a laser with a
wavelength of 632.8 nm. Fig. 3(c) and (d) are the corresponding
simulation results at given propagation distance z = 1.00 m,
which are several different petal-like patterns. At the same time,
the experimental results are also given in Fig. 3(e) and (f), which
are in good agreement with the simulation results and illustrate
the effectiveness and correctness of our technique.

Compared with our previous work [24], this method of nested
spiral arrays with different initial radii can generate superposi-
tion OAM more flexibly, rather than simply adding two OAM
modes with opposite topological values 4.

Moreover, it is known that the local topological charges of
the optical field generated by this spiral structure are inversely
proportional to the propagation distance [31]. According to this
principle, we design a special NSP that the OAM modes of
OFW generated by it will change with the propagation distance.
That is to say, the OFW with variable intensity patterns can
be obtained by our proposed NSP. Unlike traditional OFW, the
number of petals of OFW generated by our method will decrease
along the propagation axis in free space. Fig. 3(g) shows the NSP
containing 3 clockwise spirals inner part and 6 counterclockwise
spirals outer part, and the local topological charges of inner

(outer) spirals change from /; = —6 (lo = 12) at propagation
distance z = 1.00m to [y = —3 ( la = 6) at propagation
distance z = 2.00 m.

Simulation results (Fig. 3(h)) exhibit the intensity pattern of
18 bright petals at z = 1.00 m. Interesting, as illustrated in
Fig. 3(i), we can see that OFW with 9 petals are observed in
the plane z = 2.00 m. Fig. 3(j) and (k) are the corresponding
experimental results, which agree well with simulation results.
Therefore, one can note that the number of petals in OFW
decrease with the increase of the propagation distance, which
may provide another scheme in three-dimensional particle ma-
nipulation. It is clearly that the change in the OAM modes
of the OFW generated by the NSP shown in Fig. 3(g) is in-
versely proportional to the propagation distance, which at the
same time does not violate the theory of mode selection theory
(OAM modes is also an integral multiple of the number of
spirals).

Fig. 3(1) shows the simulation results of the intensity distri-
bution of the transmitted light generated by mask (g) in the x-z
plane. It can be seen from the figure that the light field modulated
by the mask is focused twice in the propagation direction. The
OAM modes of [y = —6 and [y = 12 are focused near the
optical axis at the plane P; (2 = 1.00 m), and the intensity
distribution of this plane corresponds to Fig. 3(h). When the
receiving screen is moved to a distance of z = 2.00 m from
the mask (Ps in Fig. 3(1)), the other two OAM modes (/; = —3
and lo = 6) are focused near the optical axis, and the intensity
distribution at this plane is shown in Fig. 3(i).

Unlike conventional optical vortex with a single OAM mode,
the optical ferris wheel forms a ring-shaped potential well in
the angular direction, which can be used to control colloidal
rings [33] or ultracold atoms [21]. In addition, optical ferris
wheel has also been shown to be useful for ultrasensitive angular
measurement using OAM entanglement between photon-pairs in
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Fig. 4.

The rotation of the OFW. (a) NSPs with rotating inner spirals; (b) Simulation results of intensity patterns; (c) The corresponding experimental results.

In order to observe the rotational angle, a spiral arm of each NSP is marked red and a petal of the OFW is marked in blue. The white rotating arrows indicate the
rotational direction of the spiral arrays. The number below each picture represents the rotational angle of the inner spiral arrays relative to the original one.

Spontaneous Parametric Down Conversion [34] and generating
superpositions of atomic rotational states based on the coherent
transfer of the OAM of a photon to an atom [35].

B. The Influences of Rotating Spiral Arrays on the OFW

Since OFW have application prospects in many fields, it
has attracted significant attention [22], [36]. In particle manip-
ulation, we often need a rotational OFW to control particles
dynamically. Usually, the rotation of OFW can be achieved by
introducing frequency shift [21] and phase shift [20].

Here, we show how to rotate the OFW by tuning the structure
of NSP. We can achieve the rotation of the OFW by introducing
relative rotation between the inner and outer spiral arrays. As
shown in Fig. 4(a), these NSPs are composed of 4 counterclock-
wise spirals inner part and 7 counterclockwise spirals outer part (
[y = 4andly = 7),and the inner spiral arrays of each NSProtate
27 /5 counterclockwise in sequence. Under the illumination of
a plane wave, the corresponding simulation and experimental
results are listed in Fig. 4(b) and (c), respectively. Surprisingly,
it can be observed that the OFW rotate 87 /15 clockwise under
the case of the inner spiral array rotating 27 /5 counterclockwise
each time.

Now let us explain why this is the case. Without loss of gen-
erality, the complex optical fields generated by inner and outer
spiral arrays can be expressed as Fy (r, ) = A(r)exp(ilip)
and Fs (1, ) = A(r)exp(ilay), respectively. If the inner spiral
array is rotated by an angle of Ay; in the counterclockwise
direction, and then the complex field generated inner spiral array
becomes Ej (r,¢) = A(r)explili (¢ — Apy)]. Therefore, the

intensity patterns of superimposed field can be written as

ll — [2) @Y — llA(pl
2

I = |E, + Es|* = 4|4 (r)[*cos? (

2
We can easily get the rotational angle of OFW as

L

Aw —
LR

Ay 3)

From (3), we can clearly see that the rotational angle Ay is
different from that of the inner spiral array, owing to the fact that
Ay is determined not only by Ay, butalso [ and l5. Therefore,
we can understand the rotation angle in Fig. 4 clearly using (3).
Moreover, the rotational direction of the OFW is opposite to that
of the spiral array due to the negative value of I; /(I — l2).

IV. CONCLUSION

In summary, we proposed a simple way to generate OFW
based on two spiral arrays and the OFW can be rotated by
introducing relative rotation between the two spiral arrays. This
technique provides a feasible scheme for the generation and
manipulation of OFW, which can broaden the application of
OAM of light. In addition, the pattern of our generated OFW
varies with propagation distance, which provides a solution for
three-dimensional trapped structures [37]. The tunable rotation
of the OFW achieved by our method may provide an efficient
scheme for the dynamic control of particles in optical tweezers.
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