
Generation of Equal-Energy Orbital Angular Momentum Beams
via Photopatterned Liquid Crystals

Peng Chen,1 Shi-Jun Ge,1 Ling-Ling Ma,1 Wei Hu,1,* Vladimir Chigrinov,2 and Yan-Qing Lu1,†
1National Laboratory of Solid State Microstructures, Collaborative Innovation Center of Advanced

Microstructures and College of Engineering and Applied Sciences, Nanjing University,
Nanjing 210093, China

2Department of Electronic and Computer Engineering, Center for Display Research, Hong Kong
University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong 999077, China

(Received 30 January 2016; revised manuscript received 13 March 2016; published 18 April 2016)

Orbital angular momentum (OAM) has been extensively studied to date and has become topical in the
last few years due to its potential for increasing bandwidth in optical communications. The so-called
Dammann vortex grating (DVG) can generate a series of equal-energy OAM beams and satisfactorily
realize OAM parallel detection, an important challenge in this field. However, previously reported DVGs
suffer from polarization sensitivity, low efficiency, or the lack of tunability and mode variety. Here, a design
of liquid-crystal DVGs is proposed and demonstrated for the generation of various equal-energy OAM
beams. The DVGs, featured by alternative orthogonally planar-aligned regions, are carried out via
photopatterning technology. Beam arrays composed of arbitrary OAM modes, as well as two-dimensional
ones, are generated in good quality and high efficiency. The liquid-crystal DVGs exhibit merits of excellent
polarization independency, electrical switchability, and tunability. This supplies a promising approach
towards OAM generation, manipulation, and detection.
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I. INTRODUCTION

Orbital angular momentum (OAM) has attracted con-
siderable attention over the past two decades [1–4]. One
example of an OAM-carrying mode is the Laguerre-
Gaussian (LG) beam [5,6], which has two indices: the
azimuthal index (m, i.e., the topological charge) and the
radial index (p). A LG beam is featured by a helical phase
front with a singularity in the center, resulting in a donutlike
intensity distribution with pþ 1 concentric rings and an
OAM of mℏ per photon [5]. OAM adds a new degree of
freedom to the manipulation of light, inspiring applications
including optical tweezers [7,8], nanostructure fabrications
[9], nonlinear optics [10], and quantum informatics
[11–13]. Especially, due to the infinite number of OAM
states, the capacity of optical communications systems
can be drastically enhanced via OAM-based multiplexing
[14–16] and demultiplexing [17,18] technology.
Dammann vortex grating (DVG) provides equal-energy

distribution among all desired diffraction orders with
specific OAM states [19–21]. It enables the individual
modulation and simultaneous detection of OAM, and thus
can satisfactorily realize OAM parallel detection (i.e.,
detecting multiple collinear OAM beams in parallel), which
is an important challenge in OAM-based optical commu-
nications [19]. At present, DVGs are mainly fabricated on

photoresists [19–21] or glass substrates [22] via micro-
electronic lithography, or accomplished by spatial light
modulators [23,24]. However, these techniques suffer from
several drawbacks. The former is static and only highly
efficient for certain wavelengths, while the spatial light
modulator is commonly polarization dependent, costly, and
optically inefficient. Besides, just simple LG beams with
integral m and zero p are demonstrated. These restrict the
applications of DVGs. Therefore, it is of great significance
to explore new approaches to generate broadband-suitable
and polarization-insensitive OAM beam arrays in high
efficiency, good quality, and flexible mode variety.
In this work, liquid-crystal (LC) DVG consisting of

alternative orthogonally planar aligned (PA) regions is
proposed. Various LC DVGs are demonstrated through
photopatterning a polarization-sensitive alignment agent
with a dynamic microlithography system. Beam arrays
composed of arbitrary OAM modes carrying integral or
fractional m with and without p, as well as two-
dimensional arrays, are generated in high quality and good
energy uniformity. Moreover, these DVGs exhibit advan-
tages of electrical switching, polarization independency,
and tolerance to the wavelength of incident light.

II. PRINCIPLE AND FABRICATION

Dammann gratings (DGs) can uniformly distribute light
energy among all desired diffraction orders [25,26]. Each
period of the DG is composed of certain binary phase
regions of different widths [27,28]. By combining DGs
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with conventional fork gratings (i.e., DVGs), equal-energy
OAM beams at designed diffraction orders can be obtained.
The spiral phase of the OAM modes can be integrated with
the blazed grating phase to obtain a phase distribution
written as

φ ¼ 2πx=Λþmϕ; ð1Þ
where m denotes the topological charge, ϕ is the azimuthal
angle, x represents the horizontal axis, and Λ is the pitch of
the grating. For more general cases of the LG mode, a term
corresponding to the radial index p should be introduced
[29–31]. The phase distribution changes to

φ ¼ 2πx=Λþmϕþ πθ½−Ljmj
p ð2r2=w2

0Þ�; ð2Þ

where θðxÞ represents a unit step function, Ljmj
p ðxÞ

represents the generalized Laguerre polynomial, and r2 ¼
x2 þ y2 and w0 represents the output beam-waist radius.
Owing to the change of the sign of the associated Laguerre
polynomial, there exist p circular discontinuities where the
phase shifts by π. Therefore, the transmission function of a
general DVG can be described as

TðxÞ ¼
Xþ∞

n¼−∞
Cn exp (in × f2πx=Λþmϕ

þ πθ½−Ljmj
p ð2r2=w2

0Þ�g); ð3Þ
where the coefficient Cn of the nth order can be expressed
as [32]

Cn ¼
( −i

2nπ

h
1þ 2

P
N−1
k¼1 ð−1Þk expð−i2πnxkÞ þ ð−1ÞN expð−i2πnxNÞ

i
n ≠ 0

2
P

N−1
k¼1 ð−1Þkxk þ ð−1ÞNxN n ¼ 0;

ð4Þ

where fxkg are normalized phase transition points in one
period with boundary values x0 ¼ 0 and xN ¼ 1, and N is
the total number of transition points. jCnj2 is the power of
the nth order normalized with respect to the total power.
By optimizing the values of fxkg, the light energy can be
distributed into desired orders (M) with good uniformity
and high efficiency. Accordingly, when the incident light
passes through such a DVG, it will be diffracted into several
desired orders with equally distributed energy carrying
topological charge nm. Specially, due to the phase shift of
nπ, only odd orders possess a nonzero p.
The phase pattern of DVG can be obtained by binarizing

a blazed spiral-phase distribution [Eq. (2)] into 0 and π
phase values. By integrating two orthogonal one-
dimensional DVGs [i.e., modðφx þ φy; 2πÞ, where φx

and φy are the binarized phase patterns of one-dimensional
DVGs in x and y dimension, respectively], two-dimen-
sional DVGs can be realized, which have the ability to
create Mx ×My spot array. In this work, DVGs with five
desired diffraction orders are presented using normalized
phase transition points within each period: x1 ¼ 0.038 63,
x2 ¼ 0.390 84, and x3 ¼ 0.655 52 [27]. The phase patterns
of designed DVGs with m ¼ 1, m ¼ 0.5, and m ¼ 1 and
p ¼ 1 are shown in Figs. 1(a), 5(a), and 5(d), respectively.
Such phase patterns (both one-dimensional and two-

dimensional ones) can be realized by locally controlling the
LC orientations due to its pronounced optical birefringence.
As illustrated in Fig. 1(b), the phase pattern marked in the
dashed line in Fig. 1(a) is formed by the orthogonal PA
regions. Thanks to such a design, any incident light could
be decomposed into two perpendicular components, polar-
ized along the two alignment directions (x and y). Because
of the refractive-index difference (Δnx or Δny) between

adjacent regions, phase retardation (Γx or Γy) will be
induced. Δnx and Δny can be described as

jΔnxj ¼ jΔnyj ¼ Δneff ¼ neff − no; ð5Þ

where neff changes from ne to no with an increasing
voltage. Then, Γx and Γy are

jΓxj ¼ jΓyj ¼
2πðneff − noÞd

λ
; ð6Þ

where d is the cell gap and λ is the wavelength of incident
light. The two perpendicular components will experience
the same phase retardation. Thereby, the diffraction effi-
ciency is independent of incident polarization [33]. When
Γ ¼ ð2aþ 1Þπ (a is an integer), the LC DVGs can generate
equal-energy OAM beams in the maximum efficiency (on
state). While Γ ¼ 2aπ, the diffraction cannot occur (off

FIG. 1. (a) The phase pattern of a 1 × 5 DVG with m ¼ 1,
where black indicates 0 and white indicates π. (b) Schematic cell
structure of the LC DVG, which is composed of alternative
orthogonal PA regions.
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state). The electro-optical tunability of LCs makes it
possible to dynamically switch between on/off states and
operate at different wavelengths.
Photoalignment is suitable for high-resolution multi-

domain LC alignments [34]. Here, a two-step photoexpo-
sure process [33] is performed to carry out the designed LC
orientations through photopatterning via dynamic micro-
lithography technology [35]. A polarization-sensitive and
rewritable sulphonic azo-dye SD1 (Dai-Nippon Ink and
Chemicals Inc., Japan) is used as the alignment agent. The
SD1 molecules tend to reorient their absorption oscillators
perpendicular to the UV light polarization and further guide
the LC directors [36]. The excellent image output capability
of this technique allows arbitrary LC orientations to be
generated conveniently [37,38]. Two pieces of glass sub-
strates spin coated with SD1 are assembled with 6-μm
spacers and then sealed with epoxy glue to form the cell.
Then it is placed at the image plane of the exposure system
to record the patterns with certain polarization. Afterwards,
filling the cell with LC E7 yields the designed DVGs.

III. RESULTS AND DISCUSSION

Figure 2 exhibits the micrographs of the fabricated LC
DVG with m ¼ 1 and the period Λ ≈ 130 μm. Figures 2(a)
and 2(b) show the cases that the incident polarization is
parallel or perpendicular to the alignment directions. So the
incident light does not change its polarization, and is
blocked by the crossed analyzer while it totally passes
through the parallel analyzer, indicating dark and bright

states, respectively. For Figs. 2(c) and 2(d), the polarizer is
fixed at 45° with respect to the alignment directions. In this
case, the incident light satisfying the half-wave and full-
wave condition can transmit the crossed and parallel
analyzer [39], corresponding to the greenish and purplish
states here. In all micrographs, any adjacent regions are
quite uniform in color and brightness except for some
boundary lines, which are related to the disclinations
between the adjacent heterogeneous orientations [40].
The dispersed dark points are spacers for maintaining a
uniform cell gap. The uniformity proves the high quality
and excellent orthogonality of adjacent alignment.
A linearly polarized 632.8-nm laser illuminates the

sample in Fig. 2 and the diffraction patterns are captured
by a camera. As expected, there mainly exist five orders and
the�1st,�2nd orders are donut-like OAMmodes carrying
topological charges of �1, �2, respectively. The depend-
ency of the diffraction efficiency (η) on the applied voltages
(V) is investigated. Here, η is defined as the intensity ratio
of certain diffraction order to the total transmitted light. η-V
curves of the 0th, �1st, and �2nd orders are plotted in
Fig. 3(c). Along with the increase of V, according to
Eq. (6), Γ decreases gradually towards zero as neff changes
from ne to no [39]. �1st and �2nd orders always change
synchronously with similar efficiencies. At 1.6 V, Γ ¼ 2π
and the diffraction is highly suppressed (η�1 þ η�2 ¼
3.3%� 0.2%) and only the 0th order can be clearly
observed (off state) as shown in Fig. 3(a). While at 1.2
and 2.5 V, Γ changes to 3π and π, respectively, and the LC
DVG generates five equal-energy diffraction orders. Both
�1st and �2nd orders can be clearly observed (on state) as
shown in Fig. 3(b). At 2.5 V, η0 ¼ 13.0%� 0.2%, ηþ1 ¼
16.8%� 0.3%, η−1¼16.6%�0.3%, ηþ2¼13.8%�0.2%,
and η−2 ¼ 13.4%� 0.2%. The total efficiency is
η ¼ 73.6%� 0.5%, consistent with the theoretical value
77.4% [27]. The dependency of all five diffraction orders
on the incident polarization at 2.5 V is plotted in Fig. 3(d).
A half wave plate is utilized to alter the incident linear
polarization from 0° to 360°. Their diffraction efficiencies
are almost unchanged, verifying the excellent polarization
independency to normally incident light.
Two examples of two-dimensional DVGs with m ¼ 1

and 1 and m ¼ 1 and 3 are exhibited in Figs. 4(a) and
4(b) and Fig. 4(c), respectively. The latter one has more
fork fringes in y dimension. Figure 4(d) shows the
diffraction pattern of the former sample at 632.8 nm.
5 × 5 diffraction orders (nx, ny) carrying topological charge
nxmx þ nymy (here, mx ¼ my ¼ 1) are clearly observed.
The detailed topological charge distribution is presented in
Fig. 4(e). The efficiencies of high-order OAM modes are
improved compared to conventional vortex gratings [14].
By electrically tuning, the phase retardation can reach π for
a wide wavelength range. According to Eq. (6), for the LC
E7 and d ¼ 6 μm, we obtain λmax ≈ 2.4 μm. It is worth
mentioning that the SD1 could be reoriented by blue or UV

FIG. 2. Micrographs of the LC DVG with m ¼ 1 recorded
under a polarized optical microscope. The relative directions of
the polarizer and analyzer are labeled in orange arrows. All scale
bars are 100 μm.
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light, which restricts its applications in the corresponding
wavelength range. However, the problem could be solved
by introducing inerasable alignment agents [41]. That
means the device can operate at a range from green light
to near infrared, for instance, equivalent diffraction prop-
erty is also achieved at 532 nm for the same sample at 2.7 V
as shown in Fig. 4(f).
In addition to the above simple OAM modes, more

complex OAM modes carrying a fractional topological
charge and nonzero radial index are also demonstrated.
The phase pattern of a DVG with m ¼ 0.5 is revealed
in Fig. 5(a), featured by a radial phase dislocation

corresponding to the fractional part of the topological
charge [42]. A corresponding micrograph is shown in
Fig. 5(b). The phase astride the radial discontinuity shifts
half period for half integer, resulting in broken annular
diffraction patterns as the first orders (m ¼ �0.5) exhibited
in Fig. 5(c). Figure 5(d) shows the DVG phase pattern with
m ¼ 1 and p ¼ 1, and a circular disclination is observed in
Fig. 5(e) owing to the half-period shift of the phase pattern.
A corresponding diffraction pattern is shown in Fig. 5(f).
The first orders are biringed while the second orders have
only a single ring (m ¼ �2 without p), as previously
discussed.

FIG. 3. The diffraction patterns of (a) off and (b) on states of the LC DVG. The dependencies of diffraction efficiency on (c) the applied
voltage (corresponding vertical axes are indicated by arrows) and (d) the incident polarization at 2.5 V. The uncertainties of the
experimental values of diffraction efficiencies in (c) and (d) are less than 0.3%.

FIG. 4. Micrographs of 5 × 5 LC
DVGs with (a),(b) m ¼ 1 and 1 and
(c) m ¼ 1 and 3. The diffraction
patterns of the sample (a) at wave-
lengths of incident light: (d)
632.8 nm and (f) 532 nm. The dis-
tribution of topological charges of (d)
and (f) are presented in (e). All scale
bars are 100 μm.
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Herein, only DVGs with five desired diffraction orders
are presented as examples. Actually, the order number
could be freely designed by selecting proper Dammann
parameters. The energy distribution of different diffraction
orders is slightly nonuniform. Some intensity distortion can
be observed, which is caused by the imperfect structure of
grating or phase singularity [43]. These could be attributed
to the errors in the fabrication process and influence of the
disclination lines. The above issues could be addressed via
increasing the resolution of the exposure system and
optimizing Dammann parameters. Besides the dynamic
microlithography technology, other methods such as laser
direct writing [44] can also be adopted to demonstrate the
design. For the nematic LC E7 used here, the switching
time is in the millisecond scale, which can be further
improved to submillisecond, even tens of microsecond, by
employing dual-frequency [40] or ferroelectric LC [45].
For parallel detection [19,21], when the illuminating

beam is multihelix composed of OAM with charge
fm1; m2;…; mmg, the same diffraction order n of the
DVG with charge m will possess the superposition
OAM modes with charge fnmþm1; nmþm2;…;
nmþmmg. If among fm1; m2;…; mmg, there is one value
of mx satisfying mx þ km ¼ 0, the wave function of the

order k will possess a partial plane wave. In the far field,
this is characterized by a central bright spot which can serve
as the criteria for detection. Thanks to the relatively higher
efficiencies of high-order OAMmodes generated by DVGs,
the detection range would be greatly extended (for exam-
ple, a topological charge detection range from −12 to þ12
was achieved in Ref. [20]). Additionally, OAM can be
individually modulated without overlapping. Moreover, the
applications of the proposed LC DVGs are not limited to
OAM detection. Both fractional m and nonzero p LG
modes, which have great potentials in quantum entangle-
ment [46,47], cold atom trapping [48], and gravitational
wave detection [30], are demonstrated by the Dammann
concept encoded structures. The excellent mode variety
may further extend the capability of optical communica-
tions and bring new opportunities to other fields.

IV. CONCLUSION

Photopatterned LC DVGs are proposed and demon-
strated for the generation of various equal-energy OAM
beams. They are composed of alternative orthogonal PA
regions and realized by photopatterning a polarization-
sensitive alignment agent through a dynamic microlithog-
raphy system. A variety of OAM beams including
integral or fractional m with and without p, as well as
the two-dimensional OAM beam arrays, are generated in
high efficiency and good quality. Excellent electrical
switching, polarization independency, and wavelength
tolerance are exhibited. This work supplies a universal
and practical approach for OAM generation, manipulation,
and detection.
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