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In recent years, the orbital angular momentum (OAM) of light with a central phase singularity composed of a
specific topological charge has attracted increasing attentions. In addition to the wide range of applications of
OAM in optical manipulations and optical communications, the special angular spatial structure of OAM offers
irreplaceable advantages for use in rotation measurement. Because of the relationship between OAM and angular

position, the azimuthal information of optical fields can be acquired via detection of OAM. Several techniques
based on this concept have been proposed to sense objects remotely using their angular motion. This article
introduces the applications of OAM in object orientation recognition, rotation sensing, small angle measurement

and rotating object imaging.

1. Introduction
1.1. Origins of orbital angular momentum

Light wave possesses linear momentum and angular momentum
(Speirits and Barnett, 2013). The angular momentum includes spin
angular momentum (determined by the polarization) and orbital
angular momentum (OAM, determined by the spatial phase distribution
of the optical field) (Bazhenov et al., 1992). The OAM-carrying beam
specifically has a spiral phase characteristic (Dennis et al., 2009; Shen
et al.,, 2019) in a plane oriented perpendicular to the propagation di-
rection. OAM has an infinite number of modes and each mode is
orthogonal to the others (Beijersbergen et al., 1993; Rogel-Salazar et al.,
2014; Xie et al., 2017b). As early as 1959, Richards et al. (Richards and
Wolf, 1959) analyzed the energy flow near an abnormal halo at the focal
plane of a lens. In 1967, Boivin et al. (1967) discovered that a vortex is
present in the energy flow that revolves around a line located near the
focal plane. In 1974, Nye and Berry (1974) proved that the existence of
phase defects causes the optical vortices, which then led to the devel-
opment of phase singularities in optical fields. In 1985, Kruglov and
Vlasov studied the space vortex soliton (Kruglov and Vlasov, 1985).
When the nonlinear effect produced by a nonlinear medium interacts
with the diffraction of light, dislocation of the spiral will produce a self-
trapped vortex beam, i.e. the space vortex soliton. The vortex beam’s
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phase features a spiral structure with a singularity at its center (Kivshar
and Ostrovskaya, 2001).

In 1989, Coullet et al. (1989) found that the singularity in the laser
cavity at the location where the electric field intensity is zero can exist
for long periods in an unstable field that is higher than the threshold
voltage. At the same time, the phase around this singularity changes
constantly. They also discovered the vortex solution to the Maxwell-
Bloch equation and created the concept of optical vortices after taking
inspiration from the fluid mechanics vortex. In 1992, Allen et al. (1992)
reported that one type of light carries a spiral phase exp(ilp) corre-
sponding to the OAM of light. Here, ¢ is the azimuthal coordinate, [ is the
topological charge, and each photon carries an OAM of l4. One partic-
ularly useful OAM-carrying beam is Laguerre-Gaussian (LG) beam. Since
then, the OAM-carrying beams have been widely investigated in optical
manipulations (Grier, 2003; Zhuang, 2004), optical communications
(Barreiro et al., 2008; Wang et al., 2012; Bozinovic et al., 2013), pre-
cision measurement (Cvijetic et al., 2015; Kravets et al., 2013), astron-
omy (Lee et al, 2006; Tamburini et al., 2011), optical imaging
(Fiirhapter et al., 2005; Tamburini et al., 2006), optical multiplexing
holography (Fang et al., 2021; Fang et al., 2020), laser (Zhang et al.,
2020; Wei et al., 2019a; Naidoo et al., 2016; Sroor et al., 2020),
nonlinear and quantum optics (Wei et al., 2017; Chen et al., 2020; Wei
et al., 2019b; Zhou et al., 2014c; Zhou et al., 2014b). Interestingly, the
vortex wavefront of the OAM beam can be used to perform rotation
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Fig. 1. Panels A, B and C show the observed angular momentum spectra for & = 0, n/2 and = for two equi-spaced segment apertures of angular width 2r/9,
respectively (Yao et al., 2006). Reproduced from (Jack et al., 2008) with permission.

measurements (Lavery et al., 2013). Zhang et al. demonstrated low-
photon static weak rotation measurements by the geometric phase dis-
tribution of the OAM light beam (Zhang et al., 2016). In this review, we
focus on the applications of OAM in rotation measurements including
object orientation recognition, rotation sensing, small angle measure-
ment, and rotating object imaging.

1.2. OAM mode decomposition: Fourier relation of angular position and
OAM

As a physical quantity connected with the azimuthal information of
optical fields, the OAM can be related to the angular position via a
Fourier relationship, in a manner similar to linear momentum and linear
position (O’Neil et al., 2002; Franke-Arnold et al., 2004; Yao et al.,
2006). Considering the 2r periodic nature of the angular variable, the
relationship is a Fourier series leading to discrete values for the angular
momentum, which can be expressed as (Yao et al., 2006).

1 -+

n= [ Cavrren - v

¥(p) = Z yexp(ilp), @

1,_00

where y; represents the OAM distribution and ¥(¢) is the angular dis-
tribution. Eq. (2) indicates that an arbitrary angular distribution can be
regarded as a coherent combination of the different OAM modes.

To verify this theory, one can analyze the OAM spectra of different
angular distributions. When a pure OAM state represented by exp(il¢) is
incident into an aperture or a mask Wy« (¢) with an angular depen-
dence, the transmitted field is then written as

Intonsity

o

Power

TTmnsmilled(¢) = exp(ll¢) X \{‘Ma:k (¢) (3)

According to Eq. (2), the transmitted field can be expressed in terms
of its angular harmonics using the Fourier coefficients A,, i.e.,

B =3 Aewli+n)), @

n=—co

k4 Transmitted

where 3% |A,|? is the total intensity transmission of the mask. From
Eq. (4), the OAM component of the incident light acquires OAM side-
bands that are shifted by 5l = n and their amplitudes are given by the
corresponding Fourier coefficient of the mask. An example of angular
masks is analyzed here to demonstrate the modifications to the incident
OAM components. A single-segment mask with a hard-edged aperture
segment with a width of ®,%p,«(¢) =1 for - ©/2 < ¢ < ©/2 and
0 elsewhere, i.e.

(C]
L, |¢|<§
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The Fourier transform of the angular distribution of the mask is
(Jack, 2011)
sintn®
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So the mask can be decomposed into different OAM components as
follows
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Fig. 2. Schematic of using the OAM spectrum to measure an object’s parameters. The beam’s intensity profile and OAM spectrum (a) before object truncation, (b)
right after object truncation, and (c) certain distance after object truncation (Xie et al., 2017b). Reproduced from (Jack et al., 2008) with permission.
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Fig. 3. (a) The OAM intensity spectra measured for the light truncated by objects having various opening angles 6. (b) OAM phase spectra measured for the light
truncated by an object having an opening angle of 2rn/3 but various orientation angles 5 (Xie et al., 2017b). Reproduced from (Jack et al., 2008) with permission.

The incident OAM beam will thus be modified and shifted by an
envelope composed of a sinc function. When a mask with m-fold rota-
tional symmetry that comprises m identical equally-spaced apertures, i.
e.,

m - 2n
P (@) = > P (cﬁ + q;) : ®)
g=1
The corresponding modification function is
m mAs  for 6l = Nm
(m) _ .q o 8l
Wy =A exp(t—27t§l) = { 9
" . ; m 0 otherwise

where N is an integer. Therefore, for an m-fold rotational symmetry

mask, only every m' sideband with the sinc envelope will be present (see
Fig. 1A). Considering more complex situations where each of the m hard-
edged aperture segments has a definite and non-zero relative phase 5@,
the modification function of each OAM component can be regarded as
the interference caused by the modulation of every aperture (see Fig. 1B
and C).

In 2008, Jack et al. concluded that the Fourier relationship between
OAM and angular position is that of an angular diffraction, i.e., a mask
that blocks light within one or several angular apertures represents the
angular analogue of a single slit or a diffraction grating, respectively
(Jack et al., 2008).
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Fig. 4. Schematic of the spiral spectra of the symmetrical objects. The top panels are the peak-normalized laguerre-gaussian mode spectra while the bottom panels
are the OAM spectra. (a), (c) A three-leaf clover. (b), (d) A five-petal pentas (Zhang et al., 2018). Reproduced from (Jack et al., 2008) with permission.
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Fig. 5. Scheme of the experiment setup for the sensing of the object via orbital
angular momentum of correlated photons (Uribe-Patarroyo et al., 2013).
Reproduced from (Jack et al., 2008) with permission.

2. Optical field analysis based on the OAM spectrum
2.1. Azimuthal identification of objects

Based on the Fourier relationship between the OAM and the angular
position, several sensing techniques to detect an object’s azimuthal in-
formation have been proposed. By analyzing the OAM spectrum of the
optical field after it passes through the target object, the target’s
azimuthal structure can be acquired clearly (Fitzpatrick et al., 2014). An
object-truncated Gaussian beam can be decomposed into a set of OAM-
carrying modes (see Fig. 2(a) and (b)) (Xie et al., 2017b).

The distribution of the complex OAM spectrum is related to the
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parameters of the object. For example, the dip positions of the OAM
intensity spectrum are dependent on the object’s opening angle 6 and
the slope of the OAM phase spectrum is decided by the opening’s
orientation &. If the topological number of the incident OAM is [;, the
measured OAM component of I vanishes when I; — I, = 21N/0 (see
Fig. 3(a) with I; = 0). When the object’s orientation angle is §, the slope
of the measured phase is also approximately &, as shown in Fig. 3(b).

Additionally, one can deduct from Eq. (9) that the OAM spectrum
reflects the rotational symmetry of an object. Fig. 4 shows a three-leaf
clover and a five-leaf clover along with their corresponding OAM
spectra. Only the OAM components with indices that are multiples of
three or five exist. Based on this characteristic, the rotational symmetry
of an object can be identified clearly using its OAM spectrum (Zhang
et al., 2018).

OAM-based sensing techniques can also be used in ghost imaging
(Uribe-Patarroyo et al., 2013; Simon and Sergienko, 2012). As shown in
Fig. 5, when spontaneous parametric down-conversion (SPDC) is used as
a source of correlated photon pairs, the resulting two-photon joint OAM
spectrum can provide information about the spatial symmetries for
efficient object recognition.

More interestingly, the Hanbury Brown and Twiss (HBT) interfer-
ometry technique with twisted light (Magana-Loaiza et al., 2016) re-
veals the intensity correlations among the OAM components and the
angular positions of pseudothermal light (Fig. 6). The technique is
capable to identify the spatial signatures and phase information of an
object with rotational symmetries by using random light. This method is
robust against environmental noise and thus demonstrates promising
potential for remote sensing in realistic schemes.

Lens

) P

Pseudothermal beam

Fig. 6. (A) Scheme of the experiment setup for the study of the azimuthal HBT effect. (B) For the HBT measurements, a pair of angular slits is encoded onto the SLMs.
(C) Intensity distribution of a generated pseudothermal beam of light (Magana-Loaiza et al., 2016). Reproduced from (Jack et al., 2008) with permission.
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Fig. 7. (a) Schematic of analogy between the “frequency-time” relationship of a signal and the “OAM spectrum-spatial intensity” relationship of a beam. (b) Beam
structuring through coherently combining several beams from an orthogonal modal basis with complex coefficients C; (Xie et al., 2017a). Reproduced from (Jack

et al., 2008) with permission
2.2. Digital spiral imaging

In 2005, Torner and Torres proposed the concept of digital spiral
imaging (DSI) (Torner et al., 2005; Molina-Terriza et al., 2007), in which
the OAM spectrum of a light beam is used to image canonical geomet-
rical objects. This work opens the door to OAM-based imaging (Chen
et al., 2014). Proper selection of a weighted combination of multiple
modal states within an orthogonal OAM basis set will allow any desired
azimuthal beam intensity profile to be created (Xie et al., 2017a)
(Fig. 7). In addition, by imparting an extra phase factor into each con-
stituent OAM mode, it is easy to realize the rotation and reflection of an
image (Li et al., 2018).

2.3. Laguerre-Gaussian mode-based imaging

OAM mode has unique advantages for azimuthal sensing and imag-
ing. However, because of the lack of radial components, it is not suffi-
cient to construct a two-dimensional optical field alone. Therefore,
attention has been paid to one special OAM-carrying mode, i.e., LG
mode, which is capable to characterize the radial information via its p
index.

Several methods (D Errico et al., 2017; Xiao et al., 2019) have been
proposed to decompose an optical field into its LG modes for optical
image processing. Xiao et al. used a subspace projection method to
achieve LG mode expansion of arbitrary optical fields. They defined a
space-bandwidth product and proposed several criteria to determine the
parameters of the used LG modes including the beam waist and the
truncation order. Generally, the beam waists determined using this
method are different in each OAM subspace. Recently, Ma et al. pro-
posed a systematic scheme to determine the parameters for efficient LG
mode expansion, in which an optimized beam waist is utilized for all LG
components (Ma et al., 2021). Also, they demonstrated azimuthal noise
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Fig. 8. Results of image noise filtering. (a) Raw image with azimuthal noise
recorded by a linear array CCD. (b) The corresponding Fourier spectrum. (c)
The corresponding [ spectrum. (d) The reconstructed image after LG domain
filtering (Ma et al., 2021). Reproduced from (Jack et al., 2008) with permission

filtering based on the LG modes (as shown in Fig. 8), which presents the
unique advantage of using LG modes in polar image processing. By
manipulating the LG spectrum, image edge enhancement, image rota-
tion, image replication and noise filtering can easily be realized.
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3. Detection of rotating objects based on OAM spectrum

measurement

3.1. Rotational Doppler effect

The linear Doppler effect is a well-known phenomenon. When a
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Fig. 9. (a) The incident light is composed of the
input light and a reference light. (b) Schematic of
the OAM complex spectrum analyzer. (c) The
scattered light is composed of numerous OAM
modes. (d) The output signals are received by the
photodetector. The beat frequency varies linearly
with respect to the topological charge of the input
mode, and the amplitude is proportional to that
of the input mode. The power spectrum can be
obtained through a Fourier transform of the total
intensity (Zhou et al., 2017). Reproduced from
(Jack et al., 2008) with permission

relative movement occurs between an emitter and an observer, there
will be a difference between the frequency received by the observer and
the original frequency of the wave source. The linear Doppler effect has
been extensively investigated for its applications in radar, Doppler
velocimetry, laser interferometers, and so on. In recent years, the

research development in OAM beams has led to the discovery of
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detection 3
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E
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Fig. 10. (A) A superposition of helically phased beams with opposite signs of I, incident on a surface rotating at a speed Q. (B) The intensity modulation at a
particular frequency result from the differential shift, f mog = 2346 £ 1. (C) Values of f ,,,g Were measured for different rotation speeds and values of |I| (Lavery et al.,
2013). Reproduced from (Jack et al., 2008) with permission.



L. Wang et al.

Results in Optics 5 (2021) 100158

AR YT W ox
[T

Fig. 11. 120-m free-space optical link implemented from building-to-building in the Haiyun Campus of Xiamen University (Zhang et al., 2018). Reproduced from

(Jack et al., 2008) with permission.

rotational Doppler effect (Bialynicki-Birula and Bialynicka-Birula, 1997;
Courtial et al., 1998a; Fang et al., 2017).

In the 1970s, Garetz (Garetz and Arnold, 1979; Garetz, 1981) re-
ported that for circularly polarized light, rotational motion between the
source and the observer causes a frequency shift of Aw = +ow. Here, ®
is the angular velocity and ¢ = £1 for the right-hand-polarized and left-
hand-polarized light beams, respectively. In 1994, Allen predicted
(Allen et al., 1994) that an atom moving in a light beam with orbital
angular momentum experiences an azimuthal shift in the resonant fre-
quency in addition to the usual axial Doppler and recoil shifts when a
beam of light is incident on the surface of a rotating object. Therefore,
the frequency of the object’s rotation can be determined by measuring
the OAM. In 1998, Courtial et al. proved that rotation of a beam causes a
frequency shift related to the total angular momentum of the beam
(Courtial et al., 1998a; Courtial et al., 1998b). This effect is called the
rotational Doppler shift (Basistiy et al., 2002; Barreiro et al., 2006).
When an OAM light beam with a topological number [ illuminates a
spinning object with a rotation speed Q and the topological number of
the scattered light is m, the rotational Doppler shift is then given by

Af = (1—-m)Q/2n (10)

An OAM complex spectrum analyzer based on the rotational Doppler
effect has been developed. It can measure the power and phase distri-
butions of the OAM components simultaneously. The technique used in
this analyzer is illustrated in the diagram shown in Fig. 9 (Zhou et al.,
2017).

Along with a high-power reference light beam, a light beam con-
taining different OAM components is incident onto a spinning object.
The scattered light passes through a mode filter to select the zero-order
OAM mode. The alternating current (AC) intensity of the energy
collected by a photodetector can be expressed approximately as:

Luac(y) = 27> |ByAu-1,BoAn i, |cos[ (I, — ) Q1 + ¢, ] (11)

1<p<N

where B, is the complex amplitude of the OAM mode, A, ;, is the
Fourier expansion coefficient of the spinning object. By and A,
describe the reference light beam. If all the coefficients are known, the

OAM spectrum can be obtained by performing a Fourier transform on
the intensity collected by the photodetector. This method has potential
applications in spatial mode analysis and mode-division multiplexing
optical communication.

3.2. Rotational speed measurement

One important application of rotational Doppler effect is the mea-
surement of the velocity of a spinning object. When a spinning object is
illuminated by two OAM beams with opposite values of I, the frequency
of the scattered light will be blue-shifted and red-shifted for the positive
and negative [ respectively (see Fig. 10A) (Lavery et al., 2013). Then the
intensity modulation caused by the opposite frequency shift is given by

_2Q

Smod = Ere 12)

An example is presented in Fig. 10B. The rotating surface is illumi-
nated by using OAM beams of I = +18. The calculated differential fre-
quency is fmq = 2346+ 1 Hz and the rotational speed is 383 rad/s.
Fig. 10C shows the results when changing the rotation speed and the
value of |l], illustrating a further test of the relationship predicted in Eq.
(12).

To satisfy the requirements of practical inspection environments,
additional improvements based on the rotational Doppler effect have
been developed (Cvijetic et al., 2015; Zhang and Ma, 2017). For
example, Zhai et al. proposed a time-frequency analysis method to es-
timate the angular acceleration of a spinning object through short-time
Fourier transform (STFT) (Zhai et al., 2019). Qiu et al. analyzed the
effect of lateral misalignment of the incident light and showed a
broadened frequency shift around the center frequency (Qiu et al.,
2019a). Qiu et al. also investigated the rotational Doppler effect at
oblique incidence based on a local scattering model. They formulated a
quantitative relationship between the Doppler frequency shift and the
tilt angle (Qiu et al., 2019b).

Notably, the OAM-based measurement of rotational speed is mainly
limited by the response speed of the detector and the available high-
order OAM mode. In comparison to the traditional methods, OAM-
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Fig. 12. (A) Scheme of the experiment setup for a series of amplitude patterns are playing on the DMD to mimic a rotating object. (B) and (C) are the amplitude and
phase of the measured LG spectrum from a rotating emblem of Nanjing University. (D)-(G) show used portions of the LG spectrum to reconstruct the emblems
displayed in (H)-(K), respectively (Wei et al., 2020). Reproduced from (Jack et al., 2008) with permission.

based method provides a non-contact way to precisely measure the
rotational speed.

3.2.1. Rotating object imaging techniques

As we discussed in Section 2.2, it is possible to determine azimuthal
structures of an object by reading the shape of the OAM spectrum.
Similarly, by measuring the OAM spectrum of a spinning object, one can
also acquire its azimuthal information. As shown in Fig. 11, Zhang et al.
established a 120-m-long free-space link between the rooftops of two
buildings. Both the rotational speed and the rotational symmetry of an
object were obtained from the rotational-Doppler-frequency-shifted
signal at low photon-count level (Zhang et al., 2018). Because of the
use of OAM, this method is robust and feasible for use in practical
environment such as atmospheric turbulence.

In many practical applications, it is important to recover the entire
2D structures of rapidly rotating objects. Wei et al. proposed an LG
transform for rotating image processing (Wei et al., 2020). Based on
rotational Doppler effect and radial mode fitting, they measured the
complete LG spectrum of the rotating object. Interestingly, the LG
spectrum remains unchanged during the object’s rotation. They exper-
imentally performed typical image processing operations such as image
reconstruction, edge enhancement and pattern replication (Fig. 12).
This method demonstrates the unique advantages of rotational object
imaging based on LG modes.

4. Detection of angular movement based on an OAM-mode
interferometer

4.1. Basic principle

In the early research on vortex beams, the interference patterns be-
tween screw-dislocation wave which has a wave front consisting of one
helicoid or several helicoids and plane wave were investigated (Basistiy
et al., 1993). The OAM mode’s phase distribution contains a total of 1
cycles, where [ is the topological charge. If the light spot with the OAM is
rotated by a specific angle, the transverse phase distribution of the light
spot will also be rotated by the same angle. Usually, an OAM beam can

mm-wave

stationary
source

Dove prism

spiral
phase plate
detector

rotating Dove prism

Fig. 13. The rotating measurement experiment using Dove prisms (Courtial
et al., 1998a). Reproduced from (Jack et al., 2008) with permission.

be rotated by rotating a Dove prism. As early as 1988, Padgett (Courtial
et al., 1998a) used a combination of a Dove prism and a Mach-Zehnder
interferometer to measure rotation angles, as shown in Fig. 13. When the
OAM beam passes through the Dove prism, it flips up and down; more
importantly, when the Dove prism rotates by an angle of a, the OAM

Fig. 14. Measurement of rotation angle by interferometer based on Dove prism
(Jha et al., 2011). Reproduced from (Jack et al., 2008) with permission
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Fig. 15. Conjugate superimposed petal pattern of different [ (Emile and Emile, 2017). Reproduced from (Jack et al., 2008) with permission.

beam will then rotate by an angle of 2a. One Dove prism is fixed and the
other one is rotated.

In experiments, it is difficult to separate the frequency shift caused by
the rotation from small experimental deviations (Basistiy et al., 2003).
Therefore, interferometry methods are used to eliminate the experi-
mental deviations from the optical path. For example, Jha et al. (2011)
determined the angular displacement measurement sensitivity of an
interferometer using a Dove prism (see Fig. 14).

The rotational angles of the two paths of the interferometer are 6;
and ¢,. Assume that |1;),_is the state of the jth photon in input mode a,
including the mode index I of the OAM. The output state of the jth
photon in mode a is then given by

[ —2i
;) =5 (" + ™) [1)a, as
The total photon state at the output of the interferometer is given by:
N i
) =11 1) = lo)e ™ as)
A
Then, the expected count value for each photon with I is <Na> =

A
Ncos?l§, where 6 =6, —6,. The relevant uncertainty is <ANE,>2 =

sin?l0 and the signal to noise ratio of the relative angular displacement
is given by

iy
(o)

Compared with Courtial’s work in Fig. 13, Jha et al. proposed a

=2IV/N (15)

similar Mach-Zehnder interferometer except that both Dove prisms are
rotated to eliminate the negative influence of misalignment to a certain
extent (Fig. 14). The signal-to-noise ratio of this method is proportional
to the OAM index L

Generally, the interference pattern formed by the superposition of
OAM light beams with + I presents the shape of petals. The number of
petals is twice the topological charge and the zero azimuth angle is
dependent on the initial relative phase between the two arms of the
interferometer. The petal pattern offers certain advantages when per-
forming rotation angle measurements. In theory, the energy of each
petal is uniform, and 2 I petals form a circle. For smaller angles, the
actual rotation angle can be obtained by simply calculating the rotation
angle of the pattern. In addition, according to formula (15), the signal to
noise ratio of the measured angular displacement signal is proportional
to OAM index [, which has unique advantages for the measurement of
small angle.

For standard LG modes, the beam radius of the OAM beam at a
specific position z is

w(z) = woy/ 1 +22/z% (16)

At the Rayleigh length position of 2z = w2 /4, the electrical field of
the OAM beam can be written as

E(r,0) = Rl(r)e”g a7

Here, R,(r) is the amplitude distribution which dependents on the
radial field strength and I (Guo et al., 2016). The field obtained from the
interferometer is given by

E(r,0) +E_/(r,0) = 2R,(r)e"*cosl (18)
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Fig. 16. (a) and (b) are the petal interference diagrams with I = 2 and 20 respectively; (c) The relationship between the leakage power of the hole and the crystal
temperature when [ = 2. (d) The angle change curve of the petal diagram with [ = 20 (Zhou et al., 2014a). Reproduced from (Jack et al., 2008) with permission.
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Fig. 17. (a) Scheme of the experiment setup for angular rotation parity measurement. (b) The relationship between the output signal of PM and ID method with
various rotation angle. (c) The relationship between FWHM of PM and ID method and the used OAM quanta number 1 (Zhang et al., 2016). Reproduced from (Jack

et al., 2008) with permission.
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Fig. 18. (a) Improved Mach-Zehnder interferometer with Dove prism and op-
tical wedge. (b) Schematic of the measurement results of the rotation angle of ¢
produced by wedge translation x for different petal patterns (Jia et al., 2017).
Reproduced from (Jack et al., 2008) with permission.

The total light intensity is I(r) = |2Ry(r)|2cos®10.

The field intensity of the petal pattern is angularly modulated.
Fig. 15 shows the petal patterns with I = 1, 2 and 8. When the two arms
of the interferometer produce a phase difference ¢, the expression for
the light field is given by Emile and Emile (2017):

E/(r,0) + E (1, 0) = Ri(r) [ 1+ &) = 2R,(r)ecos(i0 + kg)  (19)

where k = 2z/1. When the interferometer produce a phase difference ¢,
the spatial intensity distribution of the petal pattern will rotate by
27¢ /4. When the two arms of the interferometer do not produce a phase
shift and the beam itself rotates by a specific angle of 9, the spatial in-
tensity distribution of the petal pattern will then rotate by l6. By using a
Michelson interferometer, Emile et al. measured the angular displace-
ment through analyzing the phase change of the petal interference
pattern (Fig. 15). Based on this theory, many applications of tiny angle
measurement using OAM have been reported.
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4.2. Rotation angle measurement

In 2013, D’Ambrosio et al. (2013) proposed the concept of photonic
gear and demonstrated NOON-like photonic states composed of [ quanta
of angular momentum ranging up to [ = 100. The angular rotation of
each photon can be converted into the amplified rotation of the light
polarization, which is enlarged by [ times. When compared with previ-
ous measurement methods, the accuracy of this angular measurement
method is improved by nearly two orders of magnitude. The photonic
scheme proposed in this work has major advantages when used in di-
agonal measurement of the mixed polarization OAM quantum state.

The weak value amplification of the angular signal is another
important approach. In 2014, Magana-Loaiza et al. (2014) used the shift
of the OAM spectrum caused by polarization perturbation of the
spin—-orbit angular momentum coupling to measure the angular posi-
tion. It is done by an amplification of both the real and imaginary parts
of the weak-value of a polarization operator that has been coupled to the
pointer. This method can enlarge small angles of rotation by up to 100
times.

In 2014, Zhou et al. (2014a) were able to rotate the interference
pattern of a superimposed OAM beams with positive and negative [ by
adjusting the temperature and the electro-optic effect of a birefringent
crystal, thus forming an optical rotator. When the optical path difference
caused by the birefringent crystal is changed by 27, the pattern is then
rotated by an angle of z/l. The temperature and thermal-dispersion
difference of the crystal can be determined through analysis of the
rotating image. Fig. 16 shows an example with [ = 2 and 20.

In 2016, Zhang et al. (2016) developed a parity measurement (PM)
method for angular rotation measurement (Fig. 17(a)). When compared
with the classical Malus law, the rotation angle measurement resolution
is increased by [ times. As shown in Fig. 17(b), the signal peak of the PM
method is narrower than that of the early intensity detection (ID)
method. As the number of photons increases, the signal peak of the PM
result becomes narrower, which indicates a higher resolution. Fig. 17(c)
shows that the full width at half maximum (FWHM) values of both the
PM and ID methods decrease with the increase of OAM quanta number,
and the FWHM of PM is always less than that of ID.

In 2017, Jia et al. (2017) proposed an improved Mach-Zehnder
interferometer. A Dove prism was added to one arm and an optical
wedge was inserted vertically into the other arm. The linear movement
of the optical wedge could then equivalently cause rotation of the
interference petal pattern. As shown in Fig. 18(a), the wedge moves
vertically on the micrometer scale; its refractive index is n, the tilt angle
is a, the wedge moves at a constant speed v, and the additional phase
delay is & = k(n —1)vttana, where k is the wave vector. The interference
petal pattern is given by Jia et al. (2017)

PLY

rFEsl

Marror

Forked grating

Fig. 19. Rotation angle measurement system in a Sagnac interferometer (Xiao et al., 2018). Reproduced from (Jack et al., 2008) with permission.
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E(r,0) = E/(r,0) + E_(r, )R, (r) [e "0+ 4 0] (20)

(n—1)tana
al

where Q = v. The recorded light intensity is expressed as

1(r,0) = 2|R(r)| *(1 + cos[21(0 + Qt))) (21

The optical wedge moves linearly at a speed v, which produces an
equivalent rotational frequency shift of 2. The measurement results are
shown in Fig. 18(b), and the wedge translation step size is 2 pm. For
different values of [, the rotation angle measurement results also tend to
show linear behavior.

In 2018, Xiao et al. (2018) used two OAM beams incident in opposite
directions on a Dove prism to form a Sagnac interferometer. As shown in
Fig. 19, when the Dove prism rotates at an angle of 0, one of the beams
will then produce a phase delay of ¢*", while the beam incident in the
opposite direction will produce a phase delay of e=2%. In this way, the
signal can be doubled and the phase deviations of the different optical
paths caused by the experimental system can also be eliminated. In the
experiments, using an OAM beam with [ = 10, the dynamic rotation
angle at a vibration frequency of 650 Hz can be measured and the
rotation angle resolution can reach approximately 1°.

Recently, attention has turned to the radial index p of the OAM
(Karimi et al., 2014), which can enable finer fringes to be displayed in
the interference pattern, thereby enhancing the sensitivity of the inter-
ferometer. In 2019, Verma and Yadav (2019) constructed interferometer
using twisted light to detect picometer displacement. Through inter-
ference and superposition of two OAM light beams with opposite values
of the topological charge I, they obtained a petal pattern. The relative
displacements between the cylindrical lens and the solid and liquid
surfaces can cause this petal pattern to rotate, and the angular
displacement measurement resolution reached the picometer level.
Fig. 20(a) shows the contours of the petal interference pattern with [ =
10 before and after angular displacement. A minimum displacement of
3 pm could be measured using this technique. In addition, as shown in
Fig. 20(b), the radial quantum number p can be used to measure the tilt
angle of the surface. The interference pattern formed using the non-zero
radial quantum number will show finer interference fringes that can be
used to improve the rotation angle measurement accuracy.
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5. Conclusions

Over the past 30 years, from the discovery of OAM to its widespread
practical application, the developments made in OAM beams have been
remarkable. The generation of a high-quality OAM beam is no longer a
complex matter, which has promoted the application of OAM beams as a
research hot spot in recent years. Because rotational motion is common
in many practical industrial applications, the monitoring of objects with
high rotational speeds or micro-scale rotation angles is critical. The
abundant research in rotation sensing has demonstrated the advantages
of OAM. In practical applications, it is necessary to provide further
improvements in the accuracy and stability of OAM measurement sys-
tems. By further expanding on the theoretical research and breaking
through the limitations of the current experimental conditions, OAM
will be able to establish its importance in the precision measurement
field in the near future.
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