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Abstract: We report the enhanced experimental measurement of tiny rotational angles using
two conjugate OAM modes upon rotation of a Dove prism. The two conjugate OAM modes
interfere in a petal-like pattern and the orientation of the pattern depends on the phase difference
between the two modes. We propose an accurate method of digital image processing to measure
the tiny rotational angles of the Dove prism. In the presence of an imperfect pattern and light path,
the measurement precision was enhanced by a factor of l. This scheme has potential applications
in high-precision sensing and monitoring of tiny rotation angles.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In 1992, Allen reported that a photon in a light beam comprising an azimuthal phase term,
exp(ilθ), carries an orbital angular momentum (OAM) of lℏ [1]. In contrast with spin angular
momentum, which has only two possible values of ±ℏ, the theoretically unlimited values of l, in
principle, provide an infinite range of achievable OAM states. This gives OAM an important
degree of freedom in both the classical and quantum information domains [2–5]. Using classical
coherent states, the OAM of light can be applied in communications to increase system capacities
and spectral efficiencies [6,7]. When combined with quantum characteristics, OAM light beams
with different values of the mode index, l, can produce high-dimensional entanglement to provide
increased security and robustness and high information capacities for quantum communications
[8,9]. These application requirements have stimulated the development of high-order OAM
generation methods. Earlier methods have used holographic diffraction gratings [10], Q-plates
[11,12] and spiral phase plates [13], whereas newer methods are based on optical fibers [14],
integrated vortex emitters [15–17], lasers [18,19], and nonlinear optics techniques [20–24].

In addition to providing high-order states, OAM modes feature a vortex wavefront. These two
characteristics enable the application of OAM modes in precise detection, such as measuring
speeds [25–28], rotational symmetry [29], and OAM spectra [30,31] and angles [32–37]. A
Mach–Zehnder interferometer is normally used to detect the phase induced by rotation of the
OAM mode [38]. As an alternative scheme, a Sagnac interferometer can double the signal
and thus improve the measurement accuracy [39]. However, because of environmental noise,
the interferometer requires plenty of additional optical and electronic devices to maintain high
interference contrast and steady phase difference between its two arms.

Our scheme amplifies tiny rotational angles by l using the geometric phase distribution of the
OAM. The rotation of the spatial intensity distribution of two conjugate OAM modes depends

#498392 https://doi.org/10.1364/OE.498392
Journal © 2023 Received 20 Jun 2023; revised 5 Aug 2023; accepted 30 Aug 2023; published 25 Sep 2023

https://orcid.org/0000-0003-1158-2248
https://orcid.org/0000-0002-0718-9518
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.498392&amp;domain=pdf&amp;date_stamp=2023-09-25


Research Article Vol. 31, No. 21 / 9 Oct 2023 / Optics Express 33843

on the phase difference between the two modes. Instead of using an interferometer, digital
image processing is proposed to measure the phase variation introduced by a rotating Dove
prism. OAM-enhanced measurement is demonstrated in the presence of defects in both the spots
and light paths. The above advantages make the proposed method more practical that existing
methods.

We consider that an OAM light beam with+ l and −l conjugate OAM modes passes through a
Dove prism oriented at an angle of φ, where the Dove prism is an optical element that rotates the
incident beam by 2φ [40]. If the Dove prism rotates by a small angle, our objective is to find an
effective way to measure it.

2. Theory

A Laguerre–Gaussian (LG) beam is a typical OAM mode with azimuthal and radial indices l and
p, which can be written in cylindrical coordinates as

LGlp(r, θ) = Apl(−i)2p+l+1
(︂√

2r/ω
)︂ |l |

L |l |
p (2r2/ω) exp(ilθ), (1)

where exp(ilθ) is the azimuthal phase dependence, Apl is a normalized constant, ω is the beam
waist, and L |l |

p (·) is the generalized Laguerre polynomial. Equation (1) can be re-written as:

El(r, θ) = Rlp(r) exp(ilθ), (2)

where Rlp(r) describes the radial intensity dependence of the field of Eq. (1). It was previously
recognized that each photon within such a LG beam carries a well-defined OAM of lℏ [1]. The
expression of a −l LG beam only includes a minus sign in the “θ” dependence of Eq. (2), in
contrast with the l LG beam. When the Dove prism is oriented at an angle of φ, the expression of
the total field of the output beam (i.e., a combination of the two+ l and –l conjugate LG beams)
becomes

El(r, θ) + E−l(r, θ)

= Rlp(r) exp[il(θ − 2φ)] + Rlp(r) exp[−il(θ − 2φ)]

= 2Rlp(r) cos[l(θ − 2φ)].

(3)

This implies a rotation of the electric field with an angle of 2φ. The light intensity I(r, θ) of the
output beam is

I(r, θ) = 2|Rlp(r)|2[1 + cos 2l(θ − 2φ)] (4)

Thus, there is an angular modulation of the intensity of the output field. Figure 1 shows the
petal-like patterns according to Eq. (4), where the number of petals is twice the azimuthal index
of the beam (2 l). 2φ is the rotation angle of the pattern, and the direction of arrow represents
the origin of the azimuthal angle, θ. It should be noted that the origin of the azimuthal angle
must be chosen along the direction of one intensity maximum of the pattern before rotating the
Dove prism. Figure 1(a–c) correspond to the normalized simulated intensities for l= 1, 2, 3,
respectively.

To measure φ, the intensity of the petal-like pattern I(r, θ) is divided into 4 l regions from the
zero azimuthal angle evenly (see Fig. 1). The total intensity of the n-th region is:

Il(n) =
∞∫
0

r
nπ/2l∫

(n−1)π/2l
2|Rlp(r)|2[1 + cos(2lθ − 4lφ)]dθrdr

=
∞∫
0
|Rlp(r)|2rdr

[︁
π
l − (−1)n 2

l sin(4lφ)
]︁ (5)
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Fig. 1. Normalized petal-like pattern of the intensity of an OAM beam passing through a
Dove prism, with (a), (b), and (c) corresponding to l= 1, 2, 3, respectively. The superposition
of the l and −l conjugate beams (l= 1, 2, 3) leads to interference patterns in which the
number of petals is twice the topological charge, l. The patterns are divided into 4 l (4, 8, 12)
regions from the zero azimuthal angle. The direction of the arrow represents the origin of
the azimuthal angle, θ. 2φ is the rotation angle of the pattern when the Dove prism rotates
by an angle of φ.

with n ∈ [1, 2 . . . 4l]. When the intensity of the adjacent region is subtracted, the total differential
intensity Sl, is:

Sl = Il(1) − Il(2) + · · · − Il(4l) = P sin(4lφ) (6)

where P = 8
∞∫
0
|Rlp(r)|2rdr is the amplitude of Sl, which depends on the total intensity of the

pattern. When φ is sufficiently small, Sl satisfies

Sl ∼ 4Plφ (7)

Thus, Sl is proportional to tiny φ. The ratio of Sl to φ has a linear relationship with l and P, which
enables the sensitive measurement of tiny rotational angle from the rotational pattern.

3. Experimental configuration and results

The experimental configuration to probe the tiny rotation of the Dove prism is sketched in
Fig. 2(a). The laser used is a continuous-wave diode-pumped solid-state laser (Mephisto MOPA
25W) operating at 1064 nm with an ultra-narrow linewidth. The fundamental mode of the laser
is transformed into ±l OAM modes using an SLM (Meadowlark Optics, BDM512-1064). We
prepared phase patterns (Fig. 2(b)) and displayed them in the SLM. In Fig. 2(b), the top, middle,
and bottom patterns are used to produce OAM beams with+ l and −l conjugate OAM modes
corresponding to l= 2, 20, 40, respectively. The OAM beam passes through the Dove prism and
then the output intensity is recorded by the CCD (Newport, LBP2).

The results are shown in Fig. 3(a) (l= 20) and 3(b) (l= 40), in which the left and the right
sides are the simulated and experimental patterns, respectively. The experimental patterns
are imperfect, in contrast with the simulated patterns, probably because of a defective SLM
pattern display. There is a large amount of stray light in the central and marginal regions of the
experimental patterns, especially for the high-order pattern. The fields of the high-order patterns
show finer phase distribution and more obvious divergence. These qualities are limited by the
resolution of the SLM and the aperture of the optical device. Thus, the effect of the imperfect
experimental pattern on the measurement needs to be further investigated. Here, we selected the
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Fig. 2. (a) Experimental configuration. A spatial light modulator (SLM) transforms the
fundamental mode of the incident laser beam into l and −l conjugate OAM modes. After
passing through the Dove prism, petal-like patterns are recorded by a CCD camera. The
pattern here corresponds to l= 2. (b) The patterns displayed in the SLM to produce the+ l
and −l conjugate OAM beams. The black and gray can modulate the optical phase to 0 and
π, respectively. The top, middle, and bottom patterns are used to produce petal-like patterns
corresponding to l= 2, 20, 40, respectively. BS: beam splitter.

areas within the white circle and normalized the total intensity of the selected areas to calculate
Sl(φ). Without rotating the Dove prism, we can continuously change the direction of the zero
azimuthal angle from the maximum intensity of the experimental pattern to simulate the change
of φ. According to the theory above, Sl(φ) changes with φ periodically. From Eq. (6), we can see
that the period, T, is dependent on l of the pattern (i.e., T = 2π/4l). Figure 3(c) and 3(d) shows
Sl(φ) with T = 4.5° (or 7.85× 10−2 radian) for l= 20 and 2.25° (or 3.925× 10−2 radian) for l= 40.

Figure 4 shows the dependence of the amplitude of Sl(φ) and the slope of Sl(φ) for tiny φ on l.
In Fig. 4(a), the amplitude of Sl(φ) from experimental patterns (black points) decreases with l
and are all lower than the theoretical value of 2/π (red points) from the simulation patterns. We
believe that this discrepancy is mainly caused by the gradual decrease of the high-order pattern
quality. This indicates that the amplitude of Sl(φ) is also related to the quality of the pattern, in
addition to the total intensity of the pattern. Thus, when φ is tiny, the slope of Sl(φ) in Fig. 4(b)
no longer has a linear relationship with l, but still steadily increases with l. It is expected that a
higher l produces a higher measured value for certain small rotational angles.

In the experimental system, it is difficult to ensure that the rotational axis, center axis of the
Dove prism, and the pattern center overlap perfectly. This usually results in the center of the
pattern deviating from the original position during the rotation of the Dove prism. To check this
deviation, we rotated the Dove prism from 0° to 0.4° slowly with a step of 0.04° and recorded the
patterns for different OAM numbers (i.e., l= 10, 20, 30). Figure 5(a) shows the measured Sl(φ)
as a function of the angular displacement of the Dove prism, φ. The points are calculated from
the experimental pattern under rotation of the Dove prism and the lines are calculated from the
experimental pattern by changing the zero azimuthal angle. Clearly, the measurement results
are in good agreement with the calculated values by changing the zero azimuthal angle. This
means the deviation of the pattern center can be neglected when the rotational angle is sufficiently
small. It should be noted that the slope of lines increases with l, as was observed in Fig. 4(b).
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Fig. 3. Petal-like patterns in (a) and (b), and the corresponding Sl(φ) in (c) and (d) derived
from the experimental pattern. The left side of (a) and (b) are the simulation patterns and
the right side are the corresponding experimental patterns. The areas within the white circle
of the experimental patterns are normalized to calculate Sl(φ). The period of Sl=20(φ) and
Sl=40(φ) are 4.5° (or 7.85× 10−2 radian) and 2.25° (or 3.925× 10−2 radian), respectively.

Fig. 4. Amplitude of Sl(φ) (a) and slope of Sl(φ) for tiny φ (b). The red points are the
theoretical values from the simulated patterns and the black points are the values from
experimental patterns. The amplitude of Sl(φ) from the experimental petals decreases with l
as a whole and the values are all lower than the theoretical value of 2/π from the simulated
petals. Thus, the slope of Sl(φ) for tiny φ deviates from the theoretical value and no longer
has a linear relationship with l.
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Figure 5(b) directly shows that the measurement results are enhanced by l effectively when the
Dove prism is rotated by a small angle of 0.04°.

Fig. 5. (a) Measured Sl(φ) as a function of φ. The points are calculated from the experimental
pattern under rotation of the Dove prism and the lines are calculated from the experimental
pattern by changing the zero azimuthal angle for different OAM numbers (l= 10, 20, 30).
(b) Measurement results when the Dove prism is rotated by an angle of 0.04°.

4. Conclusion

In summary, we have developed a simple experimental system using conjugate orbital angular mo-
mentum modes to measure the rotational angle of the Dove prism. Using digital image processing
of the rotational pattern, we successfully measured tiny rotational angles. The measurement
result was effectively amplified by the OAM. In addition, OAM-enhanced measurement was
demonstrated in the presence of defects in both the pattern and light paths. The scheme can be
used for sensing and detecting subtle geological changes.
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