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Real-time phase measurement is of great value to study the evolution of optical
vortex. However, it cannot be recorded in real time due to the limitation of the
exposure time of the recording device in the experiment. Therefore, based on the
temporal and spatial evolution correlation of the optical phase, a real-time phase
measurementmethod of optical vortex generated by an acoustically induced fiber
grating is proposed based on digital holographic reconstruction algorithm. First, a
series of holograms are continuously recorded using a low frame rate CCD. Then,
the evolution of optical vortex over time is translated into changes in transmission
distance. Furthermore, the unrecorded vortex phase distributions are calculated
using diffraction theory. By serializing these phase maps over time, the
propagation and evolution of spiral phase structure of the vortex beam can be
demonstrated in real time.
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1 Introduction

Optical vortex, characterized by exotic spatial polarization or phase singularities, has
attracted a great deal of research interest in the last decade [1–3]. Owing to the singular
properties of spiral phase and polarization distributions, optical vortex is widely used in
many research and application fields. For example, tightly focused vortex beams are used in
optical tweezers to manipulate particles such as cells and targeted drug [4, 5]. Due to the
orbital angular momentum (OAM) of the vortex beam, such particles can be rotated around
the axis of the beam. In the stimulated emission depletion (STED) microscopy technique, the
tight focusing of the vortex beam can produce a hollow ring focus, which can be used to
deplete the fluorophores around a desired area and keep the fluorophores in the desired
target area and that enables spatial resolution beyond normal optical diffraction limits [5, 6].
In addition, in the field of optical communication, the introduction of optical vortex can
increase the number of optical modes for information transmission, thereby increasing
significantly the bandwidth of optical communication. For instance, the twisted radio beams
produced by combining vortex phases with radio technology can increase the way
information is transmitted and provide new technologies for the development of the
radio field [7, 8]. The order of the vortex phase is related to the number of states of the
orbital angular momentum, and the vortex beams of different OAMs are orthogonal to each
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other. The spectral efficiency of high-capacity millimeter-wave
communications can be potentially increased with OAM
multiplexing [9]. Similarly, in the field of quantum computing
research, the use of optical vortices for information encoding and
storage can theoretically achieve almost infinite storage capacity, as
there is no limit to the topological charge. It also enables faster data
processing. Therefore, quantum computing could also benefit from
the study of OAM [10, 11].

The acquisition of phase evolution of the vortex beam is of
significance to study OAM. We can predict the phase distribution of
the regular vortex beam via theoretical calculation. However, the
evolution of the irregular vortex phases is difficult to be accurately
predicted, such as the interference field of multiple vortex beams. In
addition, there are still some differences between the theoretically
predicted phase evolution results and the actual phase distribution.
Thus, it is particularly necessary to provide real time and accurate
measurement means for the vortex phase. To this end, a linear
scanning pinhole sampling array based on a liquid crystal spatial
light modulation (SLM) was proposed to reconstruct the wave front
[12]. However, scanning the whole surface is time-consuming, and
the measurement efficiency is too low to realize high-speed and
large-area measurement. The solution to the phase image is
contradictory with the instantaneity of this method. Dudley
provided a method to measure the wave front of propagating
light field based on the Stokes parameters via combining SLM,
polarization grating, and beam splitter [13]. However, the refresh
rate of SLM is far from sufficient compared with the change in the
vortex phase. In addition, the measurement requires pixel-level
position matching because the two images are projected in the
different positions of the detector. Zhang [14] used pixelated micro-
polarizer array (PMA) to measure the vortex beam by using the
four-step phase-shifting method. The pixel size and position of PMA
must completely match with the CCD used, and PMA needs to be
changed when using different sizes of CCDs. The practical
resolution is only half of CCD’s size because of the use of PMA.
Additionally, Lu presented a phase analysis method for a partially
coherent vortex beam, where a movable perturbation was
introduced at a certain point in an illumination window of finite

size. The method cannot achieve wide-field real-time
measurement [15].

In this paper, a digital holographic method based on a modified
Mach–Zehnder interferometer is developed to measure the optical
vortex generated by an acoustically induced fiber grating (AIFG).
Digital holography, as a wide-field measurement method to obtain
the complex amplitude of light waves in real time [16, 17], has been
widely applied in flow-field analysis, beam analysis, near-field
imaging, wave front acquisition and processing, bioimaging,
computation imaging with deep learning, etc. [18–23]. In digital
holography, the complex amplitude distribution of the object beam
is recorded in the fringe distribution of the interference pattern and
the original object light wave can be obtained by numerically
reconstructing the interference pattern. By this way, the phase
distribution and evolution of the optical vortex can be obtained.
By continuously recording the holograms of the optical vortex using
a high-speed camera and numerically reconstructing the phase
maps, we can obtain the real-time full-field distribution of the
optical vortex and its evolution in the form of a phase map
video. Although the CCD frame rate limits the speed of real-time
acquisition, digital holographic wave front reconstruction can
recover the missing frames from the wave front evolution. This
actually realizes the real-time measurement of the vortex phase.

2 Theory

The lowest-order acoustic flexural mode F11 [24], which is
antisymmetric with respect to its vibration direction, can propagate
along an unjacketed fiber with cylindrical symmetry. The corresponding
refractive index distribution in the unjacketed fiber induced by the F11
mode is also antisymmetric and can be described with [25, 26]

Δn x, y( ) � n0 1 + χ( )K2u0x, (1)
where, n0 is the refractive index of the fiber core, c is the optical
elastic coefficient of silica, K and u0 are the wavevector and
amplitude of the acoustic flexural wave, respectively. (x, y) is the
coordinate of the section of the mode field.

FIGURE 1
Experimental setup of the optical vortex generation and examination. (A) Example for the acoustic flexural wave F11 mode propagating along the
unjacketed fiber. (B) Modified Mach–Zehnder interferometer. P, polarizers; HWP, half-wave plate; M, mirrors; MO, micro-objectives; FMF, few-mode
fiber; MS, mode stripper; RF, radio frequency; NPBS, non-polarization beam splitters; SMF, single-mode fiber; CCD, charge-coupled device.
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The mode coupling coefficient κij between the vector modes i
(HEx/y

11) and j (TE01, HEeven/odd
21, and TM01) of the AIFG can be

expressed as [25, 27]

κij � π

λ

��
ε0
μ0

√
n0 ∫E*

i x, y( ) · Δn x, y( )Ej x, y( )dxdy, (2)

where, ε0 and μ0 are the vacuum permittivity and vacuum permeability,
respectively. Ei(x, y) and Ej(x, y) are the transverse electric field
distributions of the fundamental vector modes (HEx/y11) and the four
high-order vector modes (TE01, HE

even/odd
21, TM01), respectively. The

coefficient κij can be calculated by Eq. (2) when the polarized angle θ
between the acoustic mode F11 and the optical mode HE11 varied. Then
result shows, HEy11 can be coupled only to TE01 and HEodd21 when θ =
90°. Whereas θ = 0°, HEx

11 can be converted only to HEeven
21 and TM01.

To allow the mode conversion from HEx/y
11 to HEeven/odd

21 while
preventing the generation of TE01 andTM01modes, the phasematching
condition LB =Λ should be satisfied, where LB = λ/(nHE 1−nHE 21) is the
beat length between HEx/y

11 and HEeven/odd
21 modes, λ is the resonance

wavelength of the AIFG, nHE 11 and nHE 21 are the effective refractive
indices of HEx/y

11 and HEeven/odd
21 modes, and both pairs of HEx/y11

(HEeven/odd
21) modes are degenerate, respectively. The dispersion

equation of the acoustic flexural wave propagating along the

unjacketed fiber can be written as Λ = (πCextR/f)
1/2 [28], where the

phase velocity in silica Cext is 5760 m/s and R and f are the radius of the
fiber and the frequency of the acoustic wave, respectively.

As for the acquisition of the optical vortex phase, considering
that the object waveO(x, y) and reference wave R(x, y) interfere with
each other on the target plane, the intensity of the interference
pattern can be given by

I x, y( ) � O x, y( ) + R x, y( )∣∣∣∣ ∣∣∣∣2
� O x, y( )∣∣∣∣ ∣∣∣∣2 + R x, y( )∣∣∣∣ ∣∣∣∣2 + R* x, y( )O x, y( )

+ R x, y( )O* x, y( ). (3)

Reconstructing the digital hologram via the convolution
method, the complex amplitude distribution of the original light
field U(ξ, η) can be obtained by

U ξ, η( ) � IFFT FFT C x, y( )I x, y( ){ } · FFT g ξ, η, x, y( ){ }{ }, (4)
where FFT and IFFT represent the Fourier and inverse Fourier transform
operations, respectively. g(ξ, η, x, y) is the impulse response function of
the coherent system. C(x, y) is the simulated planar reference wave.

Assuming that the reconstructed object waves of the background
beam and vortex beam areU1(ξ,η) andU2(ξ, η), respectively. According

FIGURE 2
Holograms, spatial spectra, and reconstructed phase maps of vortex and background beams. (A) Hologram of the vortex beam, (B)hologram of the
background beam, (C) spatial spectra for (A), (D) spatial spectra for (B), (E)wrapped phase of the vortex beam, (F)wrapped phase of the background beam,
and (G) unwrapped phase of the vortex beam.
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to the double-exposure method for eliminating the background errors
[29–31], the unbiased phase distribution Δφ is given by

Δφ � arg
U1 ξ, η( )
U2 ξ, η( )[ ], (5)

where arg( ) is the function to obtain the argument value. Since it is
impossible to obtain a phase beyond 2π in the arctangent operation,
it is necessary to unwrap the phase distribution [17].

3 Experimental setup

The experimental setup for the optical vortex generation and
recording is shown in Figure 1. The polarization orientation and
intensity of the light beam emitted from a 20 mW laser at
l = 633 nm are adjusted by the polarizer (P1) and half-wave
plate (HWP). After reflected by two mirrors, the beam is
coupled into the few-mode fiber (FMF) by the microscope

FIGURE 3
Holograms and unwrapped phases of one period. (A)–(D)Holograms of +1-order vortexmode, (E)–(H) phasemaps of +1-order vortexmode, (I)–(L)
holograms of −1-order vortex mode, and (M)–(P) phase maps of −1-order vortex mode.

FIGURE 4
Unwrapped phase reconstructed by different reconstruction distances. (A)–(D) +1-order vortex mode phases and (E)–(H) −1-order vortex mode
phases.
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objective (MO1). A mode stripper (MS, made of seven turns of
FMF wound on a 5-mm-diameter rod) is put into the system to
eliminate the effects of the useless high-order vector modes before
the AIFG and ensure a pure mode HEx/y

11 launching. To facilitate
the tuning of the resonance wavelength according to the phase
matching condition to achieve the optimal overlap between the
acoustic and light waves, the diameter of the FMF is etched by
hydrofluoric acid to below 40 μm. The two segments of the
unjacketed fiber are epoxy-bonded to the tip of the horn-
shaped acoustic transducer and to the fiber clip, respectively.

By adjusting the input polarization state through P1 and tuning
the frequency of RF driving signal applied to the acoustic transducer,
the HEx/y

11 mode of the input beam is converted to the HEeven/odd
21

when the phase matching condition is satisfied. The generated
vortex mode from the FMF output terminal is collimated by
MO2 and then divided into two parts by a non-polarization
beam splitter (NPBS1). Among them, one part passing through
the NPBS1 is coupled into a segment of 630 HP fiber to convert the
vortex mode back to a fundamental mode because the 630 HP
single-mode fiber (SMF) only allows the fundamental mode to
pass through. Then, the output light from 630 HP fiber is
collimated to a parallel Gaussian beam by MO4, which is the
reference beam. The optical vortex mode reflected by NPBS1 and
the reference beam are combined with NPBS2 and form the
interference patterns. The polarizer P2 is used to convert both
the vortex beam and reference beam to be linearly polarized.

4 Experiment results and discussion

First, we record the background hologram of the measure
section when the RF is turned off. In other words, optical vortex
does not exist yet. Then, the input polarization state and the
frequency of RF driving signal are adjusted. A Y-shaped
interference fringe appears as shown in the amplified section
of Figure 2A. The holograms are continuously recorded at a rate
of 15 frames per second (FPS). Figures 2A,B show the holograms
of the vortex beam and background beam, respectively.
Accordingly, the spatial spectra of the holograms are shown in
Figures 2C,D, where the rectangle region represents a frequency
selective filter window. Based on double-exposure digital
holography, two holograms are reconstructed and the phase
distributions can be obtained according to Eq. (5). After the
hologram of the background beam is recorded, the changes in the
phase map can be calculated in real time along with the
experimental process. The wrapped phase maps of the vortex
beam and background beam are shown in Figures 2E, F. The
vortex phase with no aberration obtained by Eq. (5) is shown in
Figure 2G.

By serializing these phase maps over time, the distribution and
evolution of the optical vortex can be shown in the form of a movie
(Supplementary Video S1). A sequence of the holograms of ±1-order
vortex modes is shown in Figures 3A–D,I–L, respectively.
Accordingly, two-dimensional phase distributions of ±1-order
vortex modes are shown in Figures 3E–H,M–P, where each
picture represents the phase distribution at a certain moment. In
Figure 3, the time interval between adjacent results is T/4, where T is
the period. The phase distribution rotates by π/4 in turn. For ±1-

order vortex modes, the phase results are consistent with the time
interval.

Theoretically, when we obtain the vortex beam distribution at
time t1, the phase distribution at time t2 is equivalent to that at the
propagation distance l = (t2−t1) × c. To verify this idea, the optical
vortex is numerically reconstructed with different reconstruction
distances. The hologram we used is one frame of a period. The
reconstructed results of numerically different reconstruction
distances of the ±1-order vortex modes are shown in Figure 4.
The reconstruction distances in Figures 4A–H are 0, λ/4, λ/2, and
3λ/4, respectively. Comparing Figure 3 and Figure 4, we find that
the phase evolution of the optical vortex numerically
reconstructed with different reconstruction distances using a
frame of the holograms is the same as that shown in Figure 3.
It means that we can reduce the experimental acquisition
frequency of optical vortex through numerical reconstruction
algorithm and save the acquisition cost while maintaining the
advantage of real-time acquisition. It is worth noting that in order
to avoid the error caused by too large reconstruction distance, the
actual experimental acquisition frequency should be higher
than 1/T.

5 Conclusion

The real-time phase distribution and dynamic evolution of the
optical vortex generated by an acoustically induced fiber grating is
displayed and analyzed via digital holography. The numerically
different-reconstruction-distance reconstructed results are
conforming to the experiment results in different times. The real-
time visualization idea of optical vortex is feasible by digital holography
with limited acquisition frequency. Future experiments will include the
high-order vortex modes.
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