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Abstract: We construct an experimental measurement system for rotation vibration signal
detection using the orbital angular momentum (OAM) of light in a Sagnac interferometer.
Inputting light beams with different OAM, we demonstrate that the measured signal and
signal-to-noise ratio can be increased by the OAM mode index /. In addition, the Sagnac
interferometer can further improve the vibration signal and suppress the environmental
noises. Such system has potential applications in high-precision sensing and monitoring of
rotation vibrations.
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1. Introduction

It has been approximately 25 years since the first research was undertaken on the orbital
angular momentum (OAM) of light [1]. One major research direction is the development of
OAM generation methods, with earlier methods, including use of forked holograms [2],
astigmatic mode converters [3] and other devices [4—6], being augmented by newer methods
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based on optical fibers [7], interferometric methods [8] and nonlinear optical techniques [9,
10]. Apart from the technical innovation and improvement of OAM generation, applications
of OAM are also hot research topics. One remarkable characteristic of OAM is its
orthogonality. Using classical coherent states, the OAM of light can be applied in
communications [11-13] to achieve high capacity, and micromanipulation [14] can also be
performed via OAM. When combined with quantum characteristics, OAM light beams with
different values of mode index / can produce high-dimensional entanglement to provide
increased security and robustness [15—17] and high information capacities [16—19] for
quantum communications.

Another interesting characteristic is its vortex wavefront, which enables use of the OAM
of light in rotation measurements [20-23]. Generally, the reported methods utilize the
geometric phase distribution of the OAM light to perform static weak rotation angle
measurements with low photon numbers [24]. A Mach-Zehnder interferometer is normally
used in the measurement. Under these conditions, there are several ways to measure the weak
rotation angle: the binary outcome homodyne detection (BHD) method [25-27], the parity
detection (PD) method [28-30], and the Z detection (ZD) method [31]. There are also many
works using Sagnac interferometer to manipulate OAM light for sorting [32, 33], weak
measurement [34] and exciton-polariton condensates [35]. However, these methods are
limited in static measurements. In practical applications, dynamic rotation vibration
measurements are more commonly required, which can also be detected and amplified by use
of OAM.

Our experiment uses the geometric phase distribution of the OAM to amplify the rotation
signal by the mode index / of the OAM. We use a Sagnac interferometer rather than a Mach-
Zehnder interferometer to double the signal amplitude. In the experiment, we demonstrate the
OAM-enhanced measurement of low single-frequency vibration signals while simultaneously
reducing the environmental noise. The above advantages make this measurement method
more practical.

2. Theory

Consider the situation where two coherent lights with OAM of / pass through a Sagnac
interferometer. A Sagnac interferometer can be considered as a Mach-Zehnder interferometer
in which the two arms share one light path. As shown in Fig. 1, the two arms pass through a
Dove prism oriented at an angle of . Dove prism is an optical element that can rotate a light
beam by 7 —2/6, where / is the OAM mode index of the beam and & is the rotation angle of
the prism [36]. Mathematically, the Dove prism can cause a phase change of 7 —2/6 in an
OAM light beam that passes through it. If the Dove prism vibrates within a small angle &, a
measurable signal will be produced. Next, we calculate the signal-to-noise ratio (SNR) under
such experimental configuration.
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Fig. 1. Illustration of an OAM beam passing through a Dove prism. Two light beams (p and ¢)
with the same / pass through the Dove prism in opposite directions. The Dove prism gives the
two light beams opposite phase changes.

Assuming that two input modes are a and b, the two outputs a,,; and b,,, are

) (A (Y ®
) 2 =1)lo e)ln —1)lp

Here, ¢ is the phase difference between two arms. Since b is vacuum state under our

experimental configuration, the intensity measurements of two detectors /, and [/, are
out out

_ 2 T\ 142 2
1, =cos (p<a a>—|a| cos’ @,

7 ) 2
I, =cos ¢)<a'a> = |a| sin” @
where o is the complex amplitude of the light. The intensity difference /™ is
I':Ia—lb|:|a|20052(0. 3)

In Eq. (3), ¢o<2l6 with € being the rotation angle of dove prism. When the Sagnac
interferometer is locked at /2 and @ is sufficiently small, the signal and the signal-to-noise
ratio satisfy [37, 38]

A [36 =< 4l|a]’, 4)
SNRxsz llef . )
o]

Because our system works in the low frequency band, the classical noise dominates A/,
which does not change significantly with different OAM of light as demonstrated in our
experiment. Then, we can get SNR o< [ .

Unlike the Mach-Zehnder interferometer case, the OAM light beams in the two arms of
the Sagnac interferometer pass through the Dove prism in opposite directions. As a result, the
signal will be doubled while the noise will remain unchanged in comparison to the Mach-
Zehnder interferometer case.
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3. Experimental Configuration

The laser used was an ultra-narrow linewidth continuous wave diode-pumped solid-state laser
(Coherent Co.) operating at 1064 nm. The output laser was focused onto a forked grating to
generate the OAM. To determine how the signal changed along with the index /, we placed
ten different forked gratings with mode indices ranging from / = 1 to 10 on a single plate to
allow the OAM to be changed easily. The subsequent half-wave plate was used to adjust the
polarization (Fig. 2).

We first launched the light with OAM into a Mach-Zehnder interferometer for two
reasons. First, this allowed us to sweep the Sagnac interferometer. Because the two arms
share the same path in the Sagnac interferometer and the two light beams are reflected by the
same mirrors, it is difficult to sweep the interferometer. In our experiment, the input
polarization is first rotated to 45° by a half-wave plate (HWP). In the Mach-Zehnder
interferometer, the input light is divided into @ and » modes by PBS1, which have horizontal
and vertical polarizations, respectively. Then, they combine at PBS2 and enter the Sagnac
interferometer. By using PBS3, the ¢ and d modes in the Sagnac interferometer have
orthogonal polarizations. Under such configuration, the relative phase between ¢ and d modes
in the Sagnac interferometer is equivalent to that between a and b modes in the Mach-
Zehnder interferometer. By setting a piezoelectric transducer (PZT) in the Mach-Zehnder
interferometer, we can sweep the Sagnac interferometer. Second, this allowed us to lock the
Sagnac interferometer phase on m/2. The signal normally shows a small variance. Under
specific circumstances, we lock the Sagnac interferometer on a phase of m/2, which
provides the highest slope to produce the best possible signal we want to measure. When
locked, the PZT controls one mirror in the Mach-Zehnder interferometer to maintain the
phase difference in the Sagnac interferometer using the signal produced by a Proportion
Integration Differentiation (PID).

Here, we obtain the error signal by a beam splitter (BS) before the Sagnac interferometer,
which means the environmental noise in Mach-Zehnder interferometer can be compensated
but the signal to measure in Sagnac interferometer will not be affected. However, it may
cause another problem that the environmental noise in Sagnac interferometer cannot be
compensated. Fortunately, in the Sagnac interferometer, the two light beams share the same
path after the BS, which means that even if turbulence occurs, the two light beams will be
affected in the same way. Therefore, the interferometer system can remain stable under our
locking method.

Lens a PBS1

Laser

2 . Mirror
Forked grating

Fig. 2. Experimental setup. There are six sections: (1) OAM light generation; (2) Mach-
Zehnder interferometer; (3) Signal locking; (4) Sagnac interferometer; (5) Vibration
generation; (6) Signal detection. HWP: half-wave plate, PBS: polarization beam splitter; BPD:
balanced photodetectors; BS: beam splitter; DP: Dove prism; PZT: piezoelectric transducer.
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The core of the system is the Sagnac interferometer. The number of mirrors in the Sagnac
interferometer must be considered because the sign of the mode index of the OAM light will
be reversed after a single reflection. According to the theory, there must be two OAM light
beams with the same index passing through the Dove prism in opposite directions. In the first
PBS, one light beam is reflected while the other is not, which means that there should be an
odd number of mirrors after the PBS. The lowest number that can be used is three mirrors,
which can be used along with one PBS to construct a square loop. In this loop, the Dove
prism can be placed between any two of the mirrors.

4. Results
4.1. Static measurements

According to the theory above, when the Dove prism is continuously rotated to different
angles, the output light power will be modulated periodically. From Eq. (3), we can see that
the period T 1is dependent on the mode index / of the OAM beam, i.e.,
T=2n/(2x2xIl)=m/2l. Figure 3 shows the measured results with an input / = 5, from

which we can calculate the period T = 18 degree.

+  Experiment

Fitting
= 151 P
£ 7 *
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2 104
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Fig. 3. Sweep of the rotation angle of the Dove prism. The black points are measured from the
Sagnac interferometer with / = 5 and the red line is a fitting curve. Inset shows the phase
distribution of the OAM mode / = 5.
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Fig. 4. Measurement of a static rotation angle using different OAM light beams with indices
ranging from /=1 to 10.

Figure 4 shows the dependence of T on the input /. We used the method shown in Fig. 3 to
measure the period T for / ranging from 1 to 10. The rotation angle is set to be =90 to 90
degrees. A comparison between the experimental data and the theoretical calculation results is
given. The black line indicates the theoretical calculation results and the red points were
calculated from the experimental data. Clearly, T is inversely proportional to / as expected.
Since T decides the slope in Fig. 3, it is expected that higher / produces higher output power
for certain small rotation angle.

4.2. Vibration frequency measurement and signal amplitude

Vibration frequency measurements require the analysis of the frequency spectrum of the
signal. Because the operating frequency range here is from 300 Hz to 800 Hz, we use a fast
Fourier transform (FFT) for the analysis. The range of the FFT is from 100 Hz to 1.1 kHz,
and the frequency resolution is 0.1 Hz. According to the FFT, if A and A’ represent the
amplitudes before and after the FFT, respectively, then we will have

A'=NA4/2, (6)

where N is the number of samples. First, we measured the frequency response of the vibration
system (including PZT, dove prism and the connection components). Under input power of 2
mW and using OAM light with / = 10, three peaks occur at 320 Hz, 430 Hz and 650 Hz that
represent the highest responses of the system. We then selected these three peaks to carry out
the experiment.
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Fig. 5. (a) Vibration signal amplitude versus /. Because the frequency response of the system,
the measured results at different frequencies have different slopes. (b)-(d) show the measured
results with a vibration signal at 430 Hz, which are —32.95dB (0.51mV) at / = 1, —24.69dB
(3.40mV) at/ = 6 and —22.67dB (5.41mV) at / = 10.

Figure 5 shows the dependence of the measured amplitude of the vibration signal on the
input /. Similarly to the static measurement results, when the maximal vibration angle remains
stable, higher / produces higher amplitude in the measurement. Because the vibration angle 6
is sufficiently small (8 = 1~2 degree) in the experiment, Eq. (4) indicates that the measured
signal can be considered to be linearly dependent on /. We can see from Fig. 5(a) that, under
an input light power of 1 mW, the signal amplitude is basically linearly dependent on /. It
should be noted that the three lines in Fig. 5(a) have different slopes, which may be attributed
to that the vibration system has different responses at different frequencies. Therefore, one
should carefully choose the optical components to achieve good response for the vibration
frequency to be measured.
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Fig. 6. System noises with different OAM light beams. When the signal is 320 Hz and the
OAM mode index is / = 10, the black line shows the system noise at different input power. The
blue line and the red line show the noise features of the different OAM light beams with SmW
and SmW input power, respectively.

We have proved that the vibration signal can be amplified using the OAM of light in a
Sagnac interferometer. Next, we analyze the noise of the vibration measurement system. In
Fig. 6, we can see the system is not completely shot-noise-limited because the black line
shows a squared rather than linear relationship. It should be noted that it is very hard to reach
the shot noise limit in the low frequency band. When the input power was maintained at 5
mW and 8 mW, we measured the noises for different OAM light beams. One can see that the
noise is basically irrelevant to the OAM mode in Fig. 6. Considering that the signal is
enhanced by OAM of light and the Sagnac interferometer, the SNR under our experimental
configuration is improved by a factor of 2/. Since our system still does not reach the shot
noise limit, the SNR can be further improved by suppressing the classical noises of the
system.

5. Conclusion

In summary, we have demonstrated a system that can be used to measure vibration signals.
The system SNR is amplified by using OAM. In addition, use of a Sagnac interferometer
allowed us to double the signal without changing the noise in comparison to the Mach-
Zehnder case. Further improvements can be made to the proposed system. For example,
optical fiber interferometer [39] can make the system more convenient and portable. Second,
the system can be combined with squeezed light, which will give the system the ability to
perform high-precision measurements beyond the shot noise limit [40].
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