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In this experiment, the stable output of a dual-frequency laser source is obtained by an
acousto-optic modulator due to the Bragg diffraction effect. Furthermore, the non-
polarized dual-laser heterodyne interferometer is designed to measure the micro-
movement of stacked piezoelectric (PZT) ceramic. This micro-movement can be
dynamically determined by comparing the phase difference between the conference
beam and measuring beam. The results indicate that the micro-movement of PZT
ceramic changes linearly with the driven-voltage in the range of 0–30 V and the
sensitivity of movement to voltage is 58.3 nm/V, which is very close to the theoretical
value and this laser heterodyne interferometer can be applied for calibrating parameters of
PZT ceramic.
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INTRODUCTION

The laser heterodyne interferometer can measure the displacement, velocity, and acceleration of
vibration target in real-time [1–3]. It has the characteristics of non-contact, anti-interference, high
precision, and so on, and has been widely used in the precision displacement measurement of micro-
nano devices [4,5]. At present, the principle of a laser interferometer for measuring length
(displacement or distance) is still based on the Michelson interferometer. For a single-frequency
laser interferometer, the beam from the laser is collimated and divided into two channels by a beam-
splitter, and then reflected from a fixed mirror and a movable mirror respectively. When the movable
mirror moves, the intensity change of interference fringes is transformed into a voltage signal by the
photoelectric conversion element (photoelectric sensor) and an electronic circuit (signal amplifier).
Then, after shaping and amplifying the input signal acquisition system, the phase difference is
calculated. Finally, the displacement of the movable mirror is calculated by the phase difference.
Phase measurement of single-frequency laser interferometer belongs to optical intensity
measurement, many internal (electronic noise and long-term drift, etc.) and external factors
environmental changes, such as temperature, atmospheric pressure, refractive index changes will
affect the measurement results [6,7].

Compared with single-frequency laser interferometry, the displacement is determined by
measuring the phase difference of two signals directly. The displacement (i.e., the optical path
difference) information is contained in the beat signal produced by the interference of the two
frequency beams, which has higher accuracy and can overcome the DC drift of the single-frequency
interferometer [8]. At present, the Zeeman Effect and Acousto-Optical Modulators (AOM) are the
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main methods to obtain dual-frequency laser output [9]. In
general, compared with Zeeman Effect method, the frequency
difference of the acousto-optic modulation method is relatively
large (up to 20 MHz), and its frequency stability is relatively high.
In practice, the laser diffracted by the acousto-optic modulator
has the disadvantages of diffraction secondary and frequency
shift. Also, have an impact on the measurement accuracy of
nanometer level, an effective method is to use the method of
double acousto-optic modulation, of course, this light path
collimation adjustment and optimization put forward higher
requirements [10].

In this experiment, the He-Ne laser is used as the light source
and two acousto-optic modulators of the same model are used. A
two-frequency laser with a tunable frequency difference in the
range of 2 MHz was obtained and used to measure the micro
displacement of stacked PZT ceramics. The stable and reliable
experimental results were obtained, and the sensitivity of micro-
movement of PZT ceramics to voltage and the linear operating
voltage range were obtained.

MATERIALS AND METHODS

The formation of the optical beat requires that the two beams
superimposed on each other have a small frequency difference.
To obtain two beams with such characteristics, the laser beam
can be managed to produce a fixed frequency shift. This
experiment is realized by the interaction of ultrasonic and
laser in the medium. When the ultrasonic propagates in the
medium (RF signal applied to the medium), it will cause the
elastic strain of the medium to change periodically in time and
space, and also lead to the corresponding periodic change of
refractive index. When the light beam passes through the
medium with an ultrasonic wave, it will produce a diffraction
phenomenon. This acousto-optic effect is essentially a special
kind of elastic-optic effect. In this case, the ultrasonic medium
can be regarded as an individual grating, the grating spacing is
equal to the wavelength of the acoustic wave.

According to the ultrasonic frequency and the length of
acousto-optic interaction, acousto-optic diffraction can be
classified into three categories: Raman-Nath diffraction, Bragg
diffraction, and mixed diffraction. Bragg diffraction occurs when
the ultrasonic frequency is high, the acousto-optic region is long,
and the incident light incidence is inclined to a certain angle. By
controlling the incident ultrasonic power and incidence angle, all
incident light power can be converted to the first-order diffraction
light power. The frequency of the zero-order beam is the same as
the frequency f of the incoming beam, while the frequencies of the
+1 and -1 orders are f0+fm and f0-fm, respectively, (fm is the
frequency shift generated by the incident light passing through
the acousto-optic crystal), and when the angle between incident
light and the acoustic plane satisfies certain conditions, The
diffracted light in the medium will interfere with each other,
and each higher-order will cancel each other. Only 0 order, + 1
order (or -1 order) exit light will appear.

For the first-order Bragg diffraction angle, the angle satisfied
can be expressed as

θ � sin−1(λC/2λS) (1)
Where λC and λS are the wavelengths of incident laser and
ultrasonic waves, respectively.

In the experiment, the working voltage of the acousto-optic
modulator is 24 V, and we take +1 order diffraction for both
beams, as shown in Figure 1. One of the acousto-optic
modulators is applied with a frequency of 80 MHz, and the
other acousto-optic modulator is applied with a frequency of
82 MHz so that the frequency difference between the two beams
after +1-order diffraction is 2 MHz.

A schematic diagram of a non-polarized laser heterodyne
interferometer based on the acousto-optic effect and a diagram
of an experimental device is shown in Figures 2A,B, respectively,
wherein the mirror is fixed to an adjustable frame by a stacked
PZT ceramic (as seen in Figure 2B). The laser beam from the He-
Ne laser is divided into two beams by the beam splitter BS, and the
beam with frequency f1 and f2 is generated by the acousto-optic
frequency shifter. The two beams of light are respectively divided
into two beams by the beam splitter, and the upward reflecting
frequency f1 and f2 beams are reflected by the beam-splitter to
form a reference beam and receive the interference signal through
the photoelectric detector PD1. In addition, the directly
transmitted f1 and f2 beams pass through the mirrors M1 and
M2 respectively and then are reflected downwards by the
spectroscope to produce interference, forming the measuring
beam, and receiving the interference signal by the
photoelectric detector PD2. At this time, the reference beam
and the measuring beam have a constant phase difference, and
when the mirror located in the measuring path moves (e.g., M2
moves back and forth), When the optical path of the measuring
light is changed, its phase is also changed, so the phase of the
interference beat measurement signal is changed. By comparing
the phase difference between the reference beam signal and the
measured beam signal on an oscilloscope, the variation of the
optical path difference of the two arms of the interferometer and
the displacement of the movable mirror can be obtained.

For the reference beam, the electric fields of frequencies f1 and
f2 can be expressed as [11],

FIGURE 1 | Acousto-optic diffraction produced by He-Ne laser passing
through an acousto-optic modulator.
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E1 � E01sin(2pf1t + φr1) (2)
E2 � E02sin(2pf2t + φr2) (3)

Where φr1, φr2 are the corresponding phases. Thus obtaining the
composite intensity of the reference beam,

Ir � I1(2f1) + I2(2f2) + I3(f1 + f2) + I4(f1 − f2) (4)
Because the frequency of the first three terms in formula 3 is

very high, beyond the frequency response range of the general
photoelectric detector, the former three terms can only output
(time) average value, for direct flow. The last term is the
interference term, which is the beat signal formed by the
interference of two laser beams, the intensity signal received
by the detector is,

Ir ∝ I0cos[2p(f1 − f2)t + (φ01 − φ02)] (5)
Where φ01-φ02 is the initial phase difference.

For the measurement signal, the interference signal generates
an extra optical path difference due to the difference in the optical
path and the optical path change caused by the movement of the
mirror M2, the light intensity can be expressed as,

Im ∝ I0cos[2p(f1 − f2)t + (φ01 − φ02) + Δϕ] (6)
Where Δϕ = 4 πn (L1/λ1 - L2/λ2), n is the refractive index of the
environment (the refractive index of air n ≈ 1).

When the frequency f1 and f2 are not much different, it can be
assumed that λ1≈λ2≈λ; comparing the phase of the reference
signal and the measured signal, the phase difference is:

Δϕ � 4πΔL/λ (7)
In the experiment, a digital oscilloscope can be used to observe

and measure the phase difference between the reference signal
and the measurement signal to obtain the optical path difference,
and then obtain the movement of the mirror M2 △L. When a
different DC voltage is applied to the PZT ceramics,△L changes,
so that the phase difference between the two also changes. The
relationship between the phase difference and the voltage is

measured, and the relationship between the tiny displacement
of the PZT ceramic and the voltage can be obtained.

EXPERIMENTAL RESULTS AND DATA
ANALYSIS

To observe a stable beat signal in the experiment, the collimation
adjustment of the optical path is extremely important. Starting
from the placement of the laser light source, every time an optical
lens is inserted, a fixed height aperture diaphragmmust be moved
back and forth to check the collimation of the light path. When
the light path is collimated, the two beat frequency signals
observed by the oscilloscope are shown in Figure 3A. The
acousto-optic frequency shifter YSGMN-2 used in the
experiment can produce a frequency shift of about 80 MHz for
the He-Ne laser based on the original frequency. Set the
parameters of the two acousto-optic frequency shifters, so that
the frequency difference between f1 and f2 is 2 MHz. The
frequency difference setting value of the frequency converter is
almost the same, the waveform is stable, and the signal-to-noise
ratio is high, indicating that the optical path design and
collimation adjustment are reasonable. Figure 3A shows the
result of real-time sampling. To facilitate the measurement,
the sampling can be averaged to make the waveform more
stable and reduce the error of the phase measurement.
Figure 3B shows the result obtained after eight samplings are
averaged, and the measurement result of the phase difference
is given.

Calibrate the initial phase difference as the starting point,
apply different DC drive voltages to the PZT ceramics, observe
the movement of the measured signal waveform and record the
corresponding phase difference. The movement of the mirror M2
can be calculated by Eq 7 (here, the laser wavelength takes
632.8 nm), which is the expansion and contraction value of
PZT ceramics. The measurement was carried out 3 times, with
15 sets of data each time, and the results are shown in Table 1.

Figure 3C shows the relationship between the movement of
the mirror M2 and the voltage. Through linear fitting, the

FIGURE 2 | (A) Schematic diagram of optical path and (B) experimental setup diagram of non-polarized laser heterodyne interference. BS: Beam splitter, M:
Reflector, AOM: acousto-optic modulator, PD: Photo-detector.
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relationship between the PZT ceramic expansion and contraction
ΔL and the driving voltage V is given as follows:

ΔL � 58.32V + 0.6916 (8)
The results show that in the range of 0–30 V, the PZT ceramic

expansion and contraction ΔL have a good linear relationship
with the driving voltage. The linear correlation coefficient is

0.987, and the sensitivity of ΔL to voltage is about 58.3 nm/V.
The stacked PZT ceramic model used here is RP150/10, its
theoretical reference value is 60 nm/V, and the allowable error
fluctuation range is ±10%. It can be seen that our actual
measurement results are controlled within the error range,
indicating that the experimentally designed dual-frequency
heterodyne interferometer based on the acousto-optic effect

FIGURE 3 | (A)Measurement results from real-time sampling, and (B)measurements after eight averaging. (C) The relationship between the amount of movement
of the mirror M2 and the voltage. (D) Optical path of polarization dual-frequency laser interference system. PBS: Polarization beam splitter, λ/2: half-wave plate, λ/4:
quarter-wave plate.

TABLE 1 | Measurement results of the movement of the mirror M2.

Measurement group Driving voltage
(V)

ΔL1 (nm) ΔL2 (nm) ΔL3 (nm) ΔL average
(nm)

1 0.0 0.0 0.0 0.0 0.0
2 2.0 116.4 116.8 120.8 118.0
3 4.0 232.8 150.4 180.6 187.9
4 6.0 349.2 298.3 300.4 316.0
5 8.0 465.6 450.6 490.3 468.8
6 10.0 582.0 623.8 595.3 600.4
7 12.0 698.4 700.6 650.1 683.0
8 14.0 842.1 864.1 732.3 812.8
9 16.0 970.4 990.6 985.2 982.1
10 18.0 1,098.2 1,087.3 1,084.2 1,089.9
11 20.0 1,164.0 1,130.6 1,128.3 1,141.0
12 22.0 1,280.4 1,182.4 1,253.8 1,238.9
13 24.0 1,396.8 1,485.6 1,420.9 1,434.4
14 26.0 1,513.2 1,530.2 1,550.2 1,531.2
15 28.0 1,629.6 1,598.4 1,600.8 1,609.6
16 30.0 1746.0 1,674.2 1784.3 1734.8
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has good measurement accuracy and can be used for PZT
coefficients in PZT ceramic experimental applications.
Parameter calibration.

In the tactual measurement, it is difficult to accurately read the
phase difference. The fluctuation and pulsation of numerical
value are obvious, which requires high stability of the
environment and optical platform. At the same time, many
factors affect the measurement of small displacement,
including the quality of laser source, the diffraction efficiency
of acousto-optic frequency shifter, the response sensitivity of
photoelectric detector, and the nonlinear error caused by optical
transmission [12]. In addition, the use of a non-polarized beam
splitter in the experiment may produce birefringence, when the
direction of birefringence is inconsistent with the two
polarization directions of the laser beam, the beam will change
from linear polarization to elliptic polarization after passing the
beam splitter, resulting in errors in the measured phase
changes [13].

To further improve the measurement accuracy, consider
designing an optical path based on polarization-based
heterodyne interference, as shown in Figure 3D. The basic
process is similar to non-polarized heterodyne interference,
except that the beam splitter uses a polarizing beam splitter
PBS. The laser is divided into two beams by BS1, and the
beams with frequencies f1 and f2 are generated by the acousto-
optic frequency shifter. After the beam of frequency f1 passes
through the polarizing beam splitter PBS2, the S-polarized light
(perpendicular to the plane of lightwave incidence and reflection) is
reflected (f1S), and the light transmitted through PBS2 is
P-polarized (f1P). The beam of frequency f2 passes through the
mirror M and then passes through the polarizing beam splitter
PBS1. The transmitted P-polarized light (f2P) is reflected by the
beam splitter BS2 and forms a beat with the P-polarized light (f1P)
of frequency f1 transmitted through BS2. The frequency signal,
received by the photo-detector PD1, is the reference beam. The
S-polarized light reflected by PBS2 at frequency f1 passes through
the half-wave plate and becomes P-polarized light (f1P); the
S-polarized light (f2S) at frequency f2 reflected by PBS1 passes
through the quarter-wave plate and becomes circularly polarized
light., and then reflected by the mirror M1 that can move back and
forth, when it passes through the quarter-wave plate, it becomes
P-polarized light (f2P), after passing through the polarization beam
splitter PBS1 and beam splitter BS3, and the frequency reflected by
BS3. The P-polarized light (f1P) of f1 together forms a beat signal,
which is received by the photo-detector PD2 as the measuring
beam. There are many other schemes for the measurement optical

path of polarization-based dual-frequency laser interference, and
the principles are almost the same, so we will not describe
them here.

CONCLUSION

The laser heterodyne interference technology based on the
acousto-optic effect is an effective method to measure a small
amount of movement. The frequency difference generated by it
is greater than the frequency difference generated by the
Zeeman Effect. The Bragg diffraction effect of the double
acousto-optic frequency shifter can be used for two beams.
The frequency difference of the laser can be adjusted, and the
measurement of the small amount of movement can be
realized through the ordinary digital oscilloscope. In this
experiment, the relationship between the expansion and
contraction of PZT ceramics and the voltage is measured,
and the result is consistent with the theoretical reference
value, and the measurement accuracy is high. The optical
path collimation adjustment and related laser interference
principles involved in this experiment will greatly promote
the cultivation of the optical path design ability of
undergraduates majoring in physics, optoelectronics, and
mechanics.
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