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Abstract— Our new method solves the limitation of the previous
measurement system for in-plane vibration displacement, using
two semiconductor lasers with adequately separated
wavelengths. Different s, that is, interference factors, are
determined for each speckle image by using lasers with different
wavelengths. The ratio of the two ) is proportional to the
reciprocal of the wavelength ratio of the lasers.  The
distributions of the absolute vibration displacement can be
mapped based on this relationship and statistical processing of
the speckle images. A red laser and a violet laser were used in
the actual measurement system. A 23-MHz circular AT-cut
quartz resonator was used to test the validity of our method, and
the results are compared here to the results previously obtained
by the two-drive-level burst wave excitation method. Our
experiments showed good agreement between the two
displacements, thereby validating the proposed method.

I.  INTRODUCTION

A number of methods for plotting the mode shapes of
piezoelectric resonators have been developed. Measuring the
vibration mode shape is very important when designing
resonators or vibration devices. Many of these methods use
optical interference, which is the interaction between incident
and reflected photons produced by coherent laser beams V.

The laser speckle method, which uses the long coherence
of modern lasers, is a powerful tool for visualizing shape
displacement and has led to the development of many
visualizing techniques *®. Since the speckle pattern is very
sensitive to changes in path length, this method can be applied
to piezoelectric resonators with minute displacements.

High-frequency piezoelectric resonators are generally
small, and their surfaces are not sufficiently rough to use
classical laser speckle methods directly. We have therefore
developed three methods for visualizing mode shapes that
combine surface speckle interferometry and image-processing
techniques for high-frequency resonators . The methods all
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use a process that involves irradiating the surface of a roughly
finished device with a collimated laser beam and capturing
images of the speckle field generated on the surface with a
video camera. The mode shapes are then obtained from the
correlation between images taken during the resonator’s
resting and driving states. We improved this method to apply
it to piezoelectric devices with polished surfaces '*.

We previously reported an improved laser speckle
method that increases detection sensitivity using stroboscopic
laser irradiation and estimates the absolute vibration
displacement ''""?.  This method was based on a simple
surface-interferometric model and statistical operations for the
interference intensity of the speckle images.

We also developed a burst-wave driving laser speckle
system'”.  Although this system consists of very simple
optics and electrical equipment and can be used with very-
high-frequency devices, it requires two measurements with
different device driving levels. This requirement limits the
application of the system to devices with minute vibration

displacements or with nonlinear characteristics.

In this paper, we explain how our new method solves the
limitation using two semiconductor lasers with adequately
separated wavelengths. We used the relationship between the
interference factors, %, of speckle images and the wavelengths
of laser diodes to avoid the two-level device excitations of the
previous burst-wave driving system.

A red laser (4= 655 nm) and a violet laser (1= 405 nm)
were used in the actual measurement system.  The
distributions of the absolute vibration displacement can be
mapped based on this relationship and on the statistical
processing of the speckle images using two lasers. The
experimental results obtained using the proposed method
show good agreement with the previous results obtained using
the burst excitation method.
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II.  MEASUREMENT PRINCIPLE

Generally, interferometric intensity is given by the
following equation when the laser beam is parallel to the
resonator surface'”.

I =1,+vcos2kdx (1)

Here, k = 2m/A, A is the wavelength of the laser diode,

I, is the average intensity of the interference, y is the

interference factor of the fringes, and dx is the vibration
displacement of the resonator. Interference factor yis affected
by the surface conditions of the resonator and the optical
construction of the measurement system.

In the burst-wave excitation system, the difference in
speckle brightness caused by the interference condition
between the resonator’s resting and driving states is
approximately given by transforming and integrating Equation

1 as
A=d1- sin 2kdx ©)
2kdx )

In this equation, we assume that dx changes linearly and is
relatively large. Although dx on the surface of actual
piezoelectric resonators changes sinusoidally, we daringly
used a simple approximation because interference patterns
spread randomly, making mathematical treatment for the
speckle field quite complicated.

We can easily understand from the equation that yis not
explicitly obtained by changing dx as a parameter. Therefore,
we used a second-order polynomial function to approximate
Equation 2. The second term in the parentheses in Equation 2
can be formally expressed as

sin 2kdx

= adx’ + Bdx +1> 3)
2kdx

where o and S are negative constants and can be derived
by determining A and the approximation range. If Equation 3
is complete, we cannot derive dx because fbecomes zero.
However, by limiting the measurement range to a large
displacement region as discussed above, /3 is not set to zero.
Thus, we can use the following relationship and estimate dx.

In the following treatments, we assumed that y is
reciprocally proportional to the wavelength of the laser in the
speckle interference field. We show the validity of this
assumption from the experimental results.

By rearranging Equation 3, differences in brightness in the
kernels for each laser, A} and AL, can be obtained by

{All = —y(eydx® + B,dx)
Al =—py(e,dx’ + f,dx) , 4)

where p is the ratio of the wavelength of the lasers, given
by p=A,/A,. The interference factor ycan be obtained by
solving Equation 5.
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We can thus obtain the absolute vibration amplitude dx of
the in-plane vibration using Equation 6.

dxz_ﬂl_\/ﬂ12_4a1A[l/7 . (6)

2,

A practical approach follows.

1) Measure all images: (Images 1, (rvesting) and 1,
(driving) using LD,; Images 2y and 2; using LD,
Residual noise images for each LD.)

2)  Calculate the mode shape and contour map using a
two-dimensional correlation function for Image 1, and
Image 1,.

3)  Divide the set of image areas that has approximately
the same vibration amplitude.

4)  Re-divide the above areas into 5x5 pixels.

5)  Find the pair of pixels that gives the maximum optical
intensity difference in the re-divided areas.

6) Map the frequency distribution characteristics of the
maximum intensity differences in the divided area with
the same vibration amplitude to find representative
optical intensity difference A1,

7)  Repeat step 5) for “Image 2" to obtain A L.

8)  Subtract € (=41 for each LD) from Al and Al to
cancel environmental noise.

9)  Calculate interference factor y using Equation 5 and
representative displacement dx in the area by
Equation 6.

10) Repeat step 5) for all divided areas.

III. MEASUREMENT METHOD

Figure 1 is a block diagram of the measurement system
using two LDs and burst wave device driving. In this system,
a mirror is placed on the opposite side of the laser. This
optical system enhances the interference intensity of the
sample surface when the in-plane vibration displacement is
measured. The incident angle of the laser in the system used
was set to 10 degrees from the sample surface. We previously
reported that this angle can be taken as zero from the
experimental results '. To avoid a polarization error in the
optical parts such as the half-mirror, the measurement was
carried out by interchanging the LDs keeping the same
incident angle.
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The resonator is driven by a signal generator (SG), and the
driving signal is tuned to the resonant frequency and pulse-
modulated by the output of a low-frequency oscillator (LFO).
A charge-coupled device (CCD) color video camera was used
to capture the diffusion light component on the surface of the
sample. The vibration patterns were obtained as reciprocals
of the correlation coefficients between the images for the
resting and driving states. The above-mentioned LDs with
linear polarization generate visible range beams, and their
optical powers and wavelengths were 10 mW and 655 nm for
the red LD and 30 mW and 405 nm for the violet LD,
respectively.
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Figure 1. Experimental setup of full-field in-plane motion visualization

system using burst resonator excitation.

The maximum spatial resolution and dynamic range of the
CCD had 640x480 pixels and 48 dB (256:1) due to the use
of an 8-bit camera. The red and blue components of the
images are captured separately. Although the CCD video
camera has different brightness sensitivities for each color
component, the burst device driving method -effectively
cancels this sensitivity difference that affects the absolute
measurement of the surface vibration displacement.

Since the difference in brightness caused by the
interference between two images, i.e., from the resonator
resting state and resonator driving state, is lower than the
lowest brightness resolution of the CCD, individual pairs of
images were accumulated in order to improve the detection
sensitivity and noise reduction. The size of the images was
reduced to 256x256 pixels to reduce the data-transfer and
calculation time. The kernel for calculating the correlation
between the two accumulated images consisted of 5X5
pixels, which was sufficiently smaller than the wavelength of
the acoustic wave on the resonator surface.

IV. RESULTS

We used a 23-MHz circular fundamental AT-cut quartz
resonator with a roughly finished surface (#4000) with partial
electrodes. The target areca was set near the center of the
electrode where the maximum in-plane vibration displacement
is observed in its fundamental thickness shear mode.

A. Characteristics of interference factor for laser
wavelength and resonator driving level

To confirm that interference factor y is reciprocally
proportional to the wavelength of the laser in the speckle
interference field, we measured ) using the two-driving-level
method'® with red and blue lasers, and calculated the ratio of
the two 75. We also measured the vibration level dependency
of yby changing the resonator driving level.

Figure 2 plots the measurement results. The ordinate axis
indicates yand the abscissa axis is the resonator driving level
at the output of the signal generator. The averaged results
using red (4 = 655 nm) and violet (4 = 405 nm) lasers are
indicated by filled and open circles, respectively. Experiments
were repeated five times each.

The ratios of % for each laser at the resonator drive level
of +6 and +8 dBm were 0.620 and 0.608, respectively. The
reciprocal ratio of the laser wavelengths was 0.618 and agreed
with the experimental results within an error of 1.7%. These
results show that yis reciprocally proportional to the ratio of
laser wavelengths even in the speckle interference field; that
is, the assumption of Equation 4 is correct. The drive level
dependency of 1.2%/dB is also negligible for practical use.
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Figure 2. Power dependence of interference factor y for two wavelengths
(A= 655 nm and 405 nm).

B.  Absolute measurement of vibration displacement

Figure 3 plots the experimental results using the proposed
method and the two-level burst-wave driving laser speckle
method'? with red and violet lasers. The results using the
burst-wave driving laser speckle system has been confirmed
by an absolute estimation system'’ for in-plane vibration
displacement. The number of measurements taken to obtain a
data average was 200 each. The open circles and open squares
respectively represent the measured in-plane displacement
using the burst-wave driving laser speckle system with red and
violet lasers. The filled circles indicate the measured in-plane
displacement using the proposed method.

The experimental results for the burst-wave driving laser
speckle system and the proposed system agree within 30 nm
when the resonator driving level is + 6 dB. However, the
results using the burst-wave driving laser speckle system with
the violet laser disagree with the results of the other methods.
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This disagreement is due to the large vibration displacement
compared to the wavelength of the violet laser.

C. In-plane mode shape measurement of entire electrode
area

Figure 4 shows the mode shape of the fundamental
thickness shear mode on the surface of the same AT-cut quartz
resonator. An absolute scale for the amplitude of in-plane
vibration displacement and the orientation of the quartz
resonator are also shown in the figure. The experimental
conditions were the same as for the experiments described in
the previous subsection. The resonator driving level was + 6
dBm of the signal generator (SG) output level. The white
spots on the image are dust particles that are sticking to the
surface. The dust particles attract large scattering and cause
saturation of the CCD video camera. Thus, the white spots are
classified as nonmoving parts. This figure demonstrates that
the vibration amplitude is trapped in the midsection of the
electrode area.
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Figure 3. Experimental results of proposed method and two-level burst

driving method with red and violet lasers.
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Figure 4. Experimental results for 23-MHz circular AT-cut quartz
resonator. (N=200; drive level = +6 dBm).

The in-plane vibration displacement was approximately 100
nm in the midsection and is reasonable for the resonator
driving level. Although areas of vibration amplitude below 50
nm are also indicated in the figure, these values are
extrapolated data using the results over 75 nm.

V. CONCLUSIONS

We have developed a full-field absolute vibration
displacement imaging method that is based on two lasers with
different wavelengths and single-level burst-wave resonator
driving. We confirmed that the ratio of interference factor »
for each laser wavelength is reciprocally proportional to the
laser wavelengths even in the speckle interference field. The
reliability of the proposed method was confirmed by
comparing the experimental data to those of the two-level
burst driving method. We also used the method to measure
the entire electrode area in a quartz resonator.

Although two series of measurements were carried out for
the two lasers in these experiments, the system will be
improved to allow simultaneous measurement with two lasers
using a dedicated optical system.
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