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Abstract Measuring the thickness of metal sheets is an issue of great importance in production facilities and
in other industrial applications. The conventional triangulation method is not suitable for the detection of
rough surfaces and semitransparent or multi— scattering materials. Therefore, an adaptive two—- wave mixing
interferometer based on the photorefractive Bi;,SiO; (BSO) crystal is designed to measure the thickness of an
aluminum metal sheet. A holographic grating, formed by the photorefractive effect, diffracts both the signal
beam and the reference beam to demodulate the ultrasonic vibration. The system, in which the low frequency
noise caused by the environmental perturbation can be filtered automatically through the dynamic holography
grating, is demonstrated to be a highly sensitive, convenient, and inexpensive non- contact technique for
thickness measurement and ultrasonic vibration detection on rough surfaces. The technique has the potential
for the detection of hidden defects, especially when it is combined with laser ultrasonic technology.
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1 Introduction

Accurately measuring the dimensions of metal sheets by automated, non—contact methods become an increasingly
important issue. The thickness must be monitored during metal production to improve quality and yield;
measurements are also required during practical applications to ensure good performance’. To meet these needs,
several non—contact optical methods have been used to detect the thickness of metal sheets, such as double-sided

laser point triangulation"™”, light attenuation, and autofocus™ techniques. The best— known technique, which is
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widely used in industry, is the cheap, reliable, and accurate triangulation method. However, this method is not

. . . . .
useful in the case of rough surfaces, or for semitransparent or multi-scattering materials'™.

is the optical interferometer”’. However, the

One of the most effective methods for vibration measurement™
sensitivity of this technique in non—laboratory conditions is restricted, as the signal and the reference wave front
interfering at the photodetector must be adjusted to keep their average phase shift constant”. A two—wave mixing"’
interferometer (TWMI) can solve both problems when the conventional beam splitter is replaced by a dynamic
hologram continually recorded in a photorefractive crystal (PRC). This technique is also called adaptive
interferometry'”. The highest sensitivity to small phase modulation can be achieved when the PRC is under a strong
direct current field"". The TWMI can be used to detect the vibration of rough surfaces" ", eliminating all unwanted
low—frequency noise generated by the environment*™"'%,

In this study, a TWMI was designed to detect ultrasonic vibrations on a metal surface, and the thickness of an alu-

minum (Al) block was measured. The experimental result agree closely with ultrasonic probe measurements and

with the thickness determined by a vernier caliper.

2 Photorefractive Effect and Two—Wave Mixing in a Crystal

The photorefractive effect, in which the refractive index of a crystal changes because of the spatial distribution of
illumination intensity, is a nonlinear optical phenomenon. When two coherent laser beams interfere with each other
in the Bi;,Si0, (BSO) crystal, a spatial distribution of light intensity will be formed, and an index grating is built up

through the photorefractive effect, as shown in Fig.1.
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Fig.1 Schematic diagram of two—wave mixing mechanism
The two beams, called the signal beam and the reference beam, are diffracted by the newly formed grating. The
diffracted light of the reference beam is in the same direction with the transmitted signal beam and their phase
structures are also the same. When the phase modulation of the signal beam is much faster than the response time of
the photorefractive effect, the grating can be regarded as stationary.The amplitude of the transmitted signal beam in
the undepleted pump approximation can be expressed"” as
()= exp( =% ). 0.0)[explyn) - 1+ explig0]) (1
and the incident signal beam amplitude is
E(0,1)= E (0,0)explig(t)] , 2)

=1 and r is the

where a is the absorption coefficient of the crystal, y is the photorefractive amplitude gain
thickness of the crystal. Generally, y is a complex quantity, the modulus of which is associated with the strength of
the grating while the phase represents the spatial phase difference of the index grating and the light intensity
distribution. In Eq.(1), the term [exp(yr)—1] represents the diffracted reference beam and the term explip(t)] is
the transmitted signal beam.

If the phase modulation is relatively small, that is, ¢(f)<</2, the intensity of the output signal beam can be
calculated as

1(r,t)= exp(=an)l (0,0)[exp(2y'r) + 2 exp(y'r)sin(y"r)e ()] , 3)

where y=v'+1iy" . In the diffusion regime, " is equal to zero, which means that the sensitivity to the small phase
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modulation is nearly zero. The maximum sensitivity is obtained when the two beams are in quadrature. In the drift regime,

possibly under an external electric field, the phase between the two incident light beams is almost in quadrature.

3 Experimental Setup
3.1 Optical Path Design

The TWMI based on BSO is depicted in Fig.2. The small diameter 532 nm laser beam, which is emitted from a
Cobolt laser whose maximum output power is 1 W, is expanded to the desired size by the beam expander. It is then
divided into two parts—a reference beam and a signal beam—by the polarized beam splitter (PBS). The half wave
plate before the PBS is used to adjust the ratio of the two beams. One of the advantages of the two—wave—mixing
interferometer is its ability to measure the vibration of a rough surface. The scattered light is collected from the
rough surface and its polarization is rotated by a quarter wave plate to be the same as that of the reference beam.
The two beams interfere with each other in the BSO crystal. Due to the photorefractive effect and the two—wave

mixing in the BSO, the small phase modulation can be measured by the detector in the direction of the signal beam.
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Fig.2 Schematic diagram of TWMI
3.2 Photorefractive BSO under External Direct Current Field
BSO is a cubic crystal with good photorefractive properties'” ", The BSO used is cut in the [001], [110] and
[110] directions with a size of 5 mm X5 mmX5 mm. A high voltage near 3.5 kV was applied along the [001]
direction, making the BSO work in the drift regime. In addition, the voltage can also increase the coupling constant

to obtain a high sensitivity. The BSO is placed as shown in Fig.3(a).
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Fig.3 (a) Placement of BSO crystal and direction of external electric fields (b) Al block test sample
3.3 Sample Testing
The TWMI designed above is used to measure the thickness of an Al block. A longitudinal wave ultrasonic probe,
matched with an ultrasonic fault detector, is placed behind the Al block [Fig.3(b)]. The probe excites ultrasonic
pulses with a frequency of 1 kHz. Each pulse travels back and forth due to the interface reflection, and decays

gradually. These pulses are detected by the TWMI at the front surface and by the probe at the rear surface.

4 Experimental Result and Analysis
Fig.4(a) shows the detected signal by the TWMI. The raw signal is mixed with noise, whose low frequency part mainly

comes from the fluctuation of the output power of the laser. Therefore, the signal is filtered by Matlab, with the result
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shown in Fig.4(b). The time interval between two pulses, which equals the time that the ultrasonic pulse travels in the

Al block for a single cycle, is determined by the thickness of the sample. As expected, the time between every two

adjacent pulses is equal. The amplitude of the pulse decays due to the energy loss of the ultrasonic pulse.
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Fig.4 (a) Signal detected by TWMI; (b) signal after filtering; (c) signal detected by the ultrasonic probe
The thickness can be expressed as
D=At-v/2, 4)
where D represents the thickness, Ai represents the time between two adjacent pulses, and v represents the
velocity of the ultrasonic pulse in the Al block. As shown in Fig.4(b), the time interval of the first four pulses is

selected to calculate the At :

At:l]Sl%XlO‘

Generally, v=6300 m/s, so the thickness D is 1.8178 c¢m. Experimental results obtained by the TWMI method, the

s=5.7707x 10" . (5)

ultrasonic probe, and a vernier caliper are compared in Table 1.

Table 1 Thickness measurement results by three methods

Data source Thickness /em Relative error /%
By TWMI 1.8178 0.67
By ultrasonic probe 1.8136 0.90
By vernier caliper 1.830 0

The thickness measured by the vernier caliper is regarded as the true value and the relative errors are calculated

on that basis. An extremely low relative error and high precision are confirmed. On the other hand, the difference in
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the thicknesses measured by TWMI and by the ultrasonic probe is quite small, while both are somewhat large

compared to the result measured by the vernier caliper. This is mainly due to the inaccuracy of the ultrasonic
velocity in the aluminum. The relative error between the value measured by TWMI and by the ultrasonic probe is
only 0.23% and the thickness difference is only 42 pm. Thus, the excellent agreement between the two methods,
and the high accuracy of the TWMI method are demonstrated.

5 Conclusion

A TWMI based on photorefractive BSO under high voltage is used to measure the thickness of a metal block. A
comparison of the results measured by three methods is made to demonstrate the high precision of the TWMI
method. The TWMI method has the following advantages: high sensitivity, no need for a severe optical path,
automatic elimination of low frequency fluctuations and suitability for rough surface detection. Moreover, the
method shows promise for the future when combined with laser ultrasonic technology in non—contact nondestructive

measurement situations; it is suitable for high temperature conditions and other harsh environments.
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