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by a two-channel confocal Fabry-Perot interferometer 

A. Cand and J.-P. Monchalin 
National Research Council Canada, Industrial Materials Institute, 75 De Mortagne Boulevard, 
Boucherville, Qukbec J4B 6Y4, Canada 

X. Jia 
Groupe de Physique des Solides, Universik Paris 7, 2 place Jussieu, Tour 23, 
75251 Paris Cedex 05, France 

(Received 22 March 1993; accepted for publication 9 November 1993) 

Simultaneous detection of in-plane and out-of-plane ultrasonic displacements by a two-channel 
confocal Fabry-Perot optical receiver is described. Accuracy is tested by measuring the in-plane 
and out-of-plane displacements produced by Rayleigh surface waves generated by a piezoelectric 
transducer and a laser. 

Generation and detection of ultrasonic waves by lasers 
has been recognized to present numerous advantages for 
nondestructive inspection and characterization of 
materials.“’ This technique is particularly useful in cases 
where conventional piezoelectric-based techniques cannot be 
applied, e.g., in the case of specimens at elevated tempera- 
ture or contoured specimens. Many of these contoured speci- 
mens used, e.g., in the aeronautic and automotive industries, 
are thin and made of a single sheet of metal or composite 
material or of multiple sheets bonded together. The use of 
ultrasonic plate waves has been considered for testing such 
specimens, either using piezoelectric generation3 or more re- 
cently laser generation.4-6 In the case of piezoelectric gen- 
eration, the transducer is generally tilted with respect to the 
normal in a given plane, while in the case of laser generation, 
the laser is often focused along a small line. In both cases, 
the generated waves, which appear as a complex pattern of 
modes, propagate in a well-defined direction, so they have 
only two displacement components, one tangential (in-plane) 
in the direction of wave propagation and one perpendicular 
to the surface (out-of-plane). Better understanding of the 
mode pattern and of the effect on this pattern on bonding 
conditions and defects within the plate could be obtained if 
the two components can be separated by the optical detection 
probe. This is not usually possible, since the probe measures 
the displacement along its line of sight, which is in general a 
combination of the in-plane and out-of-plane displacements. 
In this letter, we describe a system which can measure sepa- 
rately and at the same time these two components. Although 
the detection and measurement of ultrasonic vector displace- 
ments have been previously considered2,’ and the measure- 
ment of the in-plane and out-of-plane components have been 
demonstrated*-” by using a combination of optical hetero- 
dyning (reference interferometry)’ and differential 
interferometry,“” the systems developed so far are speckle 
sensitive and require precise focusing onto the surface, 
which make them, in practice, only suitable to laboratory 
experimentation. The system described in this letter is based 
instead on a confocal Fabry-Perot.‘2”3 The confocal Fabry- 
Perot receiver is known to be speckle insensitive from the 
fact that the multiple delayed waves within the Fabry-Perot 
cavity have, in good approximation, the same distribution as 

the incident wave scattered by the surface, even if this one is 
affected by thousands of speckles. A large number of speck- 
les also means that precise focusing onto the surface is not 
required and, consequently, such a system is very suitable for 
use in industry. 

Determination of the two components of the ultrasonic 
field at the surface of the sample is obtained by using two 
detection channels in a single confocal Fabry-Perot interfer- 
ometer, as shown in Fig. 1. The surface is illuminated by a 
laser beam along its normal z and scattered light is collected 
symmetrically along two directions making an angle 0 with 
z. For a given direction of detection, the phase shift caused 
by a surface displacement 6(t) of components & and 8,~ is 
given by 

~=(k-~)-~~), (1) 
where k, is the incident light wave vector and k, is the wave 
vector of light scattered into one of the detection directions. 
Therefore, the phase variation of light received along chan- 
nel 1 is equal to (27r/X)( - 6i- Sz cos O+ cir sin O), whereas 
it is equal to (27r/X)( - Sz - Sz cos O- & sin 0) for light re- 
ceived along channel 2, A being the optical wavelength. As- 

L PBS “,f,,’ PBS SD#l 

FIG. 1. Schematic of principle and of the optical setup. (L): lens, 
(PBS): polarizing beam splitter, (SD): signal detector, (F-P): Fabry-Perot 
interferometer. 
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suming further that the two channels have the same sensitiv- 
ity (same collected light intensity, same interferometer 
response, same detector sensitivity) and harmonic ultrasonic 
displacement at frequency f,[ tir = u, cos(2nf~ + &) and 
&= u, cos(2rfut+ +,)I, we obtain after addition and sub- 
traction of the output intensity signals I(‘) and Z(*) along the 
two channels 

I”‘+zf2)= -zoF &p( f&4,( 1+ cos 0) 

Xcos[27-rfu++( fu)+ 61, (24 

pl)-f2)=Zo~ SFP( f,)u, sin 0 

Xcos[2~fut+ 4FP(fu)+ 4x1, (2b) 
where IO is the intensity transmitted by one channel for zero 
displacement and SFP( f,) and hFp( f,) are, respectively, the 
amplitude and the phase of the response of the phase dis- 
criminator constituted by the confocal Fabry-Perot for small 
ultrasonic displacements at frequency f,, .13 These functions 
SFp and hFp are readily calculated by sending at the input of 
a confocal Fabry-Perot a light field at the laser frequency 
plus two fields at the optical sidebands frequencies, which 
are equal to the laser frequency rtf, , and by calculating the 
intensity at the output of the interferometer.13 Therefore the 
sum is proportional to the normal (out-of-plane) component 
of the displacement and the difference to its tangential (in- 
plane) component. In the case of nonharmonic ultrasonic dis- 
placements, where the detection is linear for small ultrasonic 
displacements, the sum and difference of the intensity signals 
are expressed by the integrals over ultrasonic frequency of 
the left-hand side of Eqs. 2(a) and 2(b), u, ,r&,,u, ,& now 
being the amplitude and phase spectra of the displacement. 

The optical configuration, which is also shown in Fig. 1, 
uses a cw argon ion laser (X=514.5 nm) for illumination of 
the surface. The collection angle 0 is 31.3” and the spot size 
on the surface is about 50 pm obtained by focusing with a 
long focal lens. This spot size is smaller than the ultrasonic 
wavelengths to be considered in this work. Added flexibility 
is obtained by using two large core optical fibers to transmit 
collected light to the interferometer. The core diameter and 
the numerical aperture of the fibers are chosen to match the 
interferometer etendue or throughput.7,12 The two detection 
channels are separated by means of polarizing beam splitters 
at the input of the interferometer and in front of the detec- 
tors, as shown in Fig. 1. For the work reported here where 
the ultrasonic signal is in the range l-10 MHz, the confocal 
Fabry-Perot is used in the transmission mode. Note that op- 
eration in the reflection mode, which is known to increase 
sensitivity at higher ultrasonic frequencies,14 could also have 
been used. The confocal Fabry-Perot used in this work is 50 
cm long, has an optical bandwidth of -9 MHz, and is fre- 
quency stabilized to half-maximum transmission.‘2”3 This 
bandwidth provides adequate sensitivity for the l-10 MHz 
range,‘” and gives also an &endue adapted to the coupling 
fibers used. Avalanche photodiodes are used as detectors. 
Their outputs after bandpass filtering (OS-20 MHz) are si- 

multaneously digitally sampled by a two-channel data acqui- 
sition system and then transferred to a microcomputer for 
processing. 

The performance of the technique was tested by measur- 
ing the in-plane and out-of-plane components of a Rayleigh 
surface wave, as done previously for the system based on 
optical heterodyning and differential interferometry.’ Such a 
wave is known to be nondispersive and its components have 
well-known theoretical values, calculated for planar and 
curved surfaces.15 For plane harmonic Rayleigh wave propa- 
gation on a planar surface, the theoretical ratio of out-of- 
plane to in-plane displacement components at the surface of 
a solid and their phase difference are given by the following 
equations: 

(34 

A- 4x= d& (3b) 

where CR, CL, and Cs are the Rayleigh, longitudinal, and 
shear velocities, respectively. Using the values measured for 
an aluminum alloy sample used in this work (C, =6260 m/s, 
Cs=3170 m/s, CR=2964 m/s, Eq. (5) gives the theoretical 
ratio u,Iu, = 1.565. As indicated by Eq. 3(b), theory also pre- 
dicts also a phase lead of 7r/2 of the out-of-plane component 
over the in-plane component. In practice, according to the 
direction of propagation of the surface wave, an additional 
phase shift equal to rr may be introduced to the in-plane 
signal and one should expect to measure a phase difference 
of n/2 between the two components. 

The specimen used was an aluminum alloy bar of square 
cross section (-1 in.). The probed surface was gently 
scratched with sandpaper in one direction to enhance light 
scattering in the plane of the setup. Tests were performed 
with piezoelectric generation using a narrow-band (-2.2 
MHz) piezoelectric transducer mounted on a wedge and laser 
generation. In the case of laser generation, strong signals 
were obtained by vaporizing a thin coating (paint) layer with 
a Q-switched Nd:YAG laser. The laser beam was focused 
onto the sample surface to a small line of approximately 10 
mm long and less than 0.4 mm wide, perpendicular to the 
length of the bar. Such a line source is known to produce a 
Rayleigh surface wave with good directivity,16 which propa- 
gates essentially in the direction perpendicular to the genera- 
tion line, i.e., along the length of the bar. Detection was 
performed on axis of the line source at 10.5 mm from it. 
Light scattering from the surface of the bar was to some 
extent anisotropic and caused the intensities received by the 
two channels to be different, so the signals were normalized 
to the light intensities measured by the two detectors before 
adding and subtracting the signals from the two channels. 
The useful parts of both signals were windowed and then 
Fourier transformed. The ratio of their amplitudes and their 
phase difference was finally calculated and compared to 
theoretical predictions. 
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FIG. 2. Results obtained by surface wave generation with a piezoelectric 
transducer mounted on a wedge: (a) signal detected on channel No. 1, (b) 
signal detected on channel No. 2, (c) in-plane (solid line) and out-of-plane 
(dashed line) components of the surface motion. 

Experimental results are shown in Fig. 2 for piezoelec- 
tric generation and in Fig. 3 for laser generation. Figures 2(a) 
and 2(b) show the signals detected directly along the two 
channels, when the piezoelectric transducer is excited by a 
pulsed oscillator providing a driving voltage similar to the 
signal observed optically. Figure 2(c) shows the in-plane 
(solid line) and out-of-plane (dashed line) signals calculated 
from the data of Figs. 2(a) and 2(b) on an expanded time 
scale. As expected, these two signals appear in quadrature. 
Detailed analysis shows that their phase shift is -103”. The 
amplitude ratio is found equal to 1.737, off by 11% from the 
theoretical ratio. Departure from theory could be explained 
by inaccuracy in the evaluation of the angle 0, nonperfect 
symmetry of the setup, and a surface perturbation which is 
not exactly a Rayleigh surface wave, but includes perturba- 
tions caused by reflections from the side of the bar and 
within the launching wedge. 
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FIG. 3. Results obtained by laser generation: (a) signals detected on channel 
1, (b) signal detected on channel 2, (c) in-plane component, (d) out-of-plane 
component, (e) ratio of the amplitudes (solid line) and phase difference 
(dashed line) vs ultrasonic frequency. 

The single shot signals recorded on each channel in the 
case of laser generation are shown in Figs. 3(a) and 3(b). 
Figures 3(c) and 3(d) show the in-plane and out-of-plane 
signals calculated from the data of Figs. 3(a) and 3(b). The 
ratio of the amplitude spectra and the phase difference are 
plotted in Fig. 3(e) versus ultrasonic frequency. We observe a 
reasonable agreement in the 3-11 MHz range with the pre- 
dicted theoretical values. The differences could be explained 
by some diffraction effect and by nonuniform generation 
across the line caused by the nonuniform intensity distribu- 
tion of the laser beam. The diffraction effect is actually ob- 
served in the time domain by a trailing pulse after the main 
Rayleigh wave bipolar signal. Below 3 MHz and above 11 
MHz, the amplitude and phase spectra are also inaccurate 
because of truncation and high-pass filtering. At high fre- 
quencies, accuracy also decreases because the diameter of 
the incident light spot becomes of the order of magnitude of 
the ultrasonic wavelength, making the pointlike detection ap- 
proximation no longer valid. 

In conclusion, we have shown that the two components 
of ultrasonic motion at the surface of an object can be de- 
tected simultaneously by using a two-channel confocal 
Fabry-Perot interferometer. This scheme can be used in in- 
dustrial environments since it is not speckle sensitive and 
allows collection of light with multimode optical fibers. It 
could find some applications for testing with laser generated 
plate wave thin wall structures, either made of a single sheet 
of metal or composite material or of multiple sheets bonded 
together, which are common in the aeronautic and automo- 
tive industries. The ability to separate the in-plane motion 
from the out-of-plane motion could help to analyze the com- 
plex pattern of plate modes produced by laser impact and to 
interpret the effect of various flaws. 
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