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We present an experimental and post-processing scheme that allows ultrasound surface wave detection by means of an
unstabilized homodyne interferometric technique. We register interference signals for a set of uncalibrated phase shifts
and, from them, we are able to retrieve the normal surface displacement of a thin aluminium plate. The results obtained
with this technique are then compared to robust and more traditional phase recovery methods such as the Carré algorithm
and the 11-step windowed discrete Fourier transform algorithm. For both algorithms, we found a correlation superior to
99.9%, when compared to the results of the proposed technique. This non-destructive testing scheme represents a simpler
and less-expensive alternative to other existing laser ultrasonic techniques.
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1. Introduction

Ultrasound techniques have been used in non-destructive
testing and process control to successfully determine ma-
terial properties and structural features for some decades
now [1-3]. Nevertheless, it is still a very active field of
investigation and widely used in the inspection of materials,
characterization and damage detection [4-7].

Conventional ultrasonic techniques use piezoelectric trans-
ducers for generation and detection of the surface waves,
but they have limitations, such as the need of contact be-
tween the sample and the transducers, usually require the
use of acouplant and have a limited detection bandwidth [8].
Another alternative available is to employ electromagnetic
acoustic transducers (EMATS) [9]. This transducers consist
of a magnet and an electric coil and are able to generate and
detect acoustic waves within the material with two interac-
tion mechanisms: Lorentz force and magnetostriction. This
technique eliminates the necessity of a couplant and does
not require physical contact with the test sample. However,
proximity to the sample is still needed and it is limited
to metallic or magnetic samples. The size of the EMAT
tranducers is another limiting factor.

These previously mentioned limitations are eliminated by
the laser ultrasonics technique [10], which uses lasers for
both the generation and detection of the ultrasound. This is
a very versatile remote technique, making it suitable for use
in hostile environments. There are several optical methods
that allow detecting surface ultrasound waves, which have

typically an amplitude of a few nanometres. Most of them
involve the phase measurement, achieved by measuring
the coherent interference between a reference and a sam-
ple beam. In heterodyne interferometry, the reference and
sample beams have slightly different frequencies, so the
information about the sample displacement is encoded in
the beat signal and is usually electronically processed to
recover it. In homodyne detection, both beams have the
same frequency and the surface displacement, consisting
typically of a few nanometres, is quantitatively recovered by
retrieving the phase from the registered interference pattern.

Many different techniques for quantitative phase retrieval
from interference patterns have been developed in the last
decades [11-14]. To recover the phase from the interfer-
ence signal, phase shifts are usually introduced during the
measurement, which need to be precisely calibrated. Me-
chanical vibration, air turbulence and other environmental
conditions affect the phase shifts causing errors during the
phase retrieval process. It is important to note that the phase
variation generated by nanometric surface displacements is
usually much smaller than the phase variation caused by
vibrations. Some of this undesirable noise can be minimized
by introducing an active phase feedback circuit in the ref-
erence beam which stabilizes the interferometer with, for
example, a mechanical positioner such as a PZT, acousto-
optic or electro-optic modulation [10,15-17]. A much more
simple approach consists of using the vibrations present in
the system as a source of random phase shifts. Hao et al. [18]
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Figure 1. Experimental set-up. (The colour version of this figure
is included in the online version of the journal.)

proposed a technique with random phase shifts to recover
the spatial distribution of the phase in two-dimensional
images. In the following sections, we show how to success-
fully apply an equivalent mechanism in order to recover the
temporal phase distribution from ultrasound signals.

2. Experimental arrangement

The experimental set-up that allows the generation and de-
tection of ultrasound is shown in Figure 1. The detection
is done using an unstabilized polarizing Michelson inter-
ferometer. This arrangement has several advantages over
other interferometers, besides its simplicity. On the one
hand, the use of a polarizing beam splitter with quarter-wave
plates and a linearly polarized laser maximizes the use of
the available light power, since all the light is directed to
the detector. This also avoids feedback to the laser, which
can be a source of instability. On the other hand, this set-up
reduces sensitivity to noise since the beam is focused onto
the surface. This makes the signal much less sensitive to the
tilting of the surface and also enables good performance to
be achieved with surfaces not having a good optical finish.

The signal and the reference beams are orthogonally po-
larized after recombining in the beam splitter. A Babinet
compensator in the output beam allows to introduce a global
phase difference between the signal and the reference, which
can take any value between 0 and 4sr. The polarizer is used
to obtain interference between the orthogonal components.

As an example of the applicability of the technique, we
detected ultrasound waves on aluminium plates with 0.5 mm
of thickness. The experimental method consisted of im-
pinging on the sample with a focused Nd: YAG pulsed laser
line to generate ultrasonic Lamb waves in the thermoelastic
regime. Surface waves were detected, 20 mm off the epicen-
ter, with the homodyne interferometer for different values
of retardation introduced by the Babinet compensator.

3. Uncalibrated phase shifts technique

When the Nd:YAG laser pulse illuminates the sample, an
ultrasonic wave is generated. Surface waves are detected
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Figure 2. Interference signals registered for different Babinet
retardations, which are indicated in degrees for each signal. (The
colour version of this figure is included in the online version of
the journal.)

by the interferometer and its output is digitally registered.
We then modify the retardation introduced by the Babinet
compensator and we repeat another measurement. After re-
peating this process M = 400 times, monotonically varying
the Babinet retardation in the interval [0, 477], we obtain
different interferogram signals. As an example, some of
these signals have been plotted in Figure 2.

The signal registered by the detector for the ith interfer-
ogram will be:

I(t,i) =1+ Ipcos [A@(t) + ¢(t,1)] (1)

where A¢(t) corresponds to the phase originated by the
ultrasound and ¢(¢, i) consists of a global phase given by
the Babinet compensator ¢p and also by the presence of
noise ¢y, such as mechanical vibration, air turbulence and
surface tilting during the measurement. All these effects
vary slowly compared to the typical ultrasonic frequencies,
so it is a good approximation to consider them constant
during each measurement.

@, i) = @p(i) + on(t, i) = gp(i) + on () = @) (2)

Since the surface displacement originated by the ultra-
sound is much smaller than the He-Ne wavelength, the
phase fluctuation generated by the ultrasound is small. So,
for global phases near 0, 7, 27, . .., such that the intensity
in (1) approaches its maxima and minima, the fluctuation of
the signal generated by the ultrasound practically vanishes
in Figure 2. Conversely, for global phase values near /2,
3w /2, ..., the system acquires its best sensitivity.

The random phase shift technique requires monotonically
varying ¢p in an interval of at least [0, 27 ]. There is no need
for these phase steps to be regularly distributed nor to be
accurately controlled. In Figure 3, we show the dependency
of the registered intensity at a fixed time as a function
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Figure 3. Intensity fluctuation with monotonically varying
Babinet phase, obtained at a fixed time for each interferogram.
(The colour version of this figure is included in the online version
of the journal.)

of the number of phase steps introduced by the Babinet
compensator.

Since the global phase sweeps the interval [0, 47 ], max-
ima and minima are reached in Figure 3. In this plot, we
can distinguish the Section 1 (the curve between a maxi-
mum and a minimum) and Section 2 (the curve between a
minimum and a maximum) introduced by Hao et al. [18] that
we will use later. We can also note that the phase difference
caused by the noise ¢y (i) can be larger than the phase
steps introduced by the Babinet compensator, resulting in
a non-monotonically varying overall phase. This does not
affect the phase retrieval process at all, as long as we can
still identify the maxima and minima that define Sections 1
and 2. This insensitivity to noise makes the technique very
robust. We can use the maxima and minima information to
autocalibrate the system and obtain a normalized version of
the registered voltage signals I by computing I, and I in
(1) as:

I, = {max[I (¢, i)] + min[/ (¢, )]} /2
Ip = {max[I(¢,i)] — min[/(¢,i)]} /2
o I(t,i) — 1
iy = 10Dk 3)
Iy
We can retrieve the complete phase for each interfero-
gram in the interval [0, ] as:

& (t, i) = arccos [i(r, i)] “4)

In order to obtain the phase in the extended interval
[0, 27r], it is necessary to acknowledge that because of the
symmetry of the cosine function, the phase values in Section
2 (in Figure 3) will be related to the extended phase by
computing [2r — O (¢, 1)].

As stated before, the ultrasound phase fluctuations are
small enough so that we do not need to apply an unwrapping
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Figure 4. Mean surface displacement.

operator, but it can be applied if phase fluctuations extend
beyond the interval [0, 2 ]. Finally, we can estimate the
original phase A¢ (¢) generated by the ultrasound waves by
computing the mean value from all the interferograms.The
phase difference is related to the surface displacement by
the factor A /4. In Figure 4, we show the plot obtained with
this technique for the mean surface displacement.

4. Comparison with other phase shifting techniques

We compared the random phase shift technique results with
the ones obtained from two more traditional techniques:
the Carré algorithm [19] and the 11-step windowed dis-
crete Fourier transform (WDFT) phase shifting algorithm
[20,21]. These two methods require precise phase stepping
values.

The Carré algorithm is one of the most often used
algorithms with an arbitrary phase step. It requires four
interferograms with an arbitrary but uniform phase stepping
«. Kemao et al. [22] did a study to determine the best suit-
able phase stepping for the Carré algorithm that minimized
both intensity errors and phase shift errors. They found that
o = 110° met these criteria, so we implemented the Carré
algorithm using this phase step.

The 11-step WDFT method belongs to a family of phase
shifting algorithms designed to present insensitivity to both
the harmonic content and the phase shift miscalibration.
This method requires 11 interferograms with a fixed phase
stepping o = 60°.

In Figure 5, we show the mean surface displacement of
the three different phase recovery techniques for the case
of ultrasonic Lamb waves detected 20 mm off the epicentre
on an aluminium sample of 0.5 mm of thickness. To quan-
titatively measure the similarity between the output of the
random phase shift method with the four-step Carré and the
11-step WDFT methods, we computed the cross-correlation
of each pair of signals, obtaining a maximum value of 99.92
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Figure 5. Mean surface displacement for the three different phase
recovery techniques. (The colour version of this figure is included
in the online version of the journal.)

and 99.93%, respectively. We also obtained a displacement
error inferior to 0.14 nm in all cases.

5. Conclusions

We successfully detected ultrasonic Lamb waves with an
unstabilized homodyne interferometer and were able to re-
trieve the normal displacement of the sample by applying
the uncalibrated phase shift technique to temporal phase
measurement. We found that the results from this technique
are highly correlated to the results given by traditional meth-
ods for phase recovery, which require a calibration of the
phase steps.

The presented experimental set-up is very simple, since
we do not require stabilization of the interferometer, nor we
use quadrature detection involving multiple detectors. This
reduces its cost and also facilitates the system alignment.

Considering the fact that we experimentally introduce a
phase excursion greater than 27, we are able to trivially
relate phase values to surface displacement in each mea-
surement without the need to calibrate our experimental
set-up. This autocalibrating feature makes this technique
very robust and less error prone.
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