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Fiber Optic Sensing for Ultrasonic NDE
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An innovative approach to nondestructive evaluation (NDE) using noncontacting optical
sensors has demonstrated. In this effort a single mode optical fiber interferometer (OFI) was
used to sense the presence and form of Rayleigh waves traveling along the surface of a steel
test bar at a velocity of nearly 3mm/ps. Acousto-optic time-domain data was successfully
used to detect the presence and locate the position of a test “flaw” (a machined slot) in the
bar, and spectrum analysis was used to estimate its geometry and size. This approach has
many potential applications in the ultrasonic evaluation of real flaws in structures with
complex geometries. Coupled with the authors’ earlier work demonstrating the feasibility of
generating acoustic waves in metals using laser light pulses transmitted through the fiber
optic probes, this latest achievement points to the development of a fully noncontacting, fiber
optic based thermal-acousto-photonic (TAP) NDE system, with potential applications to the
reliability testing of many important structures where composition, scale, geometry, or
restricted access preclude the use of conventional NDE techniques.
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1. INTRODUCTION

The present research effort on thermal-acousto-
photonic (TAP) nondestructive evaluation explores
the synthesis of conventional ultrasonic excita-
tion /interrogation concepts and sophisticated fiber
optic systems with the capacity to inspect, detect,
and characterize flaw$ in a variety of complex and /or
inaccessible structures. Since TAP inspection em-
ploys photonic sensing, it does not require mechani-
cal coupling of the sensing transducers to the surface
of the test structure at the point of detection—a
significant advantage over traditional piezoelectric
surface contact transducer-based ultrasonic tech-
niques that can be difficult to apply to structures
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with complex surface geometries. Since the optical
fiber components themselves have low mass, volume,
and stiffness, they can be adapted for rapid and
automated manipulation, positioning, and scanning.
Furthermore, with the laser output confined to opti-
cal fibers, operational TAP detection systems can
readily be designed in ways that pose little or no
occupational health hazard to the operator. In this
report it will be shown that, since they are noncon-
tacting (no mass attached to the test surface) point
detectors (high spatial resolution), TAP fiber optic
sensors can accurately measure an ultrasonic (dis-
placement) response without incurring any deleteri-
ous interactions with the interrogating wavefronts.
This accuracy assures highly reliable measurement of
the propagation characteristics of both transmitted
and reflected acoustic waves, greatly facilitating
meaningful signal analysis in both the time and
frequency domains.
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2. INTERFEROMETRY

A basic interferometer consists of two coherent
beams of light: an object beam, which passes through,
or is reflected by, the specimen under observation,
and a reference beam, which is unaffected by the
specimen. Since the wave fronts of the two beams are
coherent with respect to each other, they will inter-
fere when superimposed. In a wide aperture (full-
field) system, the resulting intensity distribution will
yield an interferometric fringe pattern which is actu-
ally a contour map of constant optical path or opti-
cal phase difference.

Low frequency drift in the optical path, usually
caused by such factors as temperature and pressure
variations, vibrations of optical elements, and slow
object motion, is a problem common to all vibration
measuring interferometers. These low frequency ef-
fects reduce the effective sensitivity and/or range
of the interferometer. Nevertheless, many investi-
gators~!9 have successfully demonstrated the use of
interferometry as a tool for measuring the highly
transient surface displacements associated with ultra-
sonic inspection procedures. To achieve the necessary
sensitivity at high frequencies, these authors used
either classical or holointerferometric arrangements.
They have achieved adequate resolution but their
systems use essentially laboratory/optical-
bench types of devices that are not practical for
adaptation to field applications. On the other hand,
many fiber optic-based sensors have been designed
to measure extremely small displacements encoun-
tered in quasi-static and low to intermediate
frequency vibration studies.!'"'® While the resolu-
tion of these devices under ideal conditions is within
the range required for ultrasonic testing, the combi-
nation ofresponse time and sensitivity available with
them were not, until now, high enough to permit the
characterization of flaws by digital spectral analysis.
In the present study it will be demonstrated that, by
using high speed photoelectronics and fiber optic
interferometry, this is no longer the case.

Limited access to the test specimen is another
problem often encountered in applying interferomet-
ric measurements to ultrasonic inspection. Steering
laser light with mirrors can be difficult when trying
to interrogate even a small area of specimen surface
in a confined space. The use of optical fibers to
illuminate the test object and to sense the small
surface displacements simplifies the problem of re-
stricted dccess by guiding the beam to and from
almost any spot on the specimen. The only limitation
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Fig. 1. Schematic of the test setup for the conventional R-wave
excitation and OFI detection on a steel bar.

of optical fiber interferometry is that measurement is
confined to sensing displacements at one “point”
rather than full-field.

This paper describes the construction and oper-
ation of a single fiber optical fiber interferometer
(OFI) capable of carrying out remote measurements
of Rayleigh waves (surface acoustic waves, also called
R-waves), sometimes in the presence of significant
low-frequency ambient vibration. The design of this
interferometer, shown in Fig. 1, is based on the
Fizeau configuration. The unspread output from the
laser is split by a variable beam splitter set to divide
the output into two beams of equal intensity. One of
the beams is wasted, the other is focused into a single
mode optical fiber. This light travels down the
optical fiber and a small percentage is internally
(Fresnel) reflected at the output end. It then travels
back through the fiber and serves as the reference
wave. The remainder of the light emerges from the
output end of the optical fiber and is scattered by the
diffusely reflecting surface of the test subject. A
small but detectable fraction of this scattered light is
reflected back into the optical fiber to join and
interfere with the internally reflected reference wave
in its propagation back through the fiber. On exiting
the optical fiber, the output is collimated by a focus-
ing lens (the same lens used originally to launch the
light into the fiber). The returning light is deflected
by the beam splitter so that approximately half is
passed through an aperture* onto one end of a multi-

‘A collecting lens may also be of use with low intensity signals.
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mode optical fiber whose opposite end is connected
to a fast photodetector (photodiode with wide band
amplification electronics). This multimode fiber is
used to provide convenient coupling via its large (50
pm) core diameter. The phase preserving characteris-
tic of a single mode optical fiber is not required
because the phase related interference is established
at the detection end of the single mode OFI fiber.>
Therefore, only the amplitude (or intensity) of the
returning light is significant.

Since the OFT is excited by coherent light, the
two beams interfere destructively whenever the opti-
cal path lengths of the internally and externally re-
flected light beams differ by a half wavelength or
odd multiple thereof. When the change in the dis-
placement induced length of the Fizeau cavity is less
than 1/4 wavelength the pure phase from OFI will
define the displacement. If the intensities and polari-
zations of the internal and external reflections are
reasonably equal, the intensity of the combined beams
traveling back along the optical fiber will be seen to
brighten and darken as the cavity length changes. A
change in cavity length greater than 1/4 wavelength
will shift the output signal intensity through one or
more maxima and minima.

The intrinsic self-alignment of the reference and
object beams is one important feature of the OFI. In
addition, throughout most of the interferometer both
beams experience the same environment—the rela-
tive phase of the two beams can change only in
the Fizeau cavity. That is, the only place where the
reference and object beams are not subject to the
same temperature, pressure, vibration, etc. is in the
cavity between the fiber tip and the specimen.

The only critical alignments of the entire system
are those associated with launching the light into the
fiber and separating out the returning signal. To
receive the maximum signal from the OFI (when the
Fresnel and the surface reflections are equal), a
translation stage is used to move the fiber tip linearly
in and out from the specimen surface. This permits
the operator to adjust the amount of light recaptured
by the fiber tip and thereby match the intensity of
the internally reflected reference wave. If it were
necessary to increase the intensity of the externally
reflected return signal, as with a test surface of low
reflectivity, a compact objective or rod lens could be
added to the fiber tip to collimate the light as shown

SActually, were it not for the high resolutilon required- for the
present experiments, multimode fiber could be used throughout
the OFI.
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by Kyuma er al,'” Hirose and Tsuzuki,"® and
Laming er al."® In the present tests on moderately
reflective machined steel surfaces using an unlensed
OFI, acceptable results were obtained with cavity
lengths (or standoff distances) as long as 1 mm and
as short as none.

Within the photodetector, the current generated
by the photodiode was amplified, converted to a
voltage and fed directly into an ultrasonic signal
processing system incorporating a high pass filter
amplifier and a stepless gate. This latter component
was used to select desired parts of the time varying
signal to be routed to an oscilloscope or spectrum
analyzer for evaluation. Figure 1 shows the entire
experimental set-up schematically, including both the
optics and the electronics. Except for the OFI system
(laser, optics, and fast photodetector), most of the
instrumentation used in these experiments was the
same as would be used in a typical experiment with
wholly conventional ultrasonics.

3. ULTRASONIC EXPERIMENTS ON STEEL
TEST BARS

The first tests were run using two standard
piezoelectric transducers (with appropriate wedges)
in the pitch-catch mode to generate and detect
Rayleigh waves on the regularly machined (un-
polished, flaw free) surface of a rectangular steel bar
as shown in Fig. 2. Figures 3(a) and 3(b) show
characteristic time and frequency domain plots of the
Rayleigh wave responses obtained with a transducer
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Fig. 2. Schematic of the test setup for a conventional R-wave
pitch-catch interrogation of a steel bar.
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Fig. 3(a). Time domain (oscilloscope) plots of an R-wave gener-
ated by conventional pitch-catch on a flaw free steel bar obtained
using piezoelectric transducers.
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Fig. 3(b). Freduency domain (spectrum analyzer) plot of the R-
wave shown in Fig. 3(a).

wedge-face to wedge-face separation of 50 mm. With
a Rayleigh wave velocity, Cy, in steel of 2.96 mm /ps,
the travel time between transducers would be about
17 ps. Since the time delay shown in Fig. 3(a) was
around 37 pus, the travel delay across the transducer
wedges themselves must be around 20 us, or 10 us
across each (since they are’identical). When comput-
ing travel times in all subsequent experiments where
the R-waves were generated using one of these trans-
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Fig. 4(a). Time domain (oscilloscope) gated output plot of an
R-wave generated by a conventional transducer and detected by
the OFI on the surface of a flaw free steel bar.

A mVolts
2.00

1.80

1.60

1.40

1.20 N

1.00

0.80 I

0.40

0.20

0.00

Ref 1.707MHz
Avg 32 Inc 200kHz

200kHz/div Res bw 10kHz
10ms /div  Vid bw 5.4kHz

Fig. 4(b). Frequency domain (spectrum analyzer) gated output
plot of the R-wave shown in Fig. 4(a).

ducer wedges and detected by the OFI, this 10 us
interval delay must be subtracted from the measured
times of flight. The upper trace in Fig. 3(a) shows a
typical surface wave shape as detected by the piezo-
electric transducer using an expanded time scale for
the display. It can be seen from Fig. 3(b) that the
center frequency of the transducers is a little over 2
MHz when in contact with the surface of the speci-
men.
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Fig. d(c). Frequency domain (spectrum analyzer) noise spectrum
of the OFI sensor (no excitation of steel bar).

Similar tests were run with the OFI used as a
detector on a flaw-free surface in place of the piezo-
eletric transducer, and Figs. 4(a) and 4(b) show that
comparable results were obtained. (Figure 4(c) shows
the averaged noise in the frequency domain. It repre-
sents the frequency spectrum of the output for the
time interval shown in Fig. 4(a), but with the cable
between the pulser /receiver and the excitation trans-
ducer disconnected.) When a surface with a mac-
hined slit or “flaw” between the point of excitation
and the OFI was tested with piezoelectric transducer
excitation and OFI detection, the delay or “time-of-
flight” of the R-wave was observed in the oscillo-
scope trace was seen to decrease as the OFI was
moved towards the “flaw,” exactly as expected. As
the OFI was moved past the flaw, so that it was
sensing at a point closer to the excitation than the
flaw itself, Figs. 5(a) and 5(b), the main R-wave
signal increased markedly in amplitude. Two ad-
ditional signals also appeared as seen in Fig. 6(a).
They are associated with components of the incident
wave that was reflected from the two ends of the
flaw. This figure is the time-domain record for a
typical test with the transducers in the locations
shown in Fig. 5b. The trace represents the ungated
OFI signal transmitted to the oscilloscope through a
high pass ( >1 MHz) filter. The first peak, R, is the
R-wave pulse generated by the piezoelectric trans-
ducer which was located 75 mm from the OFI.
Adding the 10 ps delay in the excitation transducer
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wedge and using Cp =2.96 mm/ps predicts an R-
wave travel time of 35 ps—quite representative of
the delay seen in the display. The next strong peak
represents the partially reflected wave, R,, from the
top of the machined surface flaw lying 18 mm be-
yond the OFI. This signal appears on the display
almost 12 ps after R, as it should. The second
reflection, R,, is from the bottom of the slot. The
R-wave has traveled down and back up the 2.8 mm
long slot. This additional 5.6 pm travel distance
accounts for the arrival of R, about 2 ps after R,.
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Fig. 6(b). Diagram showing the origins of the various R-waves
detected by the OFI sensor.

The origins, and paths of these waves are shown
schematically in Fig. 6(b).

This clearly demonstrates two major advantages
of the OFI over conventional piezoelectric trans-
ducers. First, because it does not involve the attach-
ment of any energy absorbing mass to the surface at
the point of measurement, OFI sensing does not
itself in any way alter the acoustic wave. Conse-
quently, the input and reflected waves may be moni-
tored together. Second, the small sensing area of the
OFI provides the high spatial resolution necessary
for more accurate measurement of the time sep-
aration of closely spaced waves. This property is well
illustrated by Fig. 6(a) where the clearly discernible
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Fig. 7(a). Frequency domain (spectrum analyzer) plot of the input
R-wave, R, in a flawed steel bar obtained using the OFI sensor.
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Fig. 7(b). Frequency domain (spectrum analyzer) plot of the re-
flected R-wave, Ry, in a flawed steel bar obtained using the OFI
SEnsor.

arrival times of waves R, and R, may be used to
estimate the length of a flaw.

Next a series of tests were run in which the OFI
was used to monitor, successively, the response both
in front of and behind the flaw in the test bar of Fig.
5. These signals were processed through the stepless
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Fig. 7(c). Frequency domain (spectrum analyzer) plot of the trans-
mitted R-wave, R,, in a flawed steel bar obtained using the OFI
sensor.

gate directly to the spectrum analyzer, instead of the
oscilloscope, to yield frequency domain information.
Figure 7(a) shows the spectrum of the input wave,
R;, and Fig. 7(b) shows the spectrum of the reflected
wave obtained from the gated responses recorded
with the OFI positioned 15 mm in front of the flaw,
while Fig. 7(c) shows the spectrum of the transmitted
wave obtained with the OFI positioned 15 mm be-
yond the flaw. The raw data sets from the analyzer
were input into a computer where they could be
smoothed by boxcar averaging across five frequency
readings. Figures 8(a), 8(b) and 8(c) show the result-
ing smoothed curves obtained by repeating the boxcar
averaging process twice to remove jitter, superim-
posed on the digitized data as plotted by the com-
puter.

Finally, Figs. 9(a) and 9(b) show superpositions
of the smoothed input, reflected and transmitted
wave frequency data paired in various appropriate
combinations. In Fig. 9(a), a superposition of the
smoothed frequency data from the input and re-
flected waves, the curves show significant attenuation
of the frequency components of the reflected wave
centered around 1.8 MHz. There is additional at-
tenuation around 2.15 MHz and in the frequency
band between 1.0 and 1.15 MHz. The flaw depth of 2
mm corresponds to a frequency in steel of about 1.5
MHz. The incident wave has few components of
lower frequency (longer wavelength). So, most of the
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Fig. 8(a,b,c). Digitized and smoothed versions of the raw data in
Figs. 7(a,b, and ¢), respectively.

frequencies in the incident wave are at least partially
reflected by the flaw. However, components at fre-
quencies that coincided with resonances of the free
surface of the flaw are selectively attenuated. Three
such points can be identified at 1.07, 1.81, and 2.15
MHz. The attenuation is the reflected wave spectrum
at around 2.15 MHz (A =1.44 mm) could be a sec-
ond harmonic of the resonance at 1.07 MHz (2.8
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Fig. 8. Continued.

mm). It is interesting to note that a frequency of 1.07
MHz represents an acoustic wavelength of around
2.8 mm in steel. This coincides with the length of the
flaw. The strong attenuation at 1.81 MHz relates to
an elastic response that cannot readily be identified.

Figure 9(b) compares the spectrum of the input
wave with that acquired by the OFI after transmis-
sion around and/or past the flaw. Here all frequen-
cies above 1.42 MHz are significantly attenuated.
Viktorov®® shows that the out-of-plane amplitude
of a Raleigh wave attenuates rapidly with depth, and
is less than 20% of its surface value at a depth of one
acoustic wavelength. Since the flaw depth is 2 mm,
components at frequencies higher than 1.4 MHz
should be strongly represented in the reflected wave,
R,. Correspondingly the transmitted wave R, would
be deficient in frequencies higher than 1.5 MHz.
Figure 9(b) confirms this. The lower frequency
components, corresponding to acoustic wavelengths
greater than the flaw depth, penetrate deeper than
the flaw and should be well represented in R,, as is
the case. These results all suggest that the spectral
differences between the input, reflected, and trans-
mitted R-wave fronts as monitored by the OFI pro-
vide valuable information relating to the geometry of
the surface flaw causing the reflection that could not
readily be obtained using conventional piezoelectric
transducer sensing.
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4. OFI SENSITIVITY

To make an estimate of the sensitivity of the
OFI, a “calibration” experiment was run with the
interferometer looking directly at the free surface of
the piezoelectric crystal itself (no R-wedge, no steel
bar test specimen) as shown in Fig. 10. In this
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experiment the piezoelectric crystal transducer was
driven by sinusoidal signals fed through a wide band
amplifier at various frequencies, and both the input
signals to the transducer and the OFI responses were
monitored on the oscilloscope. According to the
manufacturer of the piezoelectric transducer, 1 volt
across the crystal produces 0.4A (0.04 nm) of normal
surface displacement. The lower trace in Fig. 11
shows the +4.25V input excitation that was supplied
at 3 MHz to drive the transducer in the setup of Fig.

/ /t"\\ a4
b / \ /
N / \ Channel 1
X o / |-1ps 10mv
Channel 2
dps 2V
Ch1 10mv

T/div .1pus Ch2 2 V

Fig. 11. Time domain (oscilloscope) plots of the sinusoidal crystal
excitation (lower trace) and OFI sensor response (upper trace) at 3
MHz from the “calibration” experiment.
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10. The top trace in Fig. 11 shows the signal obtained
from the OFI sensor. If the 0.41&/ V responsivity has
some relevance at 3 MHz (it is clear from Fig. 3(b)
that there is no resonance at 3 MHz, so this is a
reasonable assumption), this suggests that the OFI is
following a vibration of around 3.4A peak to peak.
Unfortunately, because of the presence of ambient
noise (both electronic and mechanical) and the
limited accuracy of the available instrumentation, it
was not possible to calibrate the OFI with greater
precision. Clearly, the interferometer has extremely
high resolution and bandwidth capabilities, but its
operational sensitivity at acoustic wave frequencies
remains to be determined.

5. OPTICAL FIBER INTERFEROMETER
DEFICIENCIES AND LIMITATIONS

While the OFI shows great potential as a super-
ior detector /sensor for ultrasonic NDE, its deficien-
cies and limitations should be noted. The primary
alignment deficiency of the single fiber configuration
used in this work arises from the difficulty sometimes
encountered in separating the return signal from the
input end reflection, which is quite strong. For-
tunately, this problem can be solved by replacing the
beam splitter and single optical fiber with a 3 dB
bidirectional single mode optical fiber coupler® as
shown in Fig. 12. This schematic also shows the use
of a lens to concentrate the output, which, as men-
tioned earlier, can be a help in dealing with surfaces
of poor reflectivity. If the bidirectional coupler is
configured, as most are, with two forward outputs, it
would be necessary to terminate the unused fiber in
such a way as to minimize the internally reflected
return signal. This could be done most simply by
immersing the end of the fiber in an index matching
fluid as shown in the schematic. At the other end,
either of the optical fibers might be used for the laser
input and the photodetector, since the device is actu-
ally a 3 dB or half power beam divider. Preferably,
such a coupler should be highly stable, which can
best be assured by using a fused coupler design.
Subsequent reports will describe successful experi-

®Bidirectional couplers provide a means of dividing light from one
fiber into two fibers, or combining light from two fibers into one,
and usually involves an evanescent field coupling between the
cores of two adjacent optical fibers. A useful discussion of
single-mode bidirectional complers may be found in the article by
Tekippe and Wilson®? published in the May 1985 issue of Laser
Focus.
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Fig. 12. Schematic showing the arrangement of a 3 dB bidirec-
tional coupler used as a single point optical fiber interferometer
for monitoring R-waves.

ments by the authors implementing such a bidirec-
tional coupler based OFI for acoustic wave measure-
ment.

There are also inherent limitations associated
with the physics of an interferometer operated to
yield high sensitivity and resolution at high frequen-
cies. Since it is necessary to monitor displacements
measured in the nanometer range at megahertz fre-
quencies, it is to be expected that low frequency
mechanical disturbances and high frequency elec-
tronic noise can create significant problems. All
interferometers can be optimized by assuring maxi-
mum contrast—the greatest possible difference be-
tween the maximum and minimum intensities. For-
tunately, for brightly reflecting surfaces this may be
done simply by adjusting the stand-off (or cavity)
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distance. However, with dark, poorly reflecting
surfaces, scattering, polarization effects, and noise
can be debilitating. (It should be noted, however,
that in the “calibration” test described earlier, the
signals shown were obtained from a vibrating black
wear face that had only moderate reflectivity.) As in
any half fringe interferometer used to achieve high
resolution, maximum sensitivity and linear range are
achieved with the cavity distance set to yield a signal
mid-way between the highest and lowest intensities.
At these extremes, which lie a quarter wavelength
apart, the sensitivity falls to zero. Consequently, dis-
turbances (such as thermal expansion, rigid body
displacement, or low frequency mechanical vibra-
tion) which alter the relative spacing of the fiber tip
and the test surface by a mere one eight of an optical
wavelength can shift the sensitivity from its maxi-
mum to nothing. Of course, low frequency( <1 MHz)
vibrations of amplitudes significantly less than one
eight the optical wavelength can easily be filtered out
of the signal electronically, but the larger amplitude
disturbances must be carefully controlled lest they
intermittently throw the OFI out of proper registra-
tion and temporarily destroy the signal. Note that
one possible way of eliminating all long wavelength,
low frequency mechanical noise of large amplitude
(even several microns) would be to use both ends of a
bidirectional coupler as a paired interference sensor
to monitor relative surface motions at two points
slightly more than one acoustic wavelength ( ~ 3 mm
at 1 MHz in steel) apart as shown in Fig. 13. This
would yield multiple signals, but since their relation-
ship would be known, they would easily be interpre-
ted accurately and the problem of mechanical noise

SINGLEMODE
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Fig. 13. Schematic showing the arrangement of a 3 dB bidirectional
coupler used as a two point optical fiber interferometer for monitor-
ing R-waves with minimum sensitivity to rigid body motions.
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would be significantly reduced. The operation of
such an OFI will be described in a subsequent report.

Finally, there is the matter of intermittent RF
noise. Unfortunately, the high frequency electronics
often act as an antenna and pick up signals in the
MHz range that cannot be filtered without attenuat-
ing important components of the signal being studied.
Such noise must be dealt with through good circuit
design and component configuration, shielding,
grounding, and so forth. In the present efforts, ad
hoc coping was sometimes the only solution. This
sometimes meant shutting down for a while until the
noise went away (usually it was related to someone
else’s operation of a piece of poorly shielded
equipment and/or unfortunate atmospheric condi-
tions). On the whole, however, when the environment
was reasonably quiet and the electronics in proper
working order the OFI worked reliably and accu-
rately.

6. CONCLUSIONS

Wide band OFI sensing has been shown to be a
powerful tool of great potential for monitoring
acoustic surface waves in steel, and likely many other
important materials as well. Its point sensing and
noncontact features permit the acquisition of consid-
erably more information than can be obtained using
a conventional piezoelectric transducer detector.
Acousto-optic time-domain reflectometry has been
shown to be an effective technique for the evaluation
of OFT acoustic wave data. Such evaluation includes
the identification of the presence, location, and pos-
sibly length of any isolated surface flaw whose di-
mensions lie within the measurable wavelength spec-
trum of the interrogating wavefront. It has laso been
shown that a properly gated spectrum analysis of
OFI data may also be interpreted to provide infor-
mation relating to the geometry of a surface flaw by
comparing input, reflected, and transmitted R-wave
spectra.

All these experiments have been concluded using
pulsed piezoelectric R-wave transducers to generate
surface waves appropriate to the detection and
evaluation of surface flaws. However, earlier work by
the present authors®) has also shown that suitable
acoustic waves may be generated by exciting a steel
test bar with pulses of laser light guided through a
noncontact optical fiber probe, and that such pho-
tonically generated acoustic waves may also be used
to interrogate for flaws. The synthesis of these two
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fiber optic-based techniques for the excitation, inter-
rogation, and evaluation of materials and structures
would provide a thermal-acousto-photonic (TAP)
nondestructive evaluation capability with broad ap-
plications in many areas of reliability testing and
certification. Moreover, whether used with conven-
tional or fiber-optic based photo-acoustic wave exci-
tation, OFI noncontacting sensors can readily be
either (1) scanned across even complex surfaces or
(2) configured in multiple sensor arrays to signifi-
cantly enhance the interrogation and data gathering
capabilities of TAP-NDE. Finally, since OFI sensors
are flexible, compact, and readily engineerable into
robust, steerable probes, they provide a potential
means of inspecting many important structures that
would not otherwise be accessible because of geome-
try, complexity, or scale.
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