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A novel technique for ultrasonic transducer photoacoustics imaging is presented. The technique is based on the
analysis of the photoacoustic response of the light-absorbing layer placed on the transducer surface or, if the
transducer layer or piezoelement absorbs light, directly on transducer surface. The focal spot of the pulsed laser is
focused on the transducer surface, and the voltage generated on the output is used as a sensitivity metric at that
location. Scanning in the xy plane produces a 2D sensitivity map. Use of pulsed laser diodes enables spread
spectrum excitation which improves SNR and immunity to electromagnetic interference. A broadband photo-
acoustic response can be obtained with bandwidth limited by the antialiasing filter to 0.3-30 MHz. Experi-
mentally evaluated lateral resolution for 50 ns pulse excitation was 148 ym or 203 um depending on beam
orientation. For 5-30 MHz chirp excitation after inverse filter PuC plus 0.2-25 MHz window resolution was 73
um or 83 um depending on beam orientation. The axial resolution in case of chirp excitation and pulse
compression using inverse filter is down to 20 ns, which corresponds to 46 um in PZT-5 ceramics or about 20 ym
in PVDF or PVC. Signal decomposition into pulse positions allows for measuring the acoustic thickness of the
transducer layers or resonant frequency of piezoelement. Capabilities are demonstrated on PZT transducers with
a \/4 matching layer and on PVDF strips array transducers.

1. Introduction

Laser ultrasound offers a broadband, non-contact method for
injecting ultrasound waves into a test sample. A broad range of funda-
mental and applied research benefits from this phenomenon. Impressive
imaging resolution can be achieved in biomedical imaging, and desired
wave modes can be excited in non-destructive testing (NDT) applica-
tions. The application considered here is different: measurement of
sensitivity map of ultrasonic transducers (air-coupled, immersion or
contact) for the inspection of their response and structural integrity.

There is a variety and volume of commercially available transducers.
Their quality is usually evaluated by the parameters (pulse shape, fre-
quency spectrum, center frequency, relative bandwidth, sensitivity,
impedance etc.) that are defined in standards [1-6]. However, trans-
ducers have a complex construction which can deteriorate over time,
especially in the case of intense exploitation. Failure to spot transducer
malfunctions can have serious consequences in biomedical or NDT ap-
plications [7-9]. Air-coupled transducers are especially complex and
their active surface is fragile. Some procedures have been implemented
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for inspection [9-12]. In particular, the probe index, beam angle,
physical state, sensitivity and pulse duration are to be evaluated [1].
Array probes can be inspected by monitoring the electrical impedance
[13,14], acoustic directivity [1,10,15] or by comparing the phantom
image to a reference [25]. Yet, the degree of severity, and damage nature
cannot be addressed with these methods. Acoustic field, measured at
some distance, can be reradiated backwards to the transducer surface
using an acoustic holography approach [10,16,24], but such a procedure
requires complex processing, can be subject to reverberation if the
measurement plane is too close and the response from individual
transducer layers still cannot be established. The approach of using
reverberation [27] is simple, but does not provide information on layers,
severity and location of the defects. Transducer tuning during devel-
opment and production involves the application of several layers, con-
tacts and backing [17-19]. The different layers are made of materials
with specific values of acoustic impedance and attenuation [4,5], and
their thickness is frequency-matched. The bonding between the layers,
homogeneity of the layers, and their acoustic thickness accuracy are the
factors affecting the final performance. Wrong layer attachment,
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thickness deviation, and delamination can result in severe performance
degradation [20]. The usage of metamaterials in air-coupled transducers
can improve transduction efficiency [21-23], but these structures are
tiny and fragile. Damage occurring on a metamaterial cell can degrade
its performance locally. If a convenient inspection technique is available
at each intermediate step, correcting measures can be applied or further
assembly can be aborted, saving labor cost and materials of succeeding
steps. Therefore, it is desirable to have a technique that indicates how
individual segments of the transducer are performing in every assembly
step. Also, a more quantitative procedure is desired for routine in-
spections, especially array probes [8,10,11]. Surface laser vibrometry
scan [26] can be used, but this requires specific laser instrumentation,
which is complex to operate and expensive.

In [28,29], a surface sensitivity map was proposed for transducer
inspection. In particular, immersion scanning using a high-frequency
focused transducer is used in [28] to obtain the sensitivity map. How-
ever, the resolution is limited to 400 ym with a 6 mm aperture, 25 MHz
probing beam. Resolution improvement by increasing the aperture is
limited by acoustic lens construction and critical angle; switching to
higher frequencies (acoustic microscopy) would require more compli-
cated equipment. Also, immersion measurements are not always
allowed, for instance, when: i) the transducer is air-coupled; ii) the
transducer is in the middle of an assembly procedure; or iii) a layer
exposed is made of a material with wetting prohibited (e.g. soft outer
matching layers of air-coupled transducer [17,18], hygroscopic glue, or
uncured matching layers). An air-coupled scan using a second focused
transducer is used in [29]. The signal received by the tested transducer is
used to build a sensitivity map. With this method, a similar resolution
(500 um) can be obtained with a 20 mm aperture, 1 MHz probing beam
due to shorter wavelength in air. Both techniques provide a local surface
response as a map. Local disbonds or thickness variations are easy to
spot from the sensitivity loss or the signal spectral analysis (conversely,
this is not possible if the transducer's performance is evaluated by
analyzing static capacitance, pulse shape, or frequency response mea-
surements). However, the resolution of such an inspection is limited by
the size of the focused beam. It is important that the bandwidth of the
probing transducer matches, or preferably is broader than, the one being
inspected.

The approach proposed here is based on photoacoustics [30]. The
optical beam spot of the pulsed laser is focused on the transducer surface
to produce a thermoelastic response and the acquired voltage on
transducer output is used as sensitivity metrics at that spot. With this
technique, the obtained beam spot is smaller than the focused trans-
ducer spot, improving the resolution. The size of the photoacoustic
source is not affected by the transducer surface material. If the power
density is kept within thermoelastic mode [31] (<107 W/ cmz), then the
acoustic transduction is stable in time, and no damage to the transducer
surface occurs. The transduction does not depend on acoustic imped-
ance; therefore, a high-resolution and wideband acoustic signal source is
obtained. In our approach, pulsed laser diodes are proposed for excita-
tion. These devices are available at 10 W to 600 W pulse power [33] (or
more in overdriving [32]) as commercial, relatively low-cost compo-
nents. Pulse durations in the range of 10 ns to 1000 ns can be used,
which matches the range of 0.5-50 MHz for conventional ultrasonic
transducers. It is worth noting that the efficiency can be improved by
using a spread spectrum signal excitation [41-43]. If Arbitrary Position
and Width Pulse (APWP) sequences [34] are used, the excitation spec-
tral content can be programmed [35,36] to match the required shape.
The laser drivers capable of APWP or coded sequences excitation are not
currently available commercially, but the development of such a laser
driver has been reported in [34]. A similar driver was used here.
Broadband photoacoustic responses can be obtained if only the pressure
signal registered on the front-facing piezoelement electrode is used.

The inspection results of two ultrasonic transducer types are pre-
sented to demonstrate the performance of the proposed solution.
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2. Materials and methods

The proposed inspection approach is based on focusing a laser beam
on the surface of an ultrasonic transducer. The photoacoustic response is
creating a voltage signal on the transducer output, which serves as a
sensitivity metric at the location where the laser beam was hitting the
surface. A 2D sensitivity map can be produced by scanning the beam
over the whole surface. The waveform of the photoacoustic response to
the laser pulse can be analyzed to distinguish the different components
corresponding to the different elements of the transducer construction
layers. The time of flight (ToF) of these pulses can be used to calculate
the acoustic thickness of layers constituting the transducer.

2.1. Transducers used in the inspection experiments

Two types of transducers were investigated: i) a standard PZT-based
transducer with A/4 matching layer attached; ii) an air-coupled trans-
ducer based on an array of PVDF films [23]. In particular, the first
transducer type is a 10 mm in diameter and 1 mm thick piezoceramic
disk (Fig. 1) made form PIC155 material (Physik Instrumente GmbH,
Germany). This transducer type represents the most common construc-
tion [17-19].

The piezo-disk has 10 um thick screen-printed silver electrodes on
both sides, one serving as signal, another as ground. The ground elec-
trode also has a tab on the opposite side so electrical connections can be
made from a single side. Its properties are: longitudinal piezoelectric
coefficient d33 equal to —180 pC/N (approximately corresponding to
Navy Il PZT), density equal to 7800 kg/m?, resonance frequency equal to
2.25 MHz. The transducer was investigated at several assembly stages: i)
only PZT disk, ii) PZT disk with part of electrode missing, iii) PZT disk
with matching layer attached and iv) PZT disk with segment of matching
layer attached. It is worth noting that the transducer at these assembly
stages cannot be immersed in water, therefore measurements done using
the laser excitation are especially attractive. The matching layer was
attached to the disk to demonstrate what measurements can be made at
the different assembly stages.

The second transducer type used an array of vertical strips (Fig. 2)
made from 50 pm thick uniaxially stretched PVDF film sheet with 100
nm thick sputtered aluminum electrodes (PolyK LLC, US). It is an air-
coupled transducer, proposed in [23].

The strips were cut 3 mm wide (along the d3; direction) and 20 mm
long (along dsz). The PVDF film was characterized by the following
parameters: dss = 23 pC/N, d3; = 30 pC/N and a very low dsp. Strips
were placed into a stack with 150 ym thick conductive spacers at the
ends (390103, Wiirth Elektronik GmbH, Germany) with the same po-
larity electrodes facing each other. This is an air-coupled transducer;
consequently, immersion is prohibited even in the final assembly case.
Measurements with focused air-coupled transducer would not reveal
individual strips, since these are placed at 200 pm pitch and 1 MHz
transducer with 20 mm aperture will provide only 500 um focal spot in
the best case. Therefore, measurements using laser excitation are the

Ground electrode

Signal electrode

PZT disk/
Matching layer |

Fig. 1. First type PZT-based transducer with A/4 matching: exploded view of
transducer construction.
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Fig. 2. Second type PVDF-array transducer: intermediate assembly stage (a),
and exploded view of final construction (b).

only viable option in this case. Such a transducer was investigated at
several assembly stages: first, we inspected just a pair of PVDF strips
suspended in air (Fig. 2a, stage 1). Then, the transducer was backed by
adding 4 mm of UV-curable plastic poured on 1.5 mm FR4 plate (stage
2). Subsequently, it was covered by a membrane (stage 3), and, finally, a
larger PVDF strips array, backed and covered by the membrane, (stage
4), i.e. the whole device as depicted in Fig. 2b.

2.2. Measurement setup

The full setup used for data acquisition is presented in Fig. 3.

A dedicated data acquisition system, designed and manufactured by
Kaunas University of Technology [40], was used. The system has a 3D
positioning scanner with 10 um step resolution, programmable gain
preamplifiers, and 100 MHz sampling frequency. The clock frequency is
used for synchronizing the transmission and acquisition channels. The
maximum sequence code length for the production of APWP waveforms
is equal to 16 ksamples. The acquisition system features two synchro-
nous, 10-bit 32 ksamples deep channels. Channel 1 was used to collect
the transducer output signal after a 47 dB preamplifier. The preamplifier
input impedance is equal to 1 kQ. A third-order Butterworth filter was
used as an antialiasing filter at the output. For the PZT transducer, its
bandwidth was limited to 0.3-30 MHz. For the case of the PVDF trans-
ducer, the bandwidth was set in the 0.1-3 MHz range. Channel 2 was
used to collect the laser current monitor output signal.

An edge-emitting 905 nm semiconductor laser diode SPL UL90AT08
(OSRAM Opto Semiconductors GmbH, Germany) was used thermo-
elastic excitation. The diode sustains a 120 W peak power at maximum
40 A drive current. The emission aperture is 220x10 um. The laser driver
is based on an NVTFS6H888N MOSFET (ON Semiconductor, USA) with
source current feedback topology. More details on this topology can be
found in [37]. The lens system (355397-B and 355230-B, Thorlabs, Inc.,
US) produced 2:1 beam size reduction, and was mounted in a 3D-printed
holder together with the driver PCB (Fig. 4).

The laser driver can deliver arbitrary position and width pulse
(APWP) sequences, where individual pulse duration and gap between
pulses can vary between 20 ns to 1000 ns, with a pulse current pro-
grammable up to 40 A. Shorter pulse durations can be used, but more
distorted pulses are generated in such a case. The total sequence length
is limited by the driver’s thermal drift, for example, the maximum

3D
positioning

Laser
diode

Optics

Focused  \
beam ——\

Transducer

~“under’
investigation

Fig. 3. Data acquisition setup for transducer sensitivity map measurement.
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Fig. 4. Laser source construction.

sequence duration without distortion is equal to 2 us at 40 A, up to 10 ps
at 10 A and so on. In the experimental measurements presented in the
following section, for the single-pulse case, a 20 A peak current was used
(corresponding to a 68 W peak according to the datasheet), while, for
the spread-spectrum excitation case, a 1 ps long pulse sequence at 10 A
peak current was used (corresponding to 34 W peak).

The measured laser beam profile is presented in Fig. 5.

From Fig. 5, it can be noted that the beam profile is asymmetrical: at
the —6 dB level, the beam size is 103x7 pm. This is a typical character-
istic of edge-emitting laser diodes. Such asymmetry turned out useful in
this investigation: along the wider dimension, the beam can be used for
quick localization of regions of interest and, if higher resolution is
required, the beam can be rotated 90° to provide 7 um resolution. A good
example is PVDF strip edge. The strip is 50 um thick, so the 103 pm
resolution is suitable for strip position location. Then, once the center
position of the PVDF strip is found, scan can be carried out with 7 ym
resolution.

The maximum laser fluence, assuming a 68 W peak power, is
0.94.107 W/cm?, less than the upper limit for thermoelastic excitation
[31]. The actual fluence will be even lower due to the alignment and
optical system losses.

A constrained (buried) [32,33] laser ultrasound source was used
(sometimes addressed as fourth regime in laser ultrasound). Most
acoustic matching materials, used in transducer design, are dark and
polymeric. Then, most of the laser beam is absorbed in the bulk of
material, polymeric material thermal expansion coefficient is large (e.g.
PVDF is [62], ABS is 140 pm/m-K vs. 23 ym/m-K for aluminum), i.e.
high efficiency constrained source is produced.

The edge of PVDF strip, which was used in the second type of
inspected transducer (refer Fig. 2), is open (no metal electrodes).
Therefore, PVDF material is directly exposed to laser radiation. Unfor-
tunately, PVDF is almost transparent for 905 nm laser light, absorption is
less than 1%, much smaller than dark, opaque plastic. But, if laser beam
(7 pm size) hits the edge of the strip (50 pm thick), laser beam can
propagate into PVDF. Aluminum coating serves as reflector, creating
ideal waveguide. The beam is trapped and fills the thickness. Laser beam
interaction with PVDF is over its entire height (3 mm), heating
approximately 100 pm x 50 pm x 3000 pm volume. Furthermore, part of
beam can be reflected from PVDF-air interface at the opposite end,
creating multiple propagation path, which increases beam interaction
with PVDF. Thermal expansion coefficient of PVDF is 100 um/m-K [62].
Once heated over entire 3 mm height, 1 °C temperature increase can
create 0.3 um extension. This direction is aligned with d31 mode (which

Intensity (a.u.)

100

Y (um)
||

0
X (um)
X (um)

Fig. 5. Laser beam profile at focus.
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is favored in this transducer design [23]), ds; coefficient is quite large so
some voltage response can be expected.

Yet, if piezoelement is inspected perpendicular to electrode, silver or
aluminum have large reflectivity and laser energy absorption is low,
around 1% for Ag, 15% for Al according to [61]. Skin depth for silver is
small, 20-30 nm, e.g. thermoelastic expansion is very weak and on
surface only. Such source does not have directivity normal to the surface
because majority of expansion is along the surface. In such a case, an
absorbing layer was applied to increase absorption and create a con-
strained source with directivity normal to the surface [37-39]. Two
types of absorbing layer were experimented: i) spray-coating with a
black paint (BOKSC263206 type from Bostik SA, Colombes, France,
800 C°) and ii) black 150 um thick PVC tape (1905B, MULTICOMPpro,
PRC). The presence of such a layer improves the acoustic pressure pro-
duced, due to improved energy absorption and it also reduces the
amplitude of the surface wave [33,38,39].

Two types of excitation signals were used: i) single pulse, duration
30 ns, 50 ns, 100 ns or 200 ns and ii) rectangular unipolar spread
spectrum signal (linear frequency modulation, LFM or chirp) 1 us long,
with bandwidth 2-20 MHz, 5-25 MHz, 5-30 MHz and 3-30 MHz.

Spread spectrum excitation offer several advantages: i) SNR can be
improved, ii) broader spectral coverage can be achieved [41-43], iii)
spectral content can be programmed to compensate the system losses
[34-36] and iv) immunity against the electromagnetic interference
(EMI) can be achieved. Spread-spectrum signals can be compressed
using pulse compression (PuC) using matched filter (cross-correlation)
[41,42] or inverse filter proposed in [43]. While single pulse excitation
is simple, easy to interpret, it is not immune against electromagnetic
interference (EMI). EMI is produced by the PWM of motor drivers of the
positioning system, by the switched-mode power supplies (SMPS), and
by the computer. The EMI basically generates a HP-filtered spike from
each front of rectangular PWM waveforms of SMPS or scanner motors,
USB communication. These appear at random time positions of the ac-
quired waveform and can be barely distinguished from the thermoelastic
response to short laser pulses. Conversely, spread-spectrum signals have
spectral components distributed in time. PuC compresses these compo-
nents into single time instance. Placement of spectral components in
time is different from chirp for noise and EMI, therefore PuC decorre-
lates then. Result is that chirp energy is concentrated, but EMI and noise
energy is deconcentrated. In such case much higher EMI immunity and
SNR can be obtained after PuC if spread-spectrum excitation is used. A
narrow pulse can be expected after PuC (from 55 ns down to 35 ns,
depending on the bandwidth coverage of the chirp) but with a much
higher SNR and reduced EMI influence.

2.3. Signal processing

Data was processed off-line using MATLAB (2022b, MathWorks).
The signal processing steps to get the desired sensitivity map are very
simple in case of single-pulse excitation: gate position for the desired
pulse in the acquired waveform needs to be selected, and, subsequently,
either the peak- or RMS- values within the gate are used as sensitivity
metrics. In the case of spread-spectrum signals excitation, the PuC
should precede the gating operation.

PuC is performed in frequency domain. Laser current signal is used as
reference for PuC filter derivation. Received signal sgx(t) and laser
current signal sy qs,(t) are transformed into frequency domain using DFT.
For compression using matched filter (MF):

SMF (a}) = SRx(a))COnj(SLaser(w) )WBP (a)) (1)

where Sgx(w) and Sygser(w) are received and laser signals in frequency
domain, Syp(w) is signal after matched filter in frequency domain. Filter
Wgp (@) is a Tukey window with tapering 0.5 (bandpass, BP, filter). The
upper and lower passband frequency can be adjusted. Window is
optional and is intended for near-range sidelobes suppression, producing
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a mismatched filter. Its type and shape can be different from used here,
for instance based on the reactance transformation [63].

PuC using matched filter results in far-range correlation sidelobes
[52,53] which are caused by Fresnel ripples of rectangular chirp exci-
tation. PuC using the inverse filter possess same compression property as
matched filter. But it has much lower sidelobes, because it deconvolves
the excitation from received signal so Fresnel ripples of chirp are
removed [43]:

Sir(@) = Wep(0)Spx(0) /Sraser (@). (2

Same as above, reference signal Syqsr (@) is the excitation code or
voltage, measured on transmitting transducer clamps. BP window W(w)
is not optional, in this case it is intended for noise gain reduction in low
SNR regions and near-range sidelobes suppression. Response obtained
after inverse filter PuC can be considered as one obtained after ideal
delta pulse excitation but with improved SNR.

After PuC using (1) or (2) signal is transformed back into time
domain using IDFT.

Processing for the estimation of the layer acoustic thickness involves
waveform decomposition into multiple subcomponents (i.e. individual
pulses), with the subsequent estimation of time of flight (ToF) and
amplitude. Reiterative deconvolution, described in [44] was used for
this procedure. Such a procedure requires a reference waveform with
single pulse. But received signal contains several pulses due to rever-
beration inside upper layer or piezoelement thickness. Usually, it can be
derived from a measured waveform by gating out the interfering pulses
[49-51]. However, in application analyzed here signals sometimes
overlap. This is hampering the isolation of the single-pulse response. To
overcome this problem, the single-pulse response can be produced
synthetically using a given response model [45-48]. A different
approach was adopted here: the synthetic reference waveform was
produced from the excitation signal passed through the derived system
model: first, the system response model (8 zeros and 4 poles IIR filter)
was trained on 30 ns pulse response (which has no overlapping), forcing
the approximation of only the first pulse; then the system response
model was applied to the rest of the excitation signals. The time delays of
the extracted pulses, obtained by deconvolution, were sorted in
ascending order and the ToF difference, depending on layers’ con-
struction, calculated. Finally, ToF difference was converted to a fre-
quency (A/4 if matching layer or A/2 if thickness resonance).

3. Results and discussion

The inspection of the transducers was carried out with a multi-scale
resolution approach: first, using relatively large, 400 pm steps in the XY
scanning. In this phase, the regions with large photoacoustic response
were located and single-point measurements were performed by aver-
aging 100 waveforms for each scan point. These measurements were
used for temporal response studies and single-pulse model derivation. In
a second phase, data were collected using smaller, 100 um steps in order
to obtain 3D datasets. These datasets were used for spatial response
studies and acoustic layer thickness measurement.

3.1. PZT element coated by black paint

In this experiment only PZT piezoelement, spray-coated using black
paint, was inspected (Fig. 6). Laser beam, hitting the absorbing paint,
produces point-like thermoelastic source. This creates longitudinal
(marked as L-wave in drawing), surface skimming longitudinal (SSL-
wave), shear (S-wave) and Rayleigh (R-wave) waves. SSL leaks into head
wave. Only two response pulses, are of concern in this experiment, both
are related to L-wave. One, named L1, is a positive pulse, produced on
transducer clamps when L-wave hits the upper electrode (PZT polari-
zation is assumed such that signal electrode is positive when element is
compressed). Another (L2) is a negative pulse, produced when L-wave
hits the lower electrode.
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Fig. 6. PZT-based transducer construction with laser beam excitation setup and
waves propagation explained.

A-scan of the voltage on the PZT element when excited by 20 A pulse
is presented in Fig. 7a, b, c. The L1 pulse (starting at 0.2 ps) is generated
when the photoacoustic pulse hits the closest PZT electrode. The L2
pulse (starting at 0.45 ps) is generated from interaction with the second
electrode. The succeeding pulses are out of interest, these are generated
by secondary reflections.

The black curves on Fig. 7d, e, f show the spectra of the received
signal for L1 pulse only (signal is zeroed beyond the gate indicated by
blue and red markers in Fig. 7a, b, c¢). The blue curves show the nominal
AC response as can be expected from the nominal pulse duration (the
one supplied to the input of laser driver). From the broadening of the
actual spectrum, it can be inferred that the actual pulse duration is
slightly shorter than the nominal pulse. Despite these slight differences,
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Fig. 7. Voltage on the PZT element (coated by black paint) when excited by
pulses of different durations: 50 ns (a), 100 ns (b) and 200 ns (c). (d), (e) and
(f): spectrum of L1 pulse (blue, red markers: gate), black — received signal, blue
curves — excitation.
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it can be concluded that duration of the response follows the excitation
pulse. Sensitivity is always the same: 10 mV at 68 W laser power or
approximately 150 pV/W. AC response is broadband and covers fre-
quencies of interest (up to 30 MHz).

Laser current waveform, when laser is driven by 5-25 MHz 1 ps long
10 A chirp spread spectrum signal is plotted in Fig. 8a. The voltage
received on PZT element clamps (Fig. 8b) was processed using PuC using
i) matched filter with additional BP, ii) inverse filter with additional BP
and iii) only inverse filter with no additional BP. Results of are presented
in Fig. 9.

There are two reasons for high frequency ringing. One is a near-range
sidelobes. Another is a reverberation in black paint layer. From 42 MHz
peak (Fig. 9f) it can be assumed that paint thickness is approximately 26
um. It can also be noted that the mainlobe after PuC is narrow, for
filtered case it is 30 ns and 20 ns for unfiltered case. The frequency-
domain response indicates better spectral coverage by chirp compared
to the case of a single pulse excitation.

Pulse L1 in Fig. 7 appears exactly same time (0.2 us) as current
monitor pulse, meanwhile L1 in Fig. 10 is slightly shifted left. This shift
appears due to PuC processing.

It can be concluded that the attainable bandwidth corresponds to the
antialiasing filter AC response, 0.3-30 MHz, i.e. much broader than
expected bandwidth of undamped PZT disk with thickness resonance of
2 MHz. The reason is that only L1 pulse (response from upper electrode)
is analyzed. Broadband response allows to achieve high spatial resolu-
tion. The expected axial resolution then is 30 ns, which can correspond
to 130 pm in PZT-5 ceramics or about 68 um in PVDF or PVC. The
application of the inverse filter allows to improve the axial resolution
down to 20 ns, which corresponds to 46 ym in PZT-5 ceramics or about
20 pym in PVDF or PVC.

Next experiment was intended to evaluate the spatial response in
case of electrode loss. A 50 um wide and approximately 50 pm deep
notch was laser-engraved on the top and bottom (Fig. 10), separating the
left and right parts of the electrode. Right part electrodes were con-
nected to receiving amplifier and left electrodes were left floating. The
piezoelement was fitted into holder PCB and spray-coated using black
paint.

B-scan over the 4 mm range across this cut was performed in such a
way that the cut remains in the center (at x = 0). The B-scans of the
photoacoustic response when excited by a 50 ns pulse (a), 200 ns pulse
(b), 5-25 MHz chirp after PuC using matched filter plus 0.5-35 MHz
window (c) and PuC using inverse filter plus 0.5-35 MHz window (d) are
presented in Fig. 11.

Positive effects of PuC can be noted: resolution is improved
compared to 50 ns pulse excitation. The artefacts generated by the
matched filter-based PuC can be seen in Fig. 12c: there are far-range
sidelobes that cyclic-wrap the tail into start of the signal (note the
ghost lines at 45° angle). Inverse filter-based PuC (Fig. 10. d) have much
smaller artefacts. The excitation using 200 ns is too long: many signals
are overlapping.

Material of Fig. 12 is intended to explain the results of Fig. 11.
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Fig. 8. Laser current for 5-25 MHz 1 ps long 10 A chirp (a) and signal regis-
tered on PZT element clamps when excited by 10 A 5-25 MHz 1 ps long
chirp (b).
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Fig. 9. Result of PuC applied on voltage received on PZT element (coated by
black paint) when excited by 5-25 MHz 1 us long chirp. (a)-(c): in time. (d)-(f):
in frequency domain. (a),(d): inverse filter and 0.5-35 MHz window (top), (b),
(e): matched filter and 0.5-35 MHz window and (c),(d): matched filter only.
Black: received signal, blue: expected AC response according to code sequence
used for excitation. Blue and red circles indicates the start and end of the time
window for spectrum calculation.
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Fig. 10. PZT-based transducer with simulated loss of electrode: side (a) and top
(b) view of construction.

When laser beam is positioned over the right (active) electrode,
longitudinal, normal to the surface wave produces positive electrical
pulse L1 when it hits the upper active electrode. Polarity is positive
because PZT is in compression. Some faint L1 signal can be seen at
negative x in Fig. 12b or Fig. 11. It is produced because of capacitive
coupling between floating and active electrodes. L2 pulse is produced
when same wave propagates over PZT thickness and hits lower elec-
trode. Polarity is negative because PZT is in expansion. Part of pressure
normal to the electrode contributes the most while laser beam is over
active electrode. However, oblique part of L. wavefront remains when
laser beam is off the active electrode. It is registered as parabolic part of
L2 at negative x in Fig. 11 or Fig. 12b. Note that L-wave wavefront
(Fig. 12a) slightly deviates from spherical. The reason is PZT
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Fig. 11. B-scans of the PZT element with electrode loss when excited by a 50 ns
pulse (a), 200 ns pulse (b), 5-25 MHz chirp after PuC using matched filter and
0.5-35 MHz window (c) PuC using inverse filter and 0.5-35 MHz window (d).
Grey scale amplitude is in a.u.
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Fig. 12. Explanation of Fig. 12 results: topology and wave types (a) and B-scan
with wave traces indicated (b).

polarization: propagation across the thickness (d33) is faster than along
the surface (d31). Same anisotropy applies to S-wave, it does not have
components normal to the surface and in order to convert to longitudinal
needs to arrive at some angle. Therefore S-wave appears (S + and S- in
Fig. 12b) at more than twice the distance between L2 and L1. It is not
used in this investigation. SSL-wave can not be registered directly,
because the net pressure exerted on upper electrode is always the same.
But once SSL-wave leaves the electrode (laser beam is positioned over
floating electrode), net pressure is changing and it can be registered
(note the SSL + line in Fig. 12b). Front of SSL is outwards from PZT
(expansion) so voltage produced while it is on electrode is negative. But
once it goes off electrode, opposite sign is produced and SSL + is posi-
tive. Meanwhile situation with SSL- (note the dashed part of drawing in
Fig. 12a) is opposite: it is registered when it reaches active electrode,
therefore sign is negative. Similar situation is with R-wave, only,
differently from SSL, more pressure is directed normal to the surface, it
has a positive (outwards from PZT) front plus negative tail. Therefore
right part of Fig. 11, Fig. 12b contains R+,- and left part has R-,+
response.

FEM simulation results are presented in Fig. 13.

Laser excitation was simulated by ideal 30 ns Gaussian pressure pulse
produced by 100 um wide boundary load. Notch penetration (refer
Fig. 12) into PZT was not simulated, electrode was zero thickness with
gap width 100 pym.

Similarity of the B-scan obtained by laser beam scanning (Fig. 13b) to
Fig. 11aresult allows to conclude that laser excitation can be considered
as ideal pressure source acting normal to the surface.
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Fig. 13. FEM simulation results: propagation in PZT, stress and displacement
(a), and B-scan obtained after beam scanning (b).

The absolute maximum value was extracted using the gate of L1
pulse (blue and red markers in Fig. 9) and C-scan images produced (refer
Fig. 14). Images obtained can be considered as electrical activity in-
dicators for upper electrode.

It can be noted that electrode loss can be detected, only PuC image
provides higher contrast and resolution. Edges of the notch appear
bright because of SSL and R-wave registered at this interface. Again,
edges are narrower in case of PuC image. Matched filter based PuC
provides more contrast because SNR is higher than inverse filter can
provide. Round shape is missing on the right side (positive x) due to
copper foil applied here for ground connection.

3.2. PZT element with black PVC tape on top

PZT element was fixed in PCB holder and covered by the black sticky
PVC tape (Fig. 15a). PVC tape is 150 pm thick, much thicker than 26 ym
thick paint coating. Use of thick PVC tape is offering advantage of deep-
buried thermoelastic source. Interaction with laser beam is over larger
area, source is larger in depth than in width. Therefore, more energy is
directed normal to the surface. Refer Fig. 15 for this experiment details,
drawings are not to scale for clarity.

Only longitudinal waves are registered in this experiment. Positive
electrical pulse L1 is produced first when longitudinal wave produced in
PVC layer hits the upper electrode. Polarity is positive because PZT is in
compression. Some of signal entering PZT is reflected back to PVC,
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Fig. 14. C-scans of the PZT element with electrode loss when excited by a 50 ns
(a), 200 ns pulse (b), 5-25 MHz chirp after PuC using matched filter 0.5-35
MHz window and (c) PuC using inverse filter 0.5-35 MHz window (d). Grey
scale amplitude is in dB.
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Fig. 15. PZT with black PVC tape as PZT matching layer: side view (a), top
view (b) and explanation of waves generation (c).
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reflected from PVC-air interface (polarity inversion) and registered on
upper electrode again as L1'. Some of signal is again reflected back to
PVC, reflected from PVC-air interface (polarity inversion) and registered
on upper electrode again as L1” and so on. Pulse train, produced by
reverberation in PVC finally reaches lower electrode and produces
pulses 12, L2, L” and so on. Polarity is reversed because PZT is in
expansion. Same train, when reflected from PZT-air interface, then
reaches upper electrode and produces L3 pulse and so on.

A-scan of the voltage on the PZT element pulses labeled is presented
in Fig. 16a, b, ¢ (20 A pulse) and Fig. 17a, b (10 A 3-30 MHz chirp vs.
20 A 30 ns pulse). Spectra of L1 pulse (gate position is indicated by blue
and red markers on A-scan) is presented in Fig. 16d, e, f (20 A pulse) and
Fig. 17¢, d (10 A 3-30 MHz chirp vs. 20 A 30 ns pulse).

In spectral plots black curve is for the received signal, while the blue
curve is the expected AC response calculated using nominal duration of
the excitation pulse (the one supplied to the input of laser driver). From
the frequency domain response, it can be seen that the actual pulse
duration is slightly shorter (the first spectral dip of the blue curve is at a
slightly higher frequency than the black curve). This is caused by
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Fig. 16. Voltage registered on PZT element covered by black PVC tape when
excited by pulse: 50 ns (a), 100 ns (b) and 200 ns (c) and corresponding spectra
(d)-(P). Black: received signal, blue: excitation using nominal duration.
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Fig. 17. Voltage on PZT element covered by black PVC tape when excited by
5-25 MHz 1 ps long chirp after PuC using matched filter (a) and excited by 30
ns pulse (b) and corresponding spectra (c),(d). Black: received signal,
blue: excitation.

shortening of pulse in laser driver. It can be concluded that response
duration follows the excitation pulse, only the response is slightly
different from the one depicted in paint coating experiments (Fig. 7):
pulse fronts are not that sharp. This can be expected since the PVC tape is
soft and adhesion is through a sticky rubber (attenuative) that is applied
on the PVC tape to create adhesion. Consequently, the AC response is
sufficiently broadband but with some decay, caused by frequency-
dependent attenuation in PVC tape and adhesive layer. Sensitivity is
approximately 3 times higher than in case of thin paint coating and same
for all durations: approximately 30 mV at 68 W laser power or
approximately 440 pV/W.

Next experiment was aimed at evaluating the spatial resolution. The
top electrode was covered by a black PVC tape only partially, so that the
left half of the electrode does not receive the photoacoustic excitation. C-
scan over 10x10 mm scan range of the L1 photoacoustic response is
presented in Fig. 18. Data was acquired when the wider part of beam
was oriented along the x-axis. Fig. 18a is for 50 ns pulse and Fig. 18b is
for 5-30 MHz chirp excitation. PuC used inverse filter and the 0.2-25
MHz window.

It can be noted that spread spectrum excitation provides more de-
tails. Profile along the y-axis was taken for two cases: i) when wider part
of the laser beam is along y axis (better resolution was expected along x
axis) and ii) when wider part of the laser beam is along x axis (better
resolution was expected along y axis). Obtained profile was processed

-5 0 5
X (mm) x (mm)

(a) (b)

Fig. 18. C-scan of PZT element partly covered PVC tape when excited by 50 ns
pulse (left) and 5-30 MHz chirp after PuC using inverse filter plus 0.2-25 MHz
window (right) when wider part of the beam is along the x-axis. Grey scale
is dB.

Ultrasonics 165 (2026) 108072

using knife edge beam profiling technique [64] to determine the ob-
tained resolution. Resolution along the x-axis for 50 ns pulse excitation
was 148 um for case (i) and 203 um for case (ii). Resolution along the x-
axis for 5-30 MHz chirp excitation after inverse filter PuC plus 0.2-25
MHz window was 73 pm for case (i) and 83 um for case (ii).

Next two experiments were aimed to evaluate the imaging perfor-
mance of interface defects: i) a matching layer (black PVC tape) was
loosely (to stimulate the development of local delaminations) attached
to the PZT disk; ii) a human hair was placed at the interface between PZT
and PVC tape. A scan over a 10x10 mm range was performed. The C-scan
of the local delaminations when excited by 30 ns pulse and 5-30 MHz
chirp after PuC is presented in Fig. 19. The C-scan of the hair defect
between PZT and PVC tape when excited by a 30 ns pulse and 5-30 MHz
chirp is presented in Fig. 20.

It can be noted that the 5-30 MHz chirp after PuC provides more
details on interface defects than the 30 ns pulse, the broadest range
coverage (5-30 MHz) produces better results compared to narrower
ranges (2-20 MHz and 5-25 MHz were investigated, but images are not
shown).

It is also worth noting that the pulse train structure in case of PVC
tape as laser power absorbing material is different from paint coating
case. The first pulse (L1) is the same, it is generated when the photo-
acoustic pulse hits the closest PZT electrode. The second pulse (L1,
appearing at 0.4 ps, is additional, it is a reverberation in PVC layer (refer
Fig. 15 for explanation). It can be used to measure the acoustic thickness
of PVC layer. Finally, the third pulse (L2), appearing at 0.45 ps, is
generated from the interaction with the second electrode. It can be used
to measure the acoustic thickness of PZT element.

Next experiment was aimed at measuring the acoustic thickness of
the layers. A matching layer (black PVC tape) was attached to the PZT
disk. A scan over the 10x10 mm range was performed. The A-scan of the
photoacoustic response is presented in Fig. 21a, the black curve is the
response when excited by the 30 ns pulse, while the magenta (“Fit”)
curve is the deconvolution result. Fig. 21b shows the individual pulses
obtained from deconvolution, label number indicate the iteration at
which pulse was extracted. It can be noted that largest pulses are
extracted first. The correspondence to Fig. 15 is as follows: 1 is L2, 2 is
L2”,3is L1, 4is L1’, 5is L1” and 6 is the artefact. L3 would have been
extracted too if longer window was used for processing. The sum of all
deconvolved reflections in Fig. 21a is constructed using all pulses shown
in Fig. 21b.

The C-scans of the resonant frequency corresponding to the
measured acoustic thickness (estimated from the ToF within the layer)
are presented in Fig. 22 for matching layer A/4 (a) and piezoelement A/2
(b). The y-profile is presented in Fig. 23, blue curves are for A/4 fre-
quency of the matching layer, red curves-for A/2 frequency of PZT.

It can be noted that the PZT disk has a uniform acoustic thickness,
which matches its specified resonance frequency (2.25 MHz).
Conversely, the matching layer thickness is not uniform and signifi-
cantly deviates from the PZT resonance frequency (3.22-3.44 MHz
versus the required 2.25 MHz).
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Fig. 19. C-scan of layer defects when excited by 30 ns pulse (top) and 5-30
MHz chirp after PuC (bottom). Grey scale is dB.
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Fig. 20. C-scan of layer defects when excited by 30 ns pulse (top left), 5-30

MHz chirp (top right). Grey scale is dB.
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Fig. 21. A-scan of layer delamination defects when excited by the 30 ns pulse
(top) and the 5-30 MHz chirp after PuC (bottom).
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Fig. 22. C-scan of resonant frequency corresponding to measured acoustic
thickness: for matching layer A/4 (left) and piezoelement A/2 (right). Grey scale
is MHz.
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Fig. 23. Y-profile of resonant frequency corresponding to measured acoustic
thickness: matching layer A/4 (blue) and piezoelement A/2 (red).
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3.3. Air-coupled transducer made of vertical PVDF strips array

This experiment was aimed at evaluating the photoacoustic response
of the transducer at various assembly stages (Fig. 24).

Four transducer configurations were investigated, representing
different assembly stages: 1) only two PVDF strips suspended between
two posts with 1.5 mm pitch, 2) same as (1), but backed 4 mm of UV-
curable plastic on 1.5 mm FR4 plate, 3) same as (2) but covered by a
membrane (100 pm thick paper or 23 um thick water decal), and 4) a
larger PVDF strips array with 200 um pitch, backed and covered by
water decal membrane. The excitation used a 500 ns, 20 A pulse. Two
laser beam orientations were used: wider part of the beam along x axis
(parallel to PVDF strip) and y axis (perpendicular to PVDF strip).

First set of experiments was aimed at evaluating the piezoelectric
response of PVDF strip when excited by thermoelastic laser source. Laser
beam was positioned over the edge of the PVDF strip in such way that
laser beam center coincides with strip center. Wider part (103 um) of the
beam was along x axis (parallel to PVDF strip). In such case narrow (7
um) part of the beam can completely penetrate into PVDF (thickness 50
um).

No light absorbing coating was used in stage (1) since the edge of
PVDF was directly exposed to laser radiation. Voltage on PVDF elec-
trodes is presented in Fig. 25.

Information presented in Fig. 26 is aimed to explain the Fig. 25 re-
sults. This transducer operates the PVDF strips in d31 mode. Strips are
cut in such way that d31 direction is upwards (Refer Fig. 2 and Fig. 25a).
The upper edge of the strip is open, hence PVDF material is directly
exposed to laser radiation. PVDF is almost transparent for 905 nm
wavelength emitted by laser therefore narrow laser beam (7 pm) can
propagate into PVDF (which 50 um thick). Aluminum electrodes on both
sides create the ideal waveguide (refer Fig. 25a), beam is trapped and
fills the volume. Beam is focused at entrance point but spreads quickly at
approximately 50° angle inside the strip so beam heating is over
approximately 100 pm x 50 pm x 3000 pm volume.

FEM simulation was carried out to confirm the reaction shown in
Fig. 25a. Excitation was simulated as a transient (rectangular 500 ns
pulse with 10 ns fronts) heat source, covering whole PVDF strip thick-
ness and exponentially decaying along strip height. At initial stage
deformation is at the upper part of the strip (refer Fig. 26b). This
extension is causing first pulse. Note a sharp, positive pulse at 0.75 ps,
this is d33 mode reaction to expansion in thickness direction. Next
negative pulse, appearing at 2 ps, corresponds to propagation at longi-
tudinal velocity over 3 mm height. Heating the whole volume is also
causing extension deformation along height. This deformation is causing
damped oscillation which finally prevails (ringdown after first pulse).
This direction is aligned with d31 mode at which this transducer oper-
ates [23]). Uniaxially stretched PVDF is used, therefore ds; coefficient is
quite large. Sufficient voltage response can be expected even at low laser
light absorption rate. Obtained voltage response on PVDF electrodes is
quite similar to the experimentally obtained one (refer Fig. 25a). Other
heat source distributions (e.g. uniform heating along the height) inves-
tigated in FEM simulation did not provide such similarity.

Voltage on PVDF electrodes obtained from stage (2) transducer is
presented in Fig. 27. No light absorbing coating for the same reason:
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Fig. 24. Transducer configurations: two PVDF strips (a), two PVDF strips
backed (b), two PVDF strips backed and covered by membrane (c) and fully
assembled large and dense PVDF strips array (d).
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Fig. 25. Voltage on suspended vertical PVDF strip when excited by 500 ns
pulse: time (a), and frequency (b) domain response.
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Fig. 26. Explanation of Fig. 25 results: topology view along length direction
and deformation at initial excitation stage (a), comparison to deformations
obtained (b) and A-scan of the signal obtained on PVDF electrodes (c) using
FEM simulation.
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Fig. 27. Voltage on backed vertical PVDF strip when excited by 500 ns pulse:
time (a) and frequency (b) domain response.

edge of PVDF was directly exposed to laser radiation. However, PVDF
edge is covered by membrane in stage (3), therefore spray-coating with a
black paint (BOKSC263206 type from Bostik SA, Colombes, France,
800 C°) was used in these experiments. Voltage on PVDF electrodes is
presented in Fig. 28 (black curve in subplot (b): received signal after
gating between the markers shown in subplot (a), blue curve: expected
AC response according to code sequence used for excitation).

The narrow bandwidth response from the PVDF-based transducer is
unusual: PVDF is considered a broadband material and is used for
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Fig. 28. Voltage on backed and membrane-attached vertical PVDF strip when
excited by 500 ns pulse: time (a) and frequency (b) domain response.
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transducers and wideband hydrophones manufacturing [56-58]. The
reason is that ultrasonic transducers mostly use very small thickness
(micrometers) PVDF sheets operating in the longitudinal d33 mode
(pressure across the electrodes). In such case broadband response can
obtained. Conversely, the transducer presented here uses PVDF in
transversal d31 mode over 3 mm height because in this way a sensitivity
higher than the d33 case can be obtained [23]. This mode is mainly used
in energy harvesting and actuation [59,60]. The direction of actuation
corresponds to the 3 mm width of the PVDF film here, therefore the
response is narrowband, in exchange of a better matching to the air and
higher sensitivity.

It can be noted that backing significantly reduces ringing. Such result
has to be expected since this is precisely the purpose of backing:
cancelling the reflection from the opposite edge [54,55]. Some ringing
comes back with membrane attachment though, the oscillation is due to
membrane flapping in this case.

Next experiment was aimed to evaluate the imaging capabilities of
the vertical PVDF array transducer photoacoustic response at various
assembly stages. The excitation used is a 500 ns, 20 A pulse. The C-scan
of the assembly stage (1), when the PVDF strips (refer Fig. 2a or Fig. 24a)
are suspended in air, is presented in Fig. 29. Same transducer was
inspected using two different laser beam orientations: when wider part
of the beam along x axis (parallel to PVDF strip) and rotated 90°.

When wider part of the beam is parallel to PVDF strip (Fig. 29a),
better resolution was obtained in vertical direction. Blurring along
vertical direction occurred in Fig. 29b because laser beam was perpen-
dicular to PVDF strip.

The C-scan of the stage (2), backed by the absorbing material
(Fig. 24b), is presented in Fig. 30.

Again, it can be concluded that the beam profile asymmetry can be
useful in this investigation: the 7 um resolution allows to distinguish the
individual strips response along the y-axis, while the 100 um resolution
is sufficient along the x-axis. The loss of metallization (note the shorter
upper strip) can be seen in Fig. 30, such defect cannot be located by
visual inspection.

The inspection results of the next stages (refer Fig. 24c and Fig. 24d),
i.e. when strips are backed and covered by the membrane, are presented
in Fig. 31 and Fig. 32. Fig. 31 represents the Fig. 2a case, only two strips
placed 1.5 mm apart, while Fig. 32 represents Fig. 2b case, where several
strips are arranged with much denser, 200 um pitch.

Again, loss of metallization (note the shorter upper strip in Fig. 31a)
can be seen, no defects can be located in this case because membrane
hides all transducer topology. A different kind of defect can be seen in
Fig. 31b: the upper strip did not connect properly to the membrane, so
its response is different from the lower one. It can be noted that the
membrane application broadens the area where a thermoelastic
response can be registered. For the case with the 1.5 mm spacing
(Fig. 29-Fig. 31) between the strips, these sensitivity areas do not
overlap, but once the complete assembly is done with 200 um pitch, the
areas overlap and a more uniform sensitivity is obtained (Fig. 31). Still,
the individual responses from PVDF strips can be seen.

4. Conclusions
It was demonstrated that the photoacoustic excitation can be used for

transducer sensitivity map production. A broadband photoacoustic
response can be obtained if only the pressure signal registered on the
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Fig. 29. C-scan of suspended PVDF strips: wider part of beam along x axis (a)
and y axis (b). Grey scale is dB.
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Fig. 30. C-scan of backed PVDF strips: wider part of beam along x axis (a) and y
axis (b). Grey scale is dB.
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Fig. 31. C-scan of membrane type effects: paper (a) vs. water decal (b). Grey
scale is dB.
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Fig. 32. C-scan of complete assembly of PVDF array transducer. Grey scale
is dB.

front-facing piezoelement electrode is used. Attainable bandwidth was
limited by the antialiasing filter to 0.3-30 MHz, which is much broader
than expected bandwidth of undamped PZT disk with thickness reso-
nance of 2 MHz. High (up to 30 MHz) upper frequency and small laser
beam size (103x7 um) allow to achieve high spatial resolution. Experi-
mentally evaluated resolution for 50 ns pulse excitation was 148 ym or
203 um depending on beam orientation. For 5-30 MHz chirp excitation
after inverse filter PuC plus 0.2-25 MHz window resolution was 73 pm
or 83 um depending on beam orientation. The axial resolution is defined
by bandwidth and in case of SS excitation and PuC it is down to 20 ns,
which corresponds to 46 um in PZT-5 ceramics or about 20 ym in PVDF
or PVC.

It was demonstrated that: i) the implemented technique is a useful
tool for transducer design inspection at various assembly stages, ii) it
allows to locate transducer construction defects, and iii) it can be used to
detect the delamination between piezoelements and matching layers.
The use of spread-spectrum excitation, combined with pulse compres-
sion using inverse filtering further improves the performance of the
proposed approach. The decomposition into pulse trains with separated
components allows for measuring the acoustic thickness of the trans-
ducer layers, and to convert these values to the matching frequency of
the layer or piezoelement.

Main application area of the proposed technique is ultrasonic
transducer NDT at various design or manufacturing stages, inspection
during operation. High spatial and temporal resolution allows to obtain
the images which can be used to locate the electrode loss or matching
layers delamination. With deconvolution applied, layers acoustic
thickness can be measured as 2D map. Such map can be used to confirm
whether every spot of the matching layer corresponds to the design
frequency, evaluate the probe wear severity.

Technique can be expanded for laser ultrasound studies. Conven-
tional way to measure laser ultrasound emission is by emission into
water. Proposed allows to register the signal of thermoelastic source
directly by PZT element, without water coupling. Response is broad-
band. Rayleigh, surface skimming longitudinal waves can also be
registered and analyzed when part of electrode is removed from PZT
element.
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