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High-frequency calibration of hydrophones is becoming increasingly important, both for clinical and scientiﬁc
applications of ultrasound, and user safety. At present, the calibrations available routinely to the user community
extend to 60 MHz. However, hydrophones that can measure beyond this are available, and ultrasonic ﬁelds often
contain energy at higher frequencies, e.g., generated through nonlinear propagation of high-amplitude ultrasound used for therapeutic applications, and the increasing use of higher frequencies in imaging. Therefore,
there is a need for calibrations up to at least 100 MHz, to allow ultrasonic ﬁelds to be accurately characterized,
and the risk of harmful bioeﬀects to be properly assessed. Currently, sets of focused piezoelectric transducers are
used to meet the pressure amplitude and bandwidth requirements of Primary Standard calibration facilities.
However, when the frequency is high enough such that the size of the ultrasound focus becomes less than the
hydrophone element’s diameter, the uncertainty due to spatial averaging becomes signiﬁcant, and can be as high
as 20% at 100 MHz. As an alternate to piezoelectric transducers, a laser-generated ultrasound calibration source
was designed, fabricated, and characterized. The source consists of an optically absorbing carbon-polymer nanocomposite excited by a large-diameter 1064 nm laser pulse of 2.6 ns duration. Peak pressure amplitudes of
several Mega-Pascal were readily achievable, and the signal contained measurable frequency components up to
100 MHz. The variation in the pressure amplitudes was less than 2% from its mean over a three-hour test period.
The ultrasound beam was suﬃciently broad that the uncertainties due to spatial averaging were negligible.

1. Introduction
Ultrasound (US) can cause mechanical as well as thermal damage to
biological tissue under certain excitation conditions [1,2]. When an US
source is used for biomedical imaging or therapy it is therefore imperative that it is carefully characterized to ascertain its safety or eﬃcacy. Frequencies used in biomedical applications range from a few
hundreds of kHz to 100 MHz and higher. For example, frequencies
under 1 MHz are used in low-intensity ultrasound neuromodulations
[3], frequencies of the order of 1–15 MHz are used for clinical imaging,
and 10–80 MHz range are applied in preclinical research [4]. The high
amplitude (tens of MPa) of US waves used therapeutically in thermal
ablation and lithotripsy propagate nonlinearly in water generating
harmonic frequency components as high as 100 MHz [5]. The standard
devices used to characterize the acoustic ﬁelds generated by medical
ultrasound equipment are miniature hydrophones manufactured using
the piezoelectric polymer polyvinylidene ﬂuoride (PVDF) [6]. Recently,
robust hydrophones based on PVDF, as well as Fabry–Pérot US sensors,
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have been developed for the characterization of the high intensity ﬁelds
used in therapeutic ultrasound [7–10]. For quantitatively accurate ﬁeld
characterization, these devices need to be calibrated over the full range
of frequency components present in the ﬁelds being measured. This
characterization is required to ensure patient safety [11], for performance validation and compliance [12,13], and to assist the development of new high-frequency ultrasound technologies [14–16].
The calibration of hydrophones is performed by National
Measurement Institutes (NMIs) to a traceable standard. First, a primary
calibration is performed on a reference hydrophone, and this hydrophone is used subsequently for secondary calibration procedures. The
uncertainty in this secondary calibration will include the uncertainty in
calibrating the reference hydrophone as well as the uncertainties inherent to the secondary method. Currently, the user hydrophone uncertainty for hydrophones calibrated at the UK’s NMI, the National
Physical Laboratory (NPL) is 6–22% over 1–60 MHz (95% coverage
probability). The uncertainty is similar for Physikalisch-Technische
Bundesanstalt (PTB), Germany’s NMI, over the same frequency range.
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beams. However, calibration of hydrophones could be simpliﬁed if the
source transducer produces waves that are nearly planar across the
hydrophone sensitive element.
Ultrasound generation via the photoacoustic eﬀect using a short
duration optical pulse could be a promising alternative to piezoelectric
transducer technology that has the potential to satisfy bandwidth,
planarity, and high-amplitude requirements [30–32]. In photoacoustics, when a light absorbing medium is illuminated by an optical
pulse, the photons are absorbed by chromophores in the medium and
the subsequent thermalization of the energy leads to simultaneous increases in temperature and pressure within the absorption volume. If
the medium is elastic and the energy deposition is suﬃciently rapid, the
pressure rise will result in an ultrasound pulse. Nanocomposites made
of carbon nanoparticles dispersed in polymer matrices have been found
to be strongly optically absorbing. Consequently, diﬀerent types of
carbon-based nanocomposites have been studied to generate MegaPascal range ultrasound pressure pulses for biomedical imaging and
therapeutic applications [33–35].
In this paper, the design, fabrication, and characterization of a
carbon-based laser-generated ultrasound (LGUS) source that generates
a spatially broad, high-pressure, and broad bandwidth ultrasound pulse
is described. The required characteristics of a calibration source which
would enable hydrophone calibrations up to 100 MHz are listed in
Section 2. The design and fabrication of the completed source is described in Section 3. The characteristics of the source such as its temporal stability, pulse-pressure and beam shape are detailed in Section 4.
The systematic eﬀects arising from implementing the source in a calibration conﬁguration, such as the measurement repeatability and spatial averaging are discussed in Section 5.

The uncertainty at 100 MHz in their magnitude sensitivity using the
primary method is at least 40% (95% coverage probability) [17]. There
is therefore a need to reduce the uncertainty on the Primary Standard to
as low as possible.
The primary methods (or standards) currently in use are based either on reciprocity or optical interferometry [18]. In both methods, the
essential task is knowing what the acoustic ﬁeld is at the position of the
active sensing region of the hydrophone. In the reciprocity method, a
transmit-receive transducer is used with a reﬂector placed at half the
transducer-hydrophone separation corresponding to one and half times
the near-ﬁeld distance, and the acoustic ﬁeld at the hydrophone position (in the absence of the reﬂector) can be inferred. This method is
limited to frequencies below about 20 MHz for several reasons [19].
First, the transducer has a limited bandwidth on both transmission and
reception; second, the alignment capability on the transducer must be
very precise at shorter wavelengths because of the steep directionality
of the transducer; third, the measurement method is limited to linear
acoustic ﬁelds only, which means the measurement procedure will need
to be repeated at every frequency of interest.
An alternative method is to use a two-stage substitution approach.
Here, an acoustic ﬁeld is ﬁrst measured directly with an optical interferometer that can be traced directly to the optical wavelength used,
and then the hydrophone being calibrated is placed in the known ﬁeld
[17,20–23]. This has three advantages: 1) displacement or velocity
sensing interferometers (vibrometers) can measure over a wide frequency range, 2) the temporal and spatial characteristics of the acoustic
ﬁeld used in the calibration can be chosen to reduce the uncertainty in
the measurements and 3) it is not restricted to the transmit bandwidth
of the transducers. The frequency range is limited by two factors: the
signal-to-noise ratio (SNR), which will depend on both the vibrometer’s
noise ﬂoor and the amplitude of the acoustic ﬁeld, and the spatial
averaging uncertainty, which arises due to imperfect planarity across
the active region of the hydrophone. The spatial averaging becomes
increasingly restrictive at shorter wavelengths particularly in nonlinearly steepened acoustic ﬁelds [24,25].
A key challenge in this approach is therefore ﬁnding a source of US
that optimizes the calibratable frequency range by maximizing the
acoustic amplitude over as wide a frequency range as possible. This
should be conducted within the linear range of the interferometer
whilst minimizing the spatial averaging uncertainty. There is considerable freedom in choosing this ﬁeld, as vibrometers can be used to
measure with any acoustic excitation, in particular in this context, they
can measure tone-bursts, nonlinearly steepened tone-bursts, or pulses.
One approach is to use a piezoelectric source to generate high amplitude tone-bursts that propagate nonlinearly through water generating a
broad range of frequencies at the harmonics of the fundamental. By
focusing the acoustic ﬁeld, the pressure amplitude can be increased,
which, as well as being beneﬁcial to the SNR, also enhances the nonlinear steepening leading to higher harmonics being present. This
technique is currently exploited at PTB with their laser doppler vibrometer (LDV). They use a 50 mm focal length piezoelectric transducer
centered at 7 MHz to calibrate hydrophones up to 100 MHz [17,26].
However, focusing increases the uncertainty related to spatial averaging (around 20% at 100 MHz) [17], as the focal spot size – the area
over which the ﬁeld is planar – becomes comparable in size to the active sensing area of the hydrophone. Not only does this limit the size of
hydrophone that can be calibrated, but the measurement is sensitive to
small positional oﬀsets. Attempts to correct for the non-planarity of the
ﬁeld at the hydrophone either by numerical [24,27,28] or analytic inverse-ﬁlter [25,29] methods require some knowledge of the acoustic
ﬁeld at the measurement plane. Even so, there is a limit to the extent to
which the uncertainty can be reduced using a correction approach, and
it is clearly better to generate a plane wave acoustic ﬁeld over the receive aperture of the hydrophone. Spatial averaging correction methods
like these [6,24,25,27–29] are essential for accurate calibration of diagnostic and therapeutic transducers that intentionally produce focused

2. Ideal characteristics of a calibration source
The aim of this work was to develop a state-of-the-art acoustic
source for a hydrophone calibration system based on optical-interferometry. The source should have the following characteristics:
i. The pressure-pulse should have a frequency range that makes
measurements possible up to 100 MHz.
ii. The spatial averaging of the ultrasound beam by the hydrophone for
sensitive element diameters up to 600 µm should produce signiﬁcantly lower uncertainties than current best practice (focused
ultrasound ﬁelds) i.e., uncertainty should be less than 1% at all
frequencies.
iii. The temporal stability should be such that the amplitude of the
LGUS pulses should vary by less than 2% from its mean over a threehour test period, which is suﬃcient to calibrate at least one hydrophone using an interferometer.
iv. The source must not contaminate the water, e.g., aﬀect its conductivity.
v. The source must not elevate the temperature of the water and
thereby aﬀect the sensitivity of the hydrophone.
vi. The source must not present a hazard to the user.
A planar laser-generated ultrasound source using a carbon-polymer
nanocomposite was proposed as a potential means of generating a ﬁeld
satisfying these requirements. A number of nanocomposite fabrication
methods have been experimented with and reported in the literature for
biomedical applications. This has been recently summarized in two
review articles [33,34] and a book chapter [35]. A similar source has
been used to characterize US sensor directional responses [36].
The source and its characterization are described in the subsequent
sections.

2
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controls the gap clearance relative to a ﬂat surface, i.e., the glass disc. A
thin ﬁlm is produced when the excess mixture spread on the glass disc is
removed by sliding the knife-edged metal frame over the surface of the
glass disc. A glass-backed CPN source is formed after oven-curing the
thin ﬁlm at 100 °C for 30 mins [31]. A total of four source CPN source
elements were fabricated. The average coating thickness was 20 μm
with a standard deviation of 3 µm. The coating thickness of each source
element was determined by measuring the uncoated glass and then the
glass with the cured coating across six sites using a 1 μm resolution
digital screw gauge.

3. Design and fabrication of the calibration source
3.1. Carbon-polymer nanocomposite source
The choice of the carbon-polymer nanocomposite (CPN) material
was based on a previous study in which multi-walled carbon nanotubes
(CNT) of three diﬀerent weight percentages (1.25, 2.5 or 3.5 wt%) were
dispersed mechanically in three diﬀerent polymers (epoxy, polydimethylsiloxane (PDMS) or polyurethane (PU)) using a high-speed
shear mixer [31,32]. The resulting CPN materials were coated on laboratory grade glass slides (0.8 mm thick, 26 mm wide, 76 mm length)
using a manual micrometer-controlled blade ﬁlm applicator of three
thickness ranges (18–30, 40–60, or 50–70 μm ). The 27 CPN sources
were assessed as a function of CNT wt. %, polymer-type, coating
thickness, laser ﬂuence (10, 20, 30 and 40 mJcm−2 ) and temporal stability under sustained laser excitation of 30 mJcm−2 over one hour. The
laser wavelength was 1064 nm and the full-width at half-maximum
pulse duration (FWHM) was 4 ns. Some of the key ﬁndings are brieﬂy
repeated here. Epoxy and PU-based CPN sources were found to be
unsuitable due to the detachment of the CPN coating from the glass
slide under sustained laser excitation and PDMS-based CPN sources
were the most stable (and no detachment from glass) with a variation of
less than 1% in the measured hydrophone voltage signals. For a ﬁxed
laser pulse duration and a given polymer-type, increasing the CNT wt.
% did not increase the pressure amplitude. This is because the stress
relaxation time, τac = (μa c0)−1, decreases with optical absorption coefﬁcient, μa [m−1], where c0 [m s−1] is the sound-speed of the CPN
material. If the laser pulse duration, τ , is not signiﬁcantly shorter than
τac then the pressure wave starts to leave the heated region before the
heating is completed, thereby limiting the magnitude of the acoustic
pulse (also known as stress conﬁnement) [37–39]. The CPN sources are
typically more acoustically absorbing than the pure matrix material.
Therefore, the thickness should ideally be equal to the optical absorption depth or as thin as practically achievable to minimize unnecessary
acoustic absorption and loss of high frequencies. The peak-positive
pressures from the PDMS-based CPN sources ranged from 2 to 7 MPa
and were found to be nonlinearly dependent on the laser ﬂuence. The
−6 dB bandwidth metric scaled inversely proportionally to the peak
pressure. This was caused by the steepening of the LGUS wavefront due
to cumulative acoustic nonlinearity, which is a function of the medium
nonlinearity, pressure amplitude, propagation distance and pulse shape
[40]. The changing wave shape, coupled with stronger absorption of
higher frequencies in water, resulted in loss of both amplitude and
bandwidth as conﬁrmed with measurements and modelling studies
[31]. In order to minimize the losses, the source-hydrophone separation
should be as small as practically achievable, which in our case was
within 3–7 mm.
The CPN source element for the LGUS source was designed around a
fused silica parallel disc of 5 ± 0.1 mm thickness and 50 mm diameter
(FSW18, Newport Corporation, U.K.) on which the CPN layer was
coated. The multi-walled CNT (Haydale Ltd., Ammanford,
Carmarthenshire, U.K.) were mechanically dispersed in PDMS using a
high-speed shear mixer (DAC 150.1 FV-K, SpeedMixerTM, High
Wycombe, U.K.). As per the speciﬁcations from Haydale Ltd., the diameter and the length of individual CNT were 10 nm and 1.5 μm , respectively. Although the supplied multi-walled CNT were functionalized to contain carboxylic-acid (COOH) groups, the eﬀect of
functionalization on the quality of dispersion or fabrication was not
studied independently. The CNT (240 mg corresponds to 2 wt%), PDMS
(9.76 g), and catalyst (2 g) were all combined in a cylindrical plastic jar
compatible with the shear mixer. The CNT were dispersed in the
polymer at 3500 rotations per minute (rpm) for 2 min followed by
addition of the catalyst, and shear mixed again at 3500 rpm for 2 min. A
blade ﬁlm applicator (Tefcrom Microm II Film Applicator, Gardco, FL,
USA) was used to coat the nanocomposite paste in which a height adjustable knife-edged metal frame attached to a pair of micrometers

3.2. Laser
The key laser speciﬁcations were for the pulse duration, ﬂuence, and
laser pulse delivery method. The laser pulse duration should ideally
satisfy stress conﬁnement i.e., τ ≪ τac but due to the high optical absorption of the CPN sources across the visible and near infrared spectrum [31], a picosecond range duration laser would be required. For a
2.5 wt% CNT in PDMS, τac is 5 ns, as calculated from μa and c0 of pure
PDMS in ref. [31]. Picosecond lasers with suﬃcient output energy are
available but due to cost prohibitions a Q-switched laser (1064 nm)
with FWHM duration below 4 ns was speciﬁed, which was considered
suﬃcient. The acoustic beam close to the CPN source resembles the
laser illumination area and therefore by increasing the illumination
area a broad acoustic beam can be generated. In our previous work
[31], a ﬂuence of 20 mJcm−2 with an optical beam diameter of 10 mm
(−20 dB) achieved via beam modifying optics and 4 ns FWHM duration
produced peak-positive pressures of up to 5 MPa for a 2.5 wt% CNT in
PDMS. In that case the source-hydrophone separation was 7.4 mm. This
implies that for a 20 mm beam diameter, and keeping the same ﬂuence,
the required laser energy becomes 70 mJ . The laser type was chosen to
be diode-pumped, rather than ﬂash lamp-pumped, due to its compact
size. Since the laser is of high energy and an open-beam delivery of the
invisible wavelength laser poses a safety hazard to users, an optical
ﬁber delivery system was speciﬁed. It was also desirable to obtain a
trigger-out signal by placing a photodetector close to the exit aperture
of the laser. This will enable synchronization with other hardware such
as oscilloscope and automated scanning required for ultrasound ﬁeld
mapping. The M-Nano laser from Montfort GmbH (Götzis, Austria)
closely matched these speciﬁcations. For the experiments, the laser
module was mounted on a standard optical steel breadboard, which
provided the necessary conductive cooling, with convective cooling
achieved using a small cooling fan positioned close to the laser module.
The temporal stability was monitored from cold switch-on of the laser –
once with cooling fan on, once oﬀ – for one hour. After the ﬁrst 20-min,
the standard deviation for both measurements were typically 0.5%. The
FWHM pulse duration was 2.6 ns, measured at the end of the ﬁberbundle using an external high-speed photodetector (DET0CL, Thorlabs,
Exeter, U.K.) and was comparable to that measured by the internal
photodetector placed close to the exit aperture inside the laser system.
3.3. Design and fabrication of the source housing
A modular cylindrical housing was designed and fabricated to hold
the nanocomposite source at one end, with a middle section to hold
optical elements if required, for example to expand the laser beam, and
with an adaptor at the opposite end to attach securely to an optical
ﬁber-bundle. The entire aluminum assembly was designed to be watertight. The Computer Aided Design (CAD) drawings and fabrication were
carried out by NPL’s Engineering team. The completed LGUS source is
shown in Fig. 1. The source element is secured in a circular plastic
frame with front screws for easy replacement in the event of damage to
the coating surface. The inner diameter (50 mm) of the middle section
was designed to hold standard optical components from Thorlabs, Inc.
A 1500 grit ground glass optical diﬀuser was placed inside the middle
section, which homogenized the laser beam and increased the
3
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Fig. 1. Modular design of the LGUS source fabricated
from aluminum. Clockwise: The CPN source element
is securely held in a front plastic frame which is attached with screws to the middle section. The middle
section holds a Thorlabs, Inc 1500 grit ground glass
diﬀuser to both expand and homogenize the laser
beam to a diameter of nearly 30 mm. The ﬁberbundle is gripped by the two grub screws on the end
section which in turn is secured to the middle section
with screws.

using a model of the hydrophone developed at NPL [43]. The pressuretime series were recovered from the measured UT1604 hydrophone
voltage waveforms using deconvolution [6]. A Tektronix oscilloscope
(DPO7254, Tektronix, Beaverton, OR, USA) was used to acquire the
hydrophone waveforms, and the acquisition trigger to the oscilloscope
was provided by the laser system. The waveforms were sampled at 1
GS/s and the waveform record consisted of 2000 data points.

illumination diameter to nearly 30 mm (measured approximately with
a photosensitive card). The measured pulse energy after the diﬀuser
was 43 mJ , which is the energy incident on the CPN.

4. Characterization of the calibration source
4.1. Measurement setup

4.2. Interfacial reﬂections

The measurement setup used for source characterization is shown in
Fig. 2. A 5-axis gantry with rotation and tilt, facilitated by a two-axis
manual goniometer stage and three motorized linear axes (LNR50S/M,
Thorlabs, Ely, U.K.) and controlled by dedicated scanning software
(UMS2, Precision Acoustics Ltd., Dorchester, U.K.), was used for scanning the LGUS beam. A thermocouple placed inside the water tank was
used to record the water temperature (not shown in Fig. 2). The laboratory operating conditions maintained the temperature of the water
at 20 ± 1.0 °C. Three uncoated coplanar membrane type hydrophones
from Precision Acoustics Ltd were employed for characterizing the
LGUS beams of geometrical diameters 0.2 mm (UT1602), 0.4 mm
(UT1604) and 0.6 mm (UT1606). The UT1604 hydrophone was calibrated from 1 to 60 MHz for its magnitude and phase response using a
secondary calibration procedure [41,42]. The hydrophone response
was also extrapolated from 60 to 110 MHz as described in ref. [31]

The acoustic pressure generated in the CPN will divide into two
equal parts, one propagating to the left, pL(t), and the other to the right,
pR(t). Consider the case in which the hydrophone is located in water to
the left of the CPN source (Fig. 2). The two waves, when they arrive at
the edge of the CPN source, are presented with CPN-glass and CPNwater interfaces respectively, where step changes in the acoustic impedance occur. The wave entering the water will therefore be the
product of the initial wave and the CPN-water transmission coeﬃcient,
and the wave reﬂected at the CPN-glass interface will be multiplied by
the CPN-glass reﬂection coeﬃcient. It will then be transmitted into the
water too, and subsequent reverberations within the CPN layer are
possible (although they will become progressively damped). On a
longer timescale, the right-going wave transmitted into the glass

Fig.2. (a) Automated scanning tank set-up with ﬁxed LGUS source and hydrophone mounted on the three-axis automated scanning tank. The tilt and rotation
alignments of the hydrophone were aided by manual goniometer stages ﬁtted to one of the linear stages. Axis convention: z – axis of propagation, y – vertical and x –
horizontal. (b) Laser cooling arrangement using a fan-cooled heat sink. Two DC voltage driven axial fans are mounted on one end of the hollow ﬁn aggregates (not
visible in the picture).
4
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source are indistinguishable. The pulses in Region 2 are those transmitted into the glass backing, reﬂected at the rear glass-air interface,
and transmitted through the CPN layer into the water, arriving at the
hydrophone after a round-trip travel time of 1.8 μs . The amplitude
progressively diminishes with subsequent round-trip reﬂections. Also
seen in Region 2 is the pulse from Region 1 after it has reﬂected from
both the hydrophone and back from the source face. For the calibration,
the pulse in Region 1 is the only wave of interest and all the other pulses
are time-gated out during the measurements.
The polarity change in the trailing part of the pulse in Region 1 is
due to diﬀraction arising from the Gaussian proﬁle of the excitation
laser beam. (To understand this, consider the case of a laser beam with
a top-hat proﬁle incident on the CPN surface. In this case a sharp discontinuity in the absorbed energy density occurs, which gives rise to a
boundary diﬀraction wave known as the edge-wave [44]. In case of
Gaussian laser beam proﬁle, such a distinct edge-wave is not generated
but a negative wave is still present. The eﬀect of laser beam proﬁles has
been theoretically studied with experimental validation in ref. [45]).

Fig. 3. The main LGUS pulse and the subsequent pulses due to internal reﬂections recorded using a membrane hydrophone. Region 1 corresponds to the
initial transmitted pulse comprising of pL(t) and pR(t) ﬁrst reﬂected at the CPNglass interface. Region 2 contains the pulses due to internal reﬂections (annotated I1 − I5 ), which are time-gated out during calibration procedures. The
polarity change in the trailing part of the pulse in Region 1 is due to diﬀraction
arising from the Gaussian proﬁle of the excitation laser beam. The positive
pulse in Region 2 (annotated R ) is the reﬂection of the main LGUS pulse from
the hydrophone and then back from the source face.

4.3. Long-time temporal stability
A measure of the long-time temporal stability of the calibration
source was obtained by measuring and analyzing the hydrophone voltage signals acquired for all four sources over three hours. This choice
of time period reﬂects the length of time required to complete one
hydrophone calibration on the Primary Standard. The UT1602 hydrophone was positioned at 5.5 mm from the source and aligned to the
maximum of the LGUS beam at the measurement plane. The hydrophone voltage signal was averaged on the oscilloscope for eight trigger
sweeps before saving each waveform. The stability was assessed by
analyzing the peak-positive voltages of the waveform records acquired
every three seconds over the three hours.
Each plot shown in Fig. 4 is normalized to the beginning of the
respective measurement data set. Firstly, there are rapid ﬂuctuations of
around 1% (except for Source #4) that can be ascribed to the small
number of waveform averages used for these stability tests. During

backing will reﬂect from its rear and pass back through the CPN and
into the water.
Fig. 3 is a voltage time-series acquired using a membrane hydrophone over a long acquisition window showing these interfacial reﬂections. The plot area is divided into two regions. Region 1 corresponds to the initial transmitted part of pL(t) through the CPN-water
interface, initial pR(t) ﬁrst reﬂected at the CPN-glass interface and then
transmitted through the CPN-water interface, and its subsequent reﬂections at the CPN-water and CPN-glass interfaces. Since the thickness
of the CPN source is only 20 μm , these reﬂections internal to the CPN

Fig. 4. Temporal stability plots of the four PDMS-based glass-backed CPN sources. Each data point in the plot is an average of eight sweep signals. Each plot was
normalized to the beginning of the respective measurement data set.
5
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LGUS source and the LDV beam was reﬂected from the gold-coated side
of the pellicle. The velocity pulse shown in Fig. 5 has velocity components up to at least 100 MHz as shown in the corresponding magnitude
spectra, which is very encouraging. The peak velocity of the pulse
corresponds to a peak-positive pressure of 5.6 MPa at a source-pellicle
separation of 7.4 mm. This was estimated using the following acoustic
plane wave relation [46]

calibrations normally 1000 waveform averages are performed and
consequently these rapid ﬂuctuations would be averaged out. Second,
there is a slowly-varying ﬂuctuation (except for Source #2), in which
the source amplitude shows a gradual change of less than 2% from its
mean over the three-hour test period. This variation is acceptable, and
this is long enough for a typical calibration of a hydrophone, which
involves up to six measurements repeated at 20-minute intervals. Any
source that exhibits a variation of more than 2% in its mean output
within the three-hour test period, then such a source could be rejected
from use for example Source #4. Finally, it is also important to note
that the CNT encapsulated in the polymer matrix did not contaminate
the water, as conﬁrmed by measuring the electrical conductivity of the
water before and after the long-time temporal studies and conﬁrming
that it had not changed.

p = uρ0 c0,

(1)

where, p [Pa] is the acoustic pressure, u [ms−1] is the acoustic particle
velocity, ρ0 [kgm−3 ] and c0 [ms−1] are the temperature dependent
ambient mass density and sound-speed of water, respectively.
The LDV measurements will be aﬀected by the acousto-optic eﬀect,
which is the modulation of the optical refractive index as a result of the
density changes in an acoustic wave. Here it is a potential concern
because the LDV beam is arranged to pass through water in the NPL
setup that will be carrying the US pulse, and the signiﬁcance of the
subsequent change in optical path-length needs to be assessed, as it will
register as an addition to the velocity measured by the LDV [47]. The
acousto-optic correction that is applied to pressure measurements from
the LDV when using tone-burst ultrasound signals is negligibly small as
they time-average to almost zero [48]. However, the LGUS pulse
emerging from the CPN source is principally a positive pulse and
therefore, there may be a small systematic eﬀect on the measured velocity by the LDV. Future work will assess the eﬀect of acousto-optic
eﬀect and if it is signiﬁcant then an air-backed pellicle will be used. The
use of air-backed pellicle will result in the doubling of measured velocity due to pressure-release boundary condition at the air and water
interface, which will need to be taken into consideration, but it will
remove the path of the LDV beam through the water and thus remove
any potential for an acousto-optic eﬀect error.
The measurements of the beam plots given in Section 4.6, were
performed using a hydrophone, since it was not possible to scan the
LDV with its current set-up. A set of voltage time-series acquired from
the UT1604 hydrophone and their corresponding magnitude spectra are
shown in Fig. 6. The hydrophone response was deconvolved from the
time-series using the procedure described in ref. [31]. The resulting
LGUS pressure-pulses and their corresponding magnitude spectra are
shown in Fig. 5. The peak-positive pressures from the four source elements measured at a source-hydrophone separation of 5.5 mm ranged
from 7.3 to 8.4 MPa. It should be borne in mind that the deconvolved
pressure-pulses are aﬀected by the bandwidth of the hydrophone, the
frequency range over which the hydrophone is calibrated, and the
planarity of the acoustic beam. Frequency response deconvolution has
been studied widely in the literature [9,29,42,49–52].

4.4. Source surface temperature
The sensitivity of hydrophones can change with temperature. The
temperature-dependent sensitivity coeﬃcient of the coplanar type
PVDF membrane hydrophone over 1–10 MHz was measured as 0.65%
°C−1 [22]. The optically-induced temperature rise within the LGUS
source, which accompanies the acoustic pressure generation, diﬀuses
into the cooler surroundings, which includes the region of water between the LGUS source and the hydrophone. Temperature measurements were taken on the surface of the LGUS source (Source #3) and on
the active element of the hydrophone. A K-type thin-wire thermocouple
connected to a data logger (USB-TC01, National Instruments, Austin,
Texas, USA) was used for this purpose. The source-hydrophone separation was 5.5 mm. The surface temperature of the LGUS source increased by 3.3 °C within 20 s from cold switch-on and remained stable
thereafter. However, the temperature of the water in front of the hydrophone over one-hour period did not change from its ambient value
of 19.8 °C. This suggested that the source surface temperature increase
was not signiﬁcant enough to cause the temperature of the water in
front of the hydrophone to increase thereby not aﬀecting the sensitivity
of the hydrophone.
4.5. Time-series and spectra
A test measurement was obtained by applying the LGUS source on
the UHF-120 model LDV from Polytec Ltd (Coventry, U.K.) on which
the future primary hydrophone calibration standard at NPL is going to
be based. The UHF-120 LDV has an analog bandwidth of 600 MHz and
the optical beam diameter at a 500 mm stand-oﬀ distance is around 50
μm . A velocity pulse was measured by placing a pellicle (polyethylene
terephthalate ﬁlm of 5 μm thickness with a gold coating of 25 nm on
one side stretched on a 100 mm diameter annular ring) in front of the

Fig. 5. The velocity pulse corresponds to Source #3, which was measured by reﬂecting the LDV (UHF-120, Polytec Ltd.) beam from a pellicle. The calculated
magnitude spectra show velocity components at least up to 100 MHz.
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The 0.2 mm diameter hydrophone was a Precision Acoustics D1202
type since the UT1602 type hydrophone was not available at the time of
this particular study. The PVDF ﬁlm thickness of D1202 is nominally 12
μm and has a diﬀerential input ampliﬁer. Additionally, the average
magnitude sensitivity of the D1202 hydrophone from 1 to 60 MHz is a
factor of 2.6 higher than UT1604 and 1.5 higher than UT1606 hydrophones. The measurement repeatability was assessed by statistically
analyzing the quality of spectral (magnitude) ratios for a pair of hydrophones from repeat measurement data sets. For this purpose, the
hydrophone signals were measured in the LGUS beam of Source #1 at a
source-hydrophone separation of 5 μs via time-of-ﬂight (or ~7.4 mm).
The alignment of the hydrophone to the maximum of the beam in the
measurement plane was achieved by a combination of line scan measurements in x- and y-axes and manual angular adjustments. Once the
alignment process was completed, a hydrophone signal was acquired,
and the process was repeated using the other two hydrophones. A total
of six repeat measurements were performed on each hydrophone.
The standard errors or the Type A uncertainties [53] in the measurement were evaluated on the magnitude ratios from six repeat
measurements for a pair of hydrophones i.e., 0.4 mm over 0.2 mm,
0.6 mm over 0.2 mm, and 0.6 mm over 0.4 mm. The Type A uncertainties shown in Fig. 8 are equivalent or better to those derived
using piezoelectric transducers up to the overlapping frequency of
60 MHz in primary hydrophone calibration procedures. The Type A
uncertainties in the magnitude calibration of a membrane-type hydrophone at 60 MHz on NPL and PTB setups are 7.5% and 2.08%, respectively [17,22]. Overall, the Type A uncertainties seen in Fig. 8 are
acceptably low, which conﬁrms that the trend observed in long-time
temporal stability (see Fig. 4) of the LGUS sources is not a concern
during calibrations on the Primary Standard.

Fig. 6. Top row: Voltage time-series acquired from UT1604 hydrophone and
their corresponding magnitude spectra from all four source elements. Bottom
row: Pressure time-series were recovered from the measured hydrophone voltage waveforms via deconvolution.

4.6. Beam scans
Beam scans were performed to measure the spatial proﬁle of the
LGUS beam, and to estimate the laser ﬂuence, since the laser beam will
have the same proﬁle. Three separate scans were performed using the
UT1604 hydrophone in the x-y, x-z, and y-z planes. The scan step size
was 0.25 mm, and the source-hydrophone separation was 5.2 mm.
Fig. 7 shows the beam scans for Source #3. (Beam scans from the three
other sources were comparable.) The FWHM of the beam in x-y plane
was around 8 mm. The beam-area was estimated by summing the areas
of all the pixels at which the beam energy was greater than or equal to
10% (or –20 dB) of the peak value in the raster scan image. The average
beam-area from the scans of the four sources in the x-y plane was
3.19 ± 0.08 cm2 . The pulse energy after the diﬀuser was 43 mJ , which
gives an average ﬂuence of 13.5 mJcm−2 on the surface of the CPN.

5.2. Spatial averaging errors
The pressure measured by the hydrophone is, to a ﬁrst approximation, an average of the acoustic ﬁeld incident on the surface of the
ﬁnite-sized active element. If the incident pressure amplitude is not
uniform across the active element, then spatial averaging will result in a
measured amplitude lower than the peak pressure and, crucially, different from the pressure measured by the LDV due to its superior spatial
resolution. The beam proﬁle of the LGUS beam shown in Fig. 7 is
Gaussian, not planar. Consequently, the pressure will not be uniform
over the surface of the hydrophone, introducing a spatial averaging
error in the measurement. The larger the active element of the hydrophone the greater the error. Therefore, the signiﬁcance of the error due
to spatial averaging in the LGUS beam was assessed for three membrane
hydrophones of 0.2 mm, 0.4 mm and 0.6 mm diameters.
An empirical model previously developed at NPL was used to calculate the spatial averaging corrections (inverse of the error) for the
three hydrophone sizes [54]. The method requires following two frequency dependent parameters to be known to calculate the required

5. Considerations in the use of the calibration source in a primary
standard
5.1. Measurement repeatability
The long-time temporal stability has already been discussed in
Section 4.3. Here the impact of the temporal stability on measurement
repeatability is assessed in a secondary hydrophone calibration scenario
using 0.2 mm, 0.4 mm, and 0.6 mm diameter membrane hydrophones.

Fig. 7. Beam scans of the LGUS ﬁeld from Source #3 in x-y, x-z and y-z planes obtained using the UT1604 membrane hydrophone. The scan step size was 0.25 mm.
The peak hydrophone voltages recorded from the raster scan were rescaled between (0, 1) for each measurement plane.
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Fig. 10. Spatial averaging corrections for 0.2 mm, 0.4 mm and 0.6 mm diameter membrane hydrophones calculated using Eq. (3). The corrections were
calculated from the average of the frequency dependent beam-widths measured
in × and y-axes at a source-hydrophone separation of 5.2 mm in the LGUS
beam of Source #3. The eﬀective hydrophone diameters for the three membrane hydrophones were calculated using Eq. (2).

Fig. 8. Type A measurement uncertainty calculated from the spectral (magnitude) ratios for a pair of 0.2 mm, 0.4 mm, and 0.6 mm diameter membrane
hydrophones over six independent repeat measurements in the LGUS beam of
Source #1.

corrections i) the directional response of the hydrophone from which
the eﬀective diameter, d eff (f ) is calculated [28,55] and ii) the − 6 dB
beam-width measured at the measurement plane using the spectra of
the hydrophone voltage pulse. The directional response for the three
hydrophones was not measured but the nominal eﬀective hydrophone
diameters were obtained using the empirical relationship [28,56]

d eff (f ) = 2 ×

ag2 +

1
,
4f 2

of 5.2 mm, which corresponds to the LGUS beam of Source #3. The
frequency dependent beam-widths were obtained from the magnitude
spectra of each hydrophone voltage waveform recorded from the line
scan along the x and y-axes. The y-axis corresponds to the long electrode axis of the hydrophone. The features seen in the beam-width plots
are discussed in the subsequent paragraph. The calculated spatial
averaging corrections for the three hydrophones are shown in Fig. 10.
The corrections are below 1% at all frequencies and hence the uncertainty contribution will be negligible during calibrations for hydrophone diameters up to 0.6 mm. In comparison, the correction for a
0.5 mm diameter membrane hydrophone was 3.4% at 60 MHz in a
nonlinearly steepened ﬁeld generated by a 5 MHz focused transducer
[21].
The prominent structures seen in the beam-width plots, which appear consistently at the same frequencies for diﬀerent hydrophones is
likely to have arisen from the interfacial reﬂections that are part of the
main pulse as described in Section 4.2. This can be experimentally investigated by using a LGUS source either with twice or half the CPN
layer thickness used in this study (nominally 20 μm ) in which case the
constructive and destructive interfacial reﬂections should occur at different frequencies. Also, the beam-widths of the 0.2 mm hydrophone

(2)

where, ag is the nominal geometrical radius and f is the frequency in
MHz. It is worth noting that there are alternate functional forms for
membrane hydrophones that have also been successful in modelling
d eff (f ) [57,58].
The spatial averaging correction, δ, is derived using the empirical
relationship

δ (f ) = 1 +

0.3
.
([beamwidth (f )/d eff (f )]2 + 0.3)

(3)

The eﬀective hydrophone diameters, d eff (f ) , calculated using Eq. (2)
for 0.2 mm, 0.4 mm, and 0.6 mm diameter hydrophones, are shown in
Fig. 9. Also, shown in the same ﬁgure are the measured − 6 dB beamwidths through the beam maximum at a source-hydrophone separation

Fig. 9. Eﬀective diameters calculated using Eq. (2) for 0.2 mm, 0.4 mm, and 0.6 mm diameter membrane hydrophones. The eﬀective diameters are plotted only up to
a frequency of 10 MHz since the values converge to the nominal geometrical values beyond 10 MHz. The frequency dependent beam-widths were obtained from the
magnitude spectra of each hydrophone voltage waveform recorded along the line scans along the × and y-axes at the position of the beam maximum. The sourcehydrophone separation was 5.2 mm and measurement data correspond to the LGUS beam of Source #3.
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were consistently found, in repeated measurements, to be lower in the
y-axis compared to the 0.4 mm and 0.6 mm hydrophones. The exact
reasons were not investigated, but possibly this could be due to asymmetry in the geometrical dimensions of the sensing element.
Finally, it is important to emphasize that there are other approaches
to calculating spatial averaging corrections i.e., numerical [24,27,28]
and analytic inverse-ﬁlter [25,29] methods. The method used above
provides a representative range of corrections for theoretical membrane
hydrophone diameters given that d eff (f ) was not measured. This approach was deemed suﬃcient for the purpose of this study. However,
when calibrating hydrophones on the Primary Standard, d eff (f ) will be
determined from experimentally measured directional response data as
prescribed in the standard IEC 62127-3 [55].

[7]

[8]

[9]

[10]

[11]

6. Conclusions
In this paper, the design and fabrication of a high-pressure, broadband, plane-wave, laser-generated ultrasound calibration source has
been described. Its characteristics were measured, including the peak
pressure amplitude (several MPa), bandwidth (> 100 MHz), beam
proﬁle (full-width and half maximum), and long-time temporal stability
(better than 2% variation from mean). The uncertainties arising from
the use of the LGUS source in a calibration scenario were assessed,
including the measurement repeatability and eﬀect of spatial averaging.
These were equivalent or better than those achieved in existing hydrophone calibration procedures using piezoelectric transducers.
All tests conducted on the LGUS source indicate its suitability for
hydrophone calibrations up to 100 MHz. It is anticipated that future
Primary Standard calibrations employing LGUS sources in combination
with LDV detectors will signiﬁcantly lower uncertainties in comparison
to current procedures.
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