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The shock wave emitted by the collapse of a laser-induced bubble is detected at propagation distances of
30, 40 and 50 mm, using a PVdF needle hydrophone, with a non-flat end-of-cable frequency response,
calibrated for magnitude and phase, from 125 kHz to 20 MHz. High-speed shadowgraphic imaging at
5 � 106 frames per second, 10 ns temporal resolution and 256 frames per sequence, records the bubble
deflation from maximum to minimum radius, the collapse and shock wave generation, and the subse-
quent rebound in unprecedented detail, for a single sequence of an individual bubble. The Gilmore equa-
tion for bubble oscillation is solved according to the resolved bubble collapse, and simulated shock wave
profiles deduced from the acoustic emissions, for comparison to the hydrophone recordings. The effects
of single-frequency calibration, magnitude-only and full waveform deconvolution of the experimental
data are presented, in both time and frequency domains. Magnitude-only deconvolution increases the
peak pressure amplitude of the measured shock wave by approximately 9%, from single-frequency cali-
bration, with full waveform deconvolution increasing it by a further 3%. Full waveform deconvolution
generates a shock wave profile that is in agreement with the simulated profile, filtered according to
the calibration bandwidth. Implications for the detection and monitoring of acoustic cavitation, where
the role of periodic bubble collapse shock waves has recently been realised, are discussed.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The collapsing bubble plays a critical role in many inertial cav-
itation applications. The high energy densities that can be reached
around the instant of collapse are known to mediate plasma [1]
and free radical [2,3] formation, as well as picosecond pulses of
light known as sonoluminescence [1,4]. In many reports, acoustic
detection of the bubble collapse shock wave (BCSW) is undertaken
with polyvinylidene fluoride (PVdF) needle-type hydrophone
[5–11], and an apparent negative phase indicated within the pro-
file [8–14], trailing the positive compressive pulse that characterise
shock waves generally. The negative phase is not often discussed in
any detail, but could be interpreted as the detection of a tensile
pressure phase, generated via medium response to the propagation
of a compressive pulse. Such ‘wake-effects’ are well documented
for the shock waves generated during lithotripsy, for example,
although diffraction at the lithotripter aperture also provides a
contribution to the tensile phase [15].

The emission of single shock waves from a closely packed cloud
of bubbles, generated by a short burst of intense focused
ultrasound incident to a surface, has also been observed via
high-speed imaging and acoustically detected with a needle-type
hydrophone [10]. In this work, the bubble cloud forms around
the acoustic focus, with component bubbles expanding and
collapsing in unison to produce a single shock front. Our group
has also reported that the component bubbles within a cloud
acoustically driven by an extended burst of focused ultrasound,
oscillate in phase such that the cloud emits single shock waves –
although multi-fronted shock waves were observed for larger
clouds and higher driving pressure amplitudes – periodically, at
subharmonic frequencies to that of the driving [16]. Although
BCSWs are recognised as an acoustic signal generated by inertial
cavitation activity, it is generally thought that shock waves primar-
ily contribute to the cavitation spectrum by raising the power of all
spectral features [17]. Periodic shock waves, however, can be
responsible for specific features, particularly the subharmonic
and higher-order subharmonic peaks. The treatment of the
detected shock waves could have implications for the spectra
presented in reports on acoustic cavitation effects.

In this paper we report on the use of a commercial PVdF needle
hydrophone, supplied with a pre-amplifier, and end-of-cable cali-
bration for both magnitude and phase over a bandwidth of 125
kHz to 20 MHz, to detect the BCSW emitted during the collapse
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of a laser-induced bubble (LIB) in water. Consistent with previous
reports [8–14], the raw hydrophone data indicate an apparent neg-
ative phase in the voltage output of the detected BCSW profile, at
all propagation distances over which measurements are taken.
We present BCSW measurements under the assumption of
single-frequency calibration, magnitude-only deconvolution, and
full waveform deconvolution with complex sensitivity over the cal-
ibrated bandwidth. It should be recognised that such a hydrophone
device, which may be expected to have a non-flat frequency
response, is therefore not ideal for making such a measurement
of broadband signals [18]. The measurement will be distorted, both
with regards to the temporal shape and the relative magnitudes of
the different frequency components [19,20]. Indeed, detectors have
been developed with a smooth and predictable frequency
response, for which single-frequency calibration is sufficient [21].
Here, we demonstrate that the shock wave measurement can be
reasonably reconstructed with full waveform deconvolution, cor-
recting for distortions imposed by the hydrophone frequency
response. We use a common bubble oscillation model to simulate
the LIB collapse and BCSW generation, with particular attention
given to the peak pressure amplitude (PPA), the full width half
maximum (FWHM) and the apparent negative phase of the exper-
imental BCSW profile.
Fig. 1. (a) Schematic of the experimental configuration used for generating LIBs and
detecting BCSWs with a 1 mm PVdF (Precision Acoustics) needle hydrophone. (b)
End-of-cable magnitude (solid) and phase (dash) response for the needle hydro-
phone and pre-amplifier, over a bandwidth of 125 kHz–20 MHz in 25 kHz incre-
ments. Uncertainties are represented by the grey shading at 9–12% for the sensitivity
and 4–8% for the phase, as provided by National Physical Laboratory (NPL).
2. Experimental setup

When a laser pulse of energy sufficient to cause optical break-
down, is focused into a liquid, a single laser-induced bubble (LIB)
forms. A LIB initially undergoes an expansion phase in response
to the energy deposition, which the inertia of the host medium
decelerates eventually causing the bubble to contract and collapse,
often followed by several rebound oscillations. Acoustic detection
of the LIB process is characterised by the emission of a series of
shock waves. The first is generated by the plasma formed on
absorption of the laser pulse [5], with a second emitted during
the collapse of the primary bubble after a duration equal to the
oscillation period of the LIB. Successive rebounds may also emit
shocks of diminishing pressure amplitudes.

To study the BCSWs reliably, LIBs are generated within a
custom built chamber, represented schematically by Fig. 1(a)
measuring 420 � 438 � 220 mm3 and filled with degassed,
deionised water. Two of the walls are recessed, allowing imaging
optics to be placed in proximity to the intended location of the
LIB, facilitating spatial resolution at 7.6 ± 0.1 lm per pixel. A
single 4.0 ± 0.2 mJ (instrument error according to manufacturer),
6–8 ns laser pulse (Nano S 130-10 frequency doubled
Q-switched Nd:YAG, Litron Lasers, UK), is brought to a focus
through a long working distance microscope objective lens
(50 � 0.42 NA Mitutoyo, Japan), submerged in a sealed unit, and
mounted on an xyz manipulator (Velmex Motor, Bloomfield, NY,
USA). High-speed shadowgraphic imaging of the resulting cavita-
tion activity is undertaken at 5 � 106 frames per second (HPV-X2,
Shimadzu, Japan), with synchronous 10 ns laser pulses (CAVILUX
Smart, Cavitar, Finland) providing the illumination and effective
temporal resolution. A delay generator (DG535, Stanford Research
Systems, USA) provides electronic triggering to synchronise each
of the instruments.

The HPV-X2 camera offers 256 frames per image sequence, such
that the dynamics of the collapse of a single bubble is sampled
sufficiently for modelling purposes, as described in Section 3. Much
of the literature on this type of experiment relies on the selection
of frames from a number of different high-speed sequences of a
number of different bubbles, under the assumption that each bub-
ble reaches an equivalent maximum radius and undergoes an
equivalent collapse [5,22].
A PVdF needle hydrophone (1.0 mm diameter, 28 lm thick
active element, supplied with pre-amplifier, Precision Acoustics,
UK), calibrated for both magnitude and phase over a bandwidth
of 125 kHz–20 MHz, Fig. 1(b) (National Physical Laboratory (NPL),
2016), also mounted on an xyz manipulator, is positioned verti-
cally over the bubble site to minimise reflections from the front
face of the laser focusing lens unit. The fluctuations in both magni-
tude and phase illustrate the non-flat response of the hydrophone,
and the need for detector deconvolution when measuring a broad-
band signal. The manufacturer of the needle hydrophone used in
this study defines the frequency response to be flat when the vari-
ation is less than ±2 dB. As such, the hydrophone response in the
frequency range 4–12 MHz, may be considered flat, with the fluc-
tuations occurring at <4 MHz and >12 MHz, Fig. 1(b).

Acoustic BCSW measurements are undertaken at distances of
30, 40 and 50 (±0.5) mm. At these distances the angle subtended
by the 1 mm active area of the needle hydrophone is <1�, and the
shock wave may be assumed planar to a first approximation. At
shorter distances, the curvature of the shock wave would have a
pronounced effect on the measured characteristics, including the
FWHM, through geometric spreading across the active area. The
hydrophone is connected to an oscilloscope (MS07104A, Agilent
Technologies, USA), and acoustic data collected at 4 GSs�1.

Fig. 2(a) are representative frames extracted from a single high-
speed image sequence, captured at 5 � 106 frames per second, but
with each frame exposed for only 10 ns. The criteria for an LIB
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Fig. 2. (a) Representative high-speed images of an LIB collapse, BCSW generation and rebound, recorded at 5 � 106 frames per second. Full image sequence available in movie
format, as supplementary material. (b) A full hydrophone voltage trace, recorded at 30 mm, with key features described in the text, arrowed. Note, there is �20 ls propagation
time for the shock waves between the high-speed imaging capture and hydrophone detection.
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collapse and BCSW to be included in the dataset fromwhich profiles
are considered, are (i) an Rmax = 365 ± 4 lm, Fig. 2(a) at 32.97 ls, (ii)
single frontedBCSWgeneration, Fig. 2(a) from65.97 to 66.37 ls, and
(iii) a spherical post-collapse rebound, Fig. 2(a) at 67.77 ls. It is well
known that the size of a bubble is critical in determining the ampli-
tude of the BCSW generated when it collapses [10]. To make mean-
ingful comparisons between BCSW profiles at different propagation
distance, equivalentRmax’s are critical, (i). It is alsowell reported that
due to spherical aberration, there is an extended focal region for a
laser pulse passed through an objective lens. The plasma generated,
and the LIB that forms,will thereforebe slightly elliptical [22],which
is seen at 65.57 ls, Fig. 2(a). A commonobservationmade during the
collection of this data was that in the event that the plasma
generated on laser pulse absorption is too extended, the collapse
could occur at two separate locations, generating a double-fronted
shock wave. Moreover for such cases, the rebounded bubble
will have fragmented, and such data was not considered further.

Fig. 2(b) is the voltage trace recorded by the needle hydrophone
during the LIB collapse of Fig. 2(a). Notable features are arrowed,
including (i) the Q-switch of the laser, indicating laser-pulse emis-
sion, which is taken as t = 0 ls for all data presented, (ii) the optical
breakdown shock wave (OBSW), indicating laser absorption and
plasma formation, and (iii) the BCSW, detection of which is the
topic of this work.

An important characteristic of any hydrophone used to measure
a shock wave is the rise time (RT) of the instrument, which is the
time taken to rise from 10 to 90% of the maximum voltage signal
amplitude, in response to a unit step function. The OBSW has an
abrupt rise to maximum signal [5], within a few ns – in contrast
to that of the BCSW, which has a much smoother transition to
PPA, due to the bubble emissions as it deflates into the collapse,
Fig. 2(b) – which can be used to approximate an impulse response.
Accordingly, an upper bound of 22.5 ns was deduced as the RT for
the needle hydrophone used in this work. This suggests
that the needle hydrophone has actual bandwidth beyond the
125 kHz–20 MHz calibration limit. All measured shock wave
FWHMs stated in the results below are greater than this upper
bound, and can therefore be taken as representative [5].
3. Bubble oscillation and shock wave generation model

There are many Rayleigh-Plesset-like equations in the literature
that account for liquid compressibility [22–27]. These equations

become relevant when the Mach number _R
c0
becomes ‘small’ during

expansion [28], where c0 is the speed of sound far from the bubble,
and _R is the bubble wall velocity. Examples of first order formula-
tions are the Keller-Miksis [23] and Herring-Trilling [24] equations,
whereas the Gilmore equation contains additional second order
terms [25]. As the Gilmore equation depends on the liquid
enthalpy, H, at the bubble wall, it is well suited to study inertial
collapses [28]. Hence, the Gilmore equation is used in this work.



Fig. 3. The experimental radius-time curve (circles), of the bubble collapse depicted
in Fig. 2(a) (bold circles are the data points of the images presented). The dashed
line curve is the best fit solution of the Gilmore equation with the following
parameters, for water; c0 ¼ 1484 m s�1, p0 ¼ 101 kPa, R0 ¼ 61 lm; Rmax ¼ 364 lm;

q0 ¼ 998 kg m�3, r ¼ 0:072 N m�1 and l ¼ 0:001 Pa s.
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Fig. 4. (a) Magnitude response of zero-phase bandpass filter, Hbpf ðf Þ, with the�3 dB
corner points, at 145 kHz and 19.9 MHz marked �, and (b) impulse response in the
time domain.
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The formulation presented is taken from Kreider et al. with some
modifications [26].

The Gilmore equation can be represented the following way
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where the overdot represents the time derivative, R is the instanta-
neous radius, and C the instantaneous speed of sound evaluated at
the bubble wall, respectively. Using a modified form of the Tait
equation for the liquid state to express C and H explicitly [29].

p ¼ p0 þ
1
bC

q
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� 1
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ð2Þ

where p0 is the ambient pressure, b and C are empirically deter-
mined constants, q and q0 are the instantaneous and ambient den-
sities of the liquid, respectively. C ¼ 6:5 was chosen from data for

water [29], and b is defined the following way b ¼ q0c
2
0

� ��1.
The enthalpy H and the speed of sound C at the bubble wall is

expressed as:

H ¼ ðbCÞ�1
C

q0

C
C� 1
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and

C2 ¼ c20 þ ðC� 1ÞH; ð4Þ

where B � ððbC� p0ÞÞ�1 and pw is the pressure at the bubble wall,
where pw can be expressed as

pw ¼ pi �
4l _R
R

� 2r
R

; ð5Þ

where pi is the internal pressure in the bubble, l is the shear viscos-
ity of the surrounding liquid and r the surface tension at the gas-
liquid interface. Assuming that the internal pressure is uniform, it
can be represented as

pi ¼ p0 þ
2r
R0

� �
R3
0 �mR3

0

R3 �mR3
0

 !j

; ð6Þ

where R0 is the equilibrium radius of the bubble, and m is the van
der Waals core parameter, chosen as m ¼ 0:11, j is the polytropic
exponent. Now, the speed of sound and the enthalpy at the bubble
wall can be explicitly expressed for implementation in a numerical
scheme.

The formulation of Eq. (1) assumes a constant gas content of the
bubble with a uniform pressure inside.

This has been shown to be an adequate assumption, even for
inertial collapses [30]. A recent finite volume investigation of the
collapse of a laser bubble, demonstrated that there are differences
in both the internal pressure of the bubble, and the maximum
rebound radius, compared to that predicted by the Gilmore equa-
tion [31]. Evaporation, condensation, gas diffusion through the
bubble wall, and heat conduction are neglected.

The circle scatter plot of Fig. 3 is the radius measured from each
frame of the high-speed sequence of the single LIB collapse, repre-
sented in Fig. 2(a). Other LIB radius-time curves reported have
been at higher frame rates, but the authors rely on compiling the
curve frommultiple sequences of different LIBs, assuming identical
bubble behaviour [5,22]. We also assign an error to the radius of
the bubble, depicted as the shaded region of the circle scatter plot,
based on bubble boundary pixel ambiguity within each image. We
further note that the minimum radius value, at 65.77 ls for the LIB
of Fig. 2(a), is likely underestimated as the BCSW generation and
initial propagation obscures the bubble image.
Solving Eq. (1) for the bubble deflation, collapse and rebound,
dashed curve of Fig. 3, allows the dynamics around the simulated
collapse to be probed in more detail. The acoustic emission as a
spherical wave, Prad, can be calculated the following way [13]:

Prad ¼ q0
R2€Rþ 2R _R2

r
; ð7Þ

where r is distance from the centre of the cavity. This approach is
used to generate the simulated shock wave profiles, presented in
dashed line, Figs. 5–7. Simulated shock wave profiles at all propaga-
tion distances are computed with a bandwidth of 100 MHz.
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Fig. 5. (a) Single-frequency calibrated hydrophone signal (black with grey shaded uncertainty), with the calibration value at 10 MHz, for BCSWs measured at propagation
distances of 30, 40 and 50 mm, and the simulated shock wave profile prediction (black dash). (b) Frequency spectra of the single-frequency calibrated signal (black with grey
envelope) and simulated shock (black dash) at r = 30 mm, normalised to the experimental data. Also shown (grey dot) is the noise floor, sampled from the hydrophone data
between the Q-switch and the OBSW, Fig. 2(b).
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4. Deconvolution of hydrophone data

Deconvolution of the needle hydrophone data, [20] is per-
formed in the frequency domain, according to Eq. (8)

Pðf Þ ¼ Vðf Þ=Mðf Þ � Hbpf ðf Þ ð8Þ

where Pðf Þ is the deconvolved signal, Vðf Þ the voltage signal, Mðf Þ
the complex sensitivity, and Hbpf ðf Þ a bandpass filter, Fig. 4(a),
implemented in the frequency domain and matching the calibration
bandwidth of 125 kHz–20 MHz.

Applying an inverse Fourier transform, the deconvolved signal
is obtained in the time domain. Magnitude-only deconvolution fol-
lows an equivalent process, assuming the phase, u = 0�, for all fre-
quencies. Uncertainties in the frequency domain are computed in
accordance with [32].
5. Results

For the results reported below, BCSWs are measured by the nee-
dle hydrophone, with the tip located at three propagation dis-
tances, r = 30, 40 and 50 (±0.5) mm from the laser focus and the
LIBs that form. A BCSW dataset was collected from comparable
LIBs, in terms of Rmax, single-fronted shock wave generation and
spherical rebound phase, verified via high-speed imaging, as dis-
cussed previously. Accordingly, the BCSWs presented may be con-
sidered as representative of the propagation of a single shock wave,
such that propagation effects may also be assessed. Close to the
bubble location, it may be expected that the BCSW speed is super-
sonic, during which the PPA decays as �r�2 [5]. At the measure-
ment distances of 30–50 mm, however, it is expected that the
pressure amplitude decays as �r�1 [5,10]. As such, we include
broken r�1 envelopes across the peak pressures in each shock
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wave representation, including for the simulated data, according to
Eq. (7).
5.1. Single-frequency calibration

The shock profiles of Fig. 5(a), solid black line, are single-
frequency calibrated BCSWs, converted from voltage to pressure
using the magnitude sensitivity at 10.0 MHz, which is
810.0 ± 8.1 mV/MPa. This frequency was selected as representative
of how bubble shock wave literature is often reported, and also as
it is within the flat bandwidth of the needle hydrophone, Fig. 1(b),
thereby making it a suitable choice for demonstrating the assump-
tion and implications of a flat frequency response. The time wave-
form shape of the profile is otherwise identical to the voltage signal
detected by the hydrophone.

The black-dash profiles of Fig. 5(a) are the BCSWs predicted by
the acoustic emissions computed by Eq. (7), from the solution of
the Gilmore equation, with notable differences to those measured.
In particular, the pressure amplitudes of the model profiles are
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around 2.5 times greater than the measured values, and the FWHM
less than 25% of those measured, Table 1. Furthermore, the exper-
imental profiles all exhibit an apparent negative phase, lasting
�0.5 ls and propagation independent, trailing the compressive
phase of the shock wave. The amplitude of the apparent negative
phase also follows the r�1 decay, exhibited by its positive pressure
counterpart (broken envelopes, Fig. 5(a)).

Fig. 5(b) are the frequency spectra of the experimental and sim-
ulated BCSW, at r = 30 mm. The shape of the spectrum, convolved
with the hydrophone response, is best considered relative to the
calibration data of Fig. 1(b). The steeper fall-off in the magnitude
of frequency components >12 MHz corresponds to the marked
decrease in magnitude sensitivity exhibited >12 MHz. Moreover,
the dip (arrowed, Fig. 5(b)) in the magnitude of the experimental
BCSW spectrum, from 2 to 3 MHz, is likely due to the structure
in the end-of-cable magnitude calibration data over the same
frequency range, Fig. 1(b). The unfiltered simulated shock wave
computed with a 100 MHz bandwidth, and a spectrum indicating
greater magnitude at higher frequencies compared to the mea-
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sured shock wave, predictably has a narrower FWHM in the time
domain, Fig. 5(a).

By sampling the hydrophone output between the Q-switch and
the OBSW, a noise floor for the hydrophone system is identified at
�45 dB, grey dot, Fig. 5(b). The spectrum of the detected shock
wave falls to this value at �45 MHz, indicating the needle hydro-
phone has sensitivity over a bandwidth beyond the calibration
range of 125 kHz–20 MHz, as expected from the assessment of
the rise time of the device, Section 2. However, it should be noted
that if the bandwidth of the calibration is extended beyond where
the measured signal is above the noise floor (�45 MHz for Fig. 5
(b)), then deconvolution would only amplify high frequency noise
[21]. Approximately 98% of the power above the noise floor, in the
voltage trace of the measured shock wave is within the calibrated
range, which gives some confidence that the calibration bandwidth
for the needle hydrophone is sufficient for deconvolution of BCSW,
and an assessment of the shock wave characteristics. For subse-
quent comparisons between simulated and experimental measure-
ments, we therefore apply Hbpf ðf Þ, Fig. 4, to the simulated shock
wave profiles and spectra, such that the bandwidths considered
are equivalent. The spectra are therefore subsequently presented
from 0 to 20 MHz.

5.2. Magnitude-only deconvolution

The experimental BCSW profiles of Fig. 6(a) are magnitude-only
deconvolved according to Eq. (8), with u = 0 for M(f). Direct com-
parison with the single-frequency calibrated data, Table 1, indi-
cates that magnitude-only deconvolution, Table 2, has increased
the peak positive pressure amplitudes by �9%. At rapid pressure
variations within the BCSW profile, a rippling artefact is introduced
due the bandpass filter Hbpf(f) suppressing frequency content out-
side the calibration bandwidth, as a manifestation of the Gibbs’
effect, also apparent in Fig. 4. This rippling prevents meaningful
measurement of the rise time (RT) of the experimentally measured
shock waves. An equivalent filter is applied to the simulated shock
wave profiles of Fig. 6(a), black-dash, for comparison to
magnitude-only deconvolved hydrophone data, which also gener-
ates the Gibbs’ effect. The filtering also reduces the pressure ampli-
tude of the simulated shock wave profiles.

Note, however, that the apparent negative phase has been pre-
served through the magnitude-only deconvolution, in accordance
with assuming u = 0� for all frequencies, Fig. 6(a).
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Fig. 6(b) are the spectra of the shocks at 30 mm with the effect
of Hbpf(f) clearly evident. As expected for a shock wave generally,
the experimental spectrum now decays with a better approxima-
tion to linearity in the dB scale, at increasing frequency. For all
frequencies with a sensitivity lower than that at 10 MHz, Fig. 1
(b), the magnitude at the respective frequency components are
increased according to Eq. (8), most notably >12 MHz. Also, the
dip (arrowed Fig. 5(a)) in the spectrum of the single-frequency cal-
ibration BCSW has been removed by magnitude-only deconvolu-
tion. Comparison to Fig. 5(b) indicates that the pressure
amplitudes for the different frequency components are therefore
better estimated in the frequency domain, compared to the single
frequency calibration, as the whole bandwidth of calibration is uti-
lised correcting for the non-flat magnitude response.

The Gibbs’ effect is manifested in the spectrum of the simulated
shock wave, Fig. 6(b), at the limits of the bandpass filter, and is also
apparent toward the low frequency limit of the filter in the exper-
imental spectrum.
5.3. Full waveform deconvolution

Fig. 7 depicts the full waveform deconvolution of the BCSW
hydrophone data, incorporating the phase calibration data. It is
observed that the apparent negative phases of the experimental
BCSW profiles have been removed when the phase response to
the hydrophone system is corrected for.

The peak positive pressure amplitude of the full waveform
deconvolved profile is �3% higher at each propagation
distance, than those of the magnitude-only deconvolved profiles.
The peak pressure amplitudes of the filtered simulated profiles
are now within the calibration error provided by NPL, of the
full waveform deconvolved BCSW amplitudes, in the time
domain.

The frequency spectrum of the full waveform deconvolution is
equivalent to that of the magnitude-only deconvolution, Fig. 6(b),
as the magnitude in the frequency domain does not depend on
the phase.

The FWHM for the experimental profiles, Table 3, are �30%
longer than those of the filtered simulated profiles. This is due to
the filtered simulated profiles having higher magnitude than the
experimental profiles from �10 MHz, and lower magnitude for fre-
quencies below, Fig. 6(b).
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Table 1
Shock wave properties from Fig. 5 (a), including rise time (RT), full width half maximum (FWHM) and peak positive pressure amplitude (PPA), for single-frequency calibration and
simulated shock wave profile, at each of the propagation distances.

Prop distance (mm) Single frequency calibration Simulated shock profile

RT (ns) FWHM (ns) PPA (kPa) RT (ns) FWHM (ns) PPA (kPa)

30 71 46 329 ± 36 5 10 883
40 53 47 240 ± 26 5 10 662
50 57 46 188 ± 21 5 10 529

Table 2
Shock wave properties from Fig. 6(a), including full width half maximum (FWHM) and peak positive pressure amplitude (PPA),
for magnitude-only and filtered simulated shock wave profile, at each of the propagation distances.

Prop distance (mm) Magnitude-only deconvolution Simulated shock profile

FWHM (ns) PPA (kPa) FWHM (ns) PPA (kPa)

30 44 359 ± 38 31 383
40 44 261 ± 27 31 287
50 45 205 ± 21 31 230

Table 3
Shock wave properties from Fig. 7(a), including full width half maximum (FWHM) and peak positive pressure amplitude (PPA), for full waveform deconvolved and filtered
simulated shock wave profile, at each of the propagation distances.

Prop distance (mm) Full waveform deconvolution Simulated shock profile

FWHM (ns) PPA (kPa) FWHM (ns) PPA (kPa)

30 45 368 ± 38 31 383
40 46 268 ± 28 31 287
50 47 210 ± 23 31 230
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6. Discussion

We have recently reported the role of periodic shock waves in
the emissions generated by a cloud of acoustic cavitation bubbles,
and the contribution to the subharmonic (f0/n, where f0 frequency
of the acoustic driving) signal, and the higher-order subharmonics
(mf0/n), in particular [16]. This motivated the current work on how
to treat detected bubble collapse shock waves, such that their con-
tribution to the emission may be quantitatively analysed, in partic-
ular for hydrophones with a non-flat frequency response.

Generally, studies that seek to develop cavitation applications
will present the spectrum of the emissions collected, and typically
link a feature within the spectrum to the cavitation-mediated
effect under investigation. The magnitude of that feature is often
taken as an indicator of the level of cavitation that occurred, com-
monly as a result of and increased pressure amplitude of the acous-
tic driving. The subharmonic, or higher-order subharmonics, are
often used, as these signals have long been considered exclusive
to stable or inertial acoustic cavitation activity [17]. The results
reported above confirm that magnitude-only deconvolution has
an influence on the spectrum of a single BCSW for a hydrophone
with non-flat magnitude response. To perform quantitative analy-
sis on the subharmonic and higher-order subharmonic peaks, from
cavitation spectra with shock wave content, it is therefore neces-
sary to use a detecting device that is calibrated for magnitude
response, over an appropriate bandwidth with respect to spectral
features that are being monitored. This includes bespoke passive
cavitation devices, particularly broadband PVdF-based detectors,
where shock wave detection may be expected to constitute a sig-
nificant proportion of the signal collected. If the purpose of the
measurement is to reconstruct the shock wave in the time-
domain, for the whole bandwidth of the shock wave with a precise
estimate of PPA, then a spot-poled membrane [21] or fibre-optic
hydrophone [33] would be recommended, over a 1 mm PVdF
needle-type hydrophone with a comparatively limited bandwidth.
Space limitations within a given experimental set-up, and signal-
to-noise requirements for the detection of low PPA shock waves,
respectively, may preclude the use of such devices. In any case,
magnitude-only deconvolution would go some way to facilitating
direct comparison of the cavitation spectra presented during dif-
ferent studies [34,35] from different research groups provided
the same bandwidth is compared, which is an issue in current lit-
erature. Moreover, quantitative analysis of inertial cavitation emis-
sions that contains shock wave components, in the time domain,
can only be meaningfully implemented with full waveform decon-
volution for detectors with a non-flat frequency response, with
magnitude and phase calibration data.

This extends to techniques being developed for real time and
spatial monitoring of cavitation activity, such as passive acoustic
mapping [36,37] during the application of therapeutic ultrasound
in the MHz regime. Appropriate calibration of the array elements
used would allow more meaningful interpretation of cavitation
activity.

All bubble collapse shock wave generation models in the litera-
ture predict purely compressive shock wave profiles [5,8,13,31],
also confirmed experimentally using optical techniques [38]. BCSW
propagation, however, is not so well studied and many reports pre-
sent measurements, taken with a range of detecting devices, which
include an apparent trailing negative phase. Shock waves gener-
ally, such as those resulting from a detonation [39] or used for
lithotripsy [15], are known to develop a tensile phase following
the initial impulsive compression, attributed at least in part to
medium response to the propagating compression. The results pre-
sented in this paper indicate that this is not the case, at least for
BCSWs from a collapsing LIB formed in water, and that the
reported apparent negative phases are detector convolution arte-
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facts, such as those in Figs. 5(a) and 6(a). Such convolution arte-
facts become more noticeable for detectors with a non-flat fre-
quency response.

It is observed in Fig. 5(a) and Table 1 that the simulated profiles
have FWHM �25% of those measured with the needle hydrophone.
The simulated profiles were computed with a bandwidth of
100 MHz, in addition it is seen in Fig. 5(b) that all frequency con-
tent >6 MHz is overestimated, and so it would be expected to have
FWHM shorter than those measured. However, both types of
deconvolution, which are compared to filtered simulated profiles,
also exhibit FWHM �70% of the measured values, Tables 2 and 3.
A spherically propagating shock wave incident to a detector with
a finite active area will introduce a geometrical spreading effect
to the measurement. Consideration of the experimental setup
described, and assuming an impulse shock wave, propagating at
the speed of sound at the distances measurements were taken,
indicates a spreading of �3 ns. Of course, the physical shock wave
will have some finite width, and so the effect will be larger than for
an impulse. One consequence of this effect will be that the mea-
surements of both RT and FWHM will be overestimated.

In Fig. 6(b) it is seen that the frequency content >10 MHz is
overestimated by the simulation, although this difference should
reduce if experimental attenuation is taken into account. For a con-
tinuous wave at 10 MHz and 20 MHz it expected to be attenuated
0.07 dB and 0.14 dB after 30 mm of propagation, respectively,
although this effect may be expected to be stronger during early
supersonic propagation of the BCSW from the bubble. This would
shift the shape of the simulated BCSW spectrum closer to that of
the measured one, particularly for frequencies above 10 MHz.

The spectrum of the magnitude-only, and consequently the full
waveform deconvolved BCSW hydrophone data, Fig. 6(b), indicate
that the intensity decreases linearly with increasing frequency.
Indeed, it is clear that the majority of the BCSW intensity is con-
tained in the lower frequency region of the spectrum, with the
magnitude falling below �10 dB at 5 MHz, Fig. 6(b). This suggests
that designing detectors for maximum sensitivity at lower fre-
quencies should be considered, if detecting periodic shock waves
and subharmonic signals from acoustic cavitation, is desired.

Possible improvements to this work include a more rigorous
simulation of the bubble collapse, accounting for factors such as
gas content, heat and mass transfer in the bubble oscillation model
would influence the collapse dynamic, and subsequently the pre-
dicted shock wave. Moreover there are advanced shock wave gen-
eration models [6,14,31,40], which account for compressibility of
the medium through which the shock wave is propagating, for
example. Implementing a more refined BCSW simulation may deli-
ver better matching spectra to those measured experimentally
with a wider calibration bandwidth. However, for the purposes
of investigating the effects of deconvolution on cavitation bubble
shock waves, and providing insight into how they may be treated
with the appropriate hydrophone calibration, the results presented
suggest the approaches adopted are adequate. In this work we
report end-of-cable sensitivity, where the complex sensitivity is a
convolution of the needle and the pre-amplifier associated with
the system. Obtaining the complex sensitivity to the pre-
amplifier would allow for further deconvolution of the end-of-
cable sensitivity such that the non-flat structure of the frequency
response could be better understood.
7. Conclusions

Single-frequency calibration of experimentally detected BCSWs
delivers profiles with notable differences to simulation predictions,
generated via a bubble collapse and simple acoustic emission
model. Magnitude-only deconvolution, in comparison to appropri-
ately filtered simulation profiles, improves the PPA estimate of the
experimental measurement, but the waveform in the time domain
retains phase distortion. Full waveform deconvolution provides the
best match between the experimentally measured and filtered
simulation data, removing the non-flat detector response within
the calibration bandwidth; most notably the apparent negative
phase.
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