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The pressure fields of two different high intensity focused ultrasound (HIFU) transducers operated
in burst mode were measured at acoustical power levels of 25 and 50 W (continuous wave equiva-
lent) with three different hydrophones: A fiber-optic displacement sensor, a commercial HIFU nee-
dle hydrophone, and a prototype of a membrane hydrophone with a protective coating against
cavitation effects. Additionally, the fields were modeled using a freely available simulations soft-
ware package. The measured waveforms, the peak pressure profiles, as well as the spatial-peak tem-
poral-average intensities from the different devices and from the modeling are compared and
possible reasons for differences are discussed. The results clearly show that reliable pressure meas-
urements in HIFU fields remain a difficult task concerning both the reliability of the measured val-
ues and the robustness of the sensors used: Only the fiber-optic hydrophone survived all four
exposure regimes and the measured spatial-peak temporal-average intensities varied by a factor of
up to 1.5 between the measurements and the modeling and between the measurements among them-

selves. © 2012 Acoustical Society of America. [DOI: 10.1121/1.3675003]

PACS number(s): 43.35.Yb, 43.80.Vj [TDM]

I. INTRODUCTION

High intensity focused ultrasound (HIFU) is a noninva-
sive therapy technique, where ultrasound is focused in a small
elliptical volume (diameter ~ 1 mm, length ~ 1cm).'” Due
to sound absorption, the tissue within this volume is rapidly
heated and necrotized. Owing to its noninvasive character and
its claimed minor side effects, the number of HIFU treatments
of tumors has been growing during the past few years and
several different HIFU applications have been developed.®™°
The prerequisite of successful treatment with as few side
effects as possible is an accurate treatment planning to
achieve complete necrosis inside the intended treatment area
and to prevent necrosis outside of it. This requires a good
knowledge of the sound field of the ultrasonic transducer
used.

Conventional sensors for sound field characterization
generally cannot endure the extreme conditions in the focus
of a HIFU field. Hence, several attempts have been made to
develop sensors with adequate robustness and temporal and
spatial resolution for measurements in HIFU fields. One
strategy is to modify well-known piezoelectric devices, pri-
marily to improve their robustness. For example, a needle
hydrophone with a metallic coating above the sensing ele-
ment was presented recently.!' Another promising strategy
is the development of small and robust fiber-optic probes
that use an acousto-optic effect at their end face to measure
the pressure or the displacement in HIFU fields.'*™'® Some
other methods avoid putting a sensor in the focal region:
Methods have been presented,”’18 where a reflective scat-
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tering element is exposed to the focus instead of the sensor
itself and sensitive elements measure the scattered sound
field. Finally, some different methods are presented that
work noninvasively by monitoring the particle displacement
in a HIFU field, e.g., with magnetic resonance imaging,"”
particle image velocimetry (PIV),° or schlieren imaging.?'
However, these noninvasive methods are not yet suitable for
quantitative measurements, because they are difficult to cali-
brate and some of them provide only two-dimensional pro-
jection images of sound fields.

For all these devices, the challenge besides the robust-
ness requirements is the correct determination of the desired
quantities (typically the temporal behavior of the pressure or
the particle displacement) from the acquired transient vol-
tages. The two common strategies to achieve this are either
to perform a calibration to determine the transfer function of
the device or to compare measurement results from the de-
vice with those from a reference, such as a membrane hydro-
phone. However, both the calibration and the comparison
have to be performed in fields that are considerably weaker
than HIFU fields to not destroy the reference or the standard.
It remains debatable whether the suitability of a measuring
device, which has been proven only in a weak plane wave
ultrasound field, can also be assumed in HIFU fields. Thus,
in the present paper, we investigate whether different sensors
yield the same results in the fields of strongly focusing HIFU
transducers at practical power levels as well.

The field of a HIFU transducer can also be predicted
using computer simulations,'®?*2° which are usually based
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on the solution of the Khokhlov—Zabolotskaya—Kuznetsov
(KZK) equation,”” which includes nonlinear propagation
effects. Some of the simulations use only nominal parame-
ters of the transducer (aperture, active diameter, fundamental
frequency, etc.) as input data, which of course does not take
into account any imperfections in the transducer. Other sim-
ulations make use of the sound field measured at low drive
voltage or close to the transducer as input data for a forward
calculation to the focal region. Numerical algorithms using
the KZK equation have been applied to a variety of medical
ultrasonic fields including HIFU'®?%3° and, generally, good
agreement of results from modeling with measurements has
been observed around the focal region.

In this paper we present and compare the results of
hydrophone measurement and computer simulations for two
transducers at peak-to-peak pressures up to ~40MPa. The
hydrophones used were an in-house fiber-optic device from
the Physikalisch-Technische Bundesanstalt (PTB), a proto-
type membrane hydrophone with a polyurethane coating,
and a commercially available needle hydrophone intended
for HIFU use (HNA-0400, ONDA Corp., Sunnyvale, CA).
The computer simulation is a freely available MATLAB
package to solve the KZK equation [HIFU-Simulator v1.0,
Food and Drug Administration (FDA), Silver Spring, MD).
The purpose of this study was to examine whether the results
from different devices are in good agreement for a practical
measurement situation. The measurements were carried out
at PTB, and the work was part of a much larger European
project called “External Beam Cancer Therapy.”!

Il. DEVICES AND METHODS
A. Fiber-optic displacement sensor

The fiber-optic displacement sensor with a heterodyne
interferometric setup, which was used in this work, has been
described previously.'® The sensor is a single-mode fiber
with an outer diameter of 125 um, which has been titanium-
coated (thickness 200nm) to provide an optically reflecting
end surface. This fiber tip forms the end of the measuring
arm of a heterodyne interferometer. An incoming sound
wave causes a change in the optical path length of this arm
and, thus, a phase modulation of the reflected light. This
phase modulation is then measured and analyzed by a heter-
odyne interferometer and a delay line discriminator. It must
be noted that this sensor measures the particle displacement
¢ instead of the pressure p. While in a plane wave, these val-
ues are related as

p(f)=p-cs-5, (1)

with the density of the medium, p, and the speed of sound,
cs, it is not absolutely certain whether Eq. (1) is valid with-
out limitations in strongly focused nonlinear HIFU fields.
Nevertheless, the frequency dependence of the complex
transfer function (defined as the ratio of the instantaneous
end-of-cable voltage to the instantaneous acoustical pres-
sure) of the present sensor was calibrated in compliance with
an established calibration procedure®” at PTB from 0.48 to
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FIG. 1. Magnitude (top) and phase (bottom) frequency response data of the
employed three HIFU sensors. I: Needle hydrophone HNA-0400; II: Fiber-
optic displacement sensor (data for f>40MHz not shown); III: Membrane
hydrophone with (IIla) and without (ITIb) PU-coating. The magnitude data for
the fiber-optic probe and the membrane hydrophone have been shifted upward
by 40 and 20 dB, respectively, so that all data can fit in the same scale.

250 MHz in steps of 0.12 MHz. For the present study, the
output of the device was lowpass-filtered to reduce high fre-
quency noise using a third-order Butterworth filter with a
—3 dB cutoff frequency f; = 100 MHz. In Fig. 1, the magni-
tude and the phase of the frequency response of the device
are shown to 40 MHz along with those of the other two devi-
ces as far as available, and in Table I some general charac-
teristics of the devices are listed.

B. Needle hydrophone ONDA HNA-0400

One of the very few commercially available HIFU
hydrophones is the HNA-0400 from ONDA Corporation. It
consists of a sensing piezoceramic element with a diameter
of 400 um, which is protected by a metallic coating with a
thickness between 20 and 70 um."" The amplitude of the fre-
quency response, as well as the capacitance Cy(f) of the
hydrophone, were supplied by the manufacturer from 1 to
20 MHz in steps of 50kHz. As an additional cable had to be
used between the hydrophone and the oscilloscope, the given
frequency response M, was corrected with the following
formula:*?

TABLE 1. Comparison of some relevant parameters of the three hydro-
phones. The term usable bandwidth denotes either the calibrated frequency
range or in the case of the fiber-optic sensor the considered frequency range.

Fiber-optic ONDA Coated
Parameter setup HNA-0400 membrane
Sensor form Fiber Needle Membrane
Measured value Displacement Pressure Pressure
Sensing diameter (um) 125 400 200
Usable bandwidth (MHz) 100 20 40
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where the capacitance of the cable, C-= 154 pF, was taken
from the specification of the cable (C//=100pF/m, type
RG-58 C/U). The capacitance of the hydrophone according
to the manufacturer decreases from 113pF at 1 MHz to
45pF at 20 MHz. Hence, the correction in Eq. (2) has a
rather large influence on the frequency response and, in gen-
eral, the use of a preamplifier would be advisable.

C. Coated membrane hydrophone

To the authors’ knowledge, there are no membrane
hydrophones commercially available that are suitable for use
in HIFU fields. However, membrane hydrophones that with-
stand peak compressional pressure values of ~27 MPa have
been reported,® and the linearity of polyvinylidene fluoride
(PVDF) has been demonstrated up to higher levels using spe-
cially designed PVDF hydrophones for underwater acoustic
applications:*>~® Negligible changes, within 0.6 dB, in the fre-
quency response of the hydrophones were observed up to
hydrostatic pressures of 69 MPa. If there is a weakness already
present, damage can be caused at high negative pressures by
delamination of bilaminar hydrophones. A more common
cause of damage is loss of the metal electrodes due to cavita-
tion in the water immediately in front of or behind the hydro-
phone. In order to protect the vulnerable electrodes, a
coplanar membrane hydrophone 12 um in thickness with a
0.2 mm nominal diameter active element (C1202 with inte-
grated preamplifier, Precision Acoustics, Dorchester, UK) was
coated with a polyurethane layer on both sides. The coating
was originally designed as an impedance matching layer and
has the same composition as the clear layer of the HAM-A
radiation force balance target®’ at the National Physical Labo-
ratory (NPL). At 20 °C, the speed of sound in the material was
measured to be 1580ms ' at 1MHz and 1588ms™ ' at
3MHz, the absorption coefficient was 4 dB cm~ ' MHz 40
between 1 and 5MHz, and the reflection coefficient was
—45dB at 1 MHz and —40dB at 3 MHz. Both sides of the
hydrophone were spray-coated to a thickness of approxi-
mately 0.4mm. The device was calibrated before and after
coating at NPL using a nonlinear comparison method, which
gave the frequency response from 1 to 40 MHz in steps of
1 MHz. The magnitude and phase response before and after
coating are shown in Fig. 1. In comparison to the uncoated
response, the coating process has introduced ripples in both
the magnitude and phase responses of the hydrophone below
10MHz, and has significantly reduced the magnitude for
higher frequencies. However, the —6dB bandwidth is
~30MHz, and the phase response is flat to within =0.15rad
up to 40MHz. The use of thinner coating layers would
increase the frequency of the ripples and reduce the drop off
at high frequencies.

D. HIFU-Simulator

Simulations were performed with the HIFU-Simulator,
which is a freely distributed MATLAB-based software pack-
age.”” The propagation module of this software solves the
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KZK equation using a split-step method. Within each step,
first the linear parts of the KZK equation are computed in
the frequency domain and then the nonlinear parts are com-
puted in the time domain. As input data for the software
transducer parameters, medium properties (in this study,
water) and computational parameters are needed: Transducer
parameters (radius a,, focusing depth zg,., fundamental fre-
quency fo, acoustical power P,.) are listed in Table II as
given by the manufacturer. Water properties were assumed
to be: Speed of sound cg= 1482 m/s, density p = 10°kg/m”,
ultrasound absorption at 1 MHz ony, =0.217 dB/m, expo-
nent of absorption vs frequency #; =2, and nonlinearity pa-
rameter §=3.5. Computational parameters were: Radius of
the computational domain R = a,, length of the computa-
tional domain Z =2z, and number of considered harmon-
ics K=100. Besides data considering thermal aspects, the
peak compressional pressure values p., the peak rarefac-
tional pressure values p,, the intensity I, as well as the pres-
sure waveform p(¢) at the focus are available as output data.
The amplitude of the acoustic pressure is calculated from the
acoustic output power on the assumption that the amplitude
at distance z =0 is uniform over a flat disk of radius a,.; and
zero outside this radius; the phase distribution over the disk
surface was calculated to give a circular wavefront converg-
ing on the center of curvature.

Due to the parabolic approximation of the KZK equation,
the claimed validity of the simulation software is limited to
transducers with an f-number larger than 1.37. Only one
of the transducers meets this criterion (see the next section),
but the calculations were performed for both transducers to
test the validity of the simulations for smaller f-numbers.

E. Experimental setup

All measurements were performed in the same experi-
mental setup at PTB. Two different transducers were used:
SU-101 and H-108MRA (Sonic Concepts, Bothell, WA).
Both transducers were equipped with external matching net-
works. Some relevant parameters of the transducers are
listed in Table II. HIFU driving signals were generated with
an arbitrary function generator (Model AFG3101, Tektronix,
Beaverton, OR) and were amplified with a 500 W power am-
plifier (Model 500A100A, Amplifier Research, Souderton,
PA). The generated signals were tone bursts of 20 cycles du-
ration at the fundamental frequency of the transducer used
and the pulse repetition rate was 1kHz. The hydrophone
voltage signals were monitored and measured with a digital
phosphor oscilloscope (Tektronix DPO7104, 500 MHz band-
width, 500 MS/s data acquisition) with input impedance set
to 1 MQ for the HNA-0400 and 50 Q for the membrane

TABLE II. Some relevant parameters of the employed HIFU transducers.
Fundamental frequency fo, focusing depth zg, active radius a,., f-number
F(=zfoe/2a,), electro-acoustic efficiency P,./P.;, and on-time of the tone
burst 74y,.

f() Zfoc Aact Ton
Transducer (MHz) (mm) (mm) F P /P (us)
SU-101 1.98 55 17.5 1.57 0.885 10.1
H-108MRA 245 50 30 0.83 0.545 8.2
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hydrophone and the fiber-optic hydrophone. A standard PC
workstation with an in-house Delphi software was used to
acquire the data from the oscilloscope and to control the
positioning system (in-house setup).

Each transducer/power level/hydrophone combination
was considered as one measurement unit and one measure-
ment unit was performed per day. The measuring procedure
for each measurement unit was as follows: The measurement
tank was filled with freshly degassed (oxygen content as
measured by chance: <2mg/l), de-ionized and distilled
water and the transducer and hydrophone were immersed in
that tank for 1 h. Then the desired power level was adjusted
by varying the output voltage of a continuous wave signal of
the function generator and by measuring the electrical output
power level behind the amplifier with a power level meter
(Model NRT with sensor head NAP Z-8, Rohde & Schwarz,
Munich, Germany). The corresponding acoustic power was
calculated from the electro-acoustic efficiency P,./P.;, which
had been measured before with a radiation force balance for
both transducers. Afterward, the hydrophone was roughly
brought into the focal region and the tone burst signal with
the same amplitude was switched on. The given power levels
thus do not belong to the burst mode signals investigated,
but to continuous wave signals with the same driving voltage
amplitude instead. Then the exact focal position was sought
by finding the position where the hydrophone signal (peak-
to-peak) had its absolute maximum, and the automatic scan-
ning procedures were started. Three scans were carried out:
An axial scan along the z axis and a pair of orthogonal radial
scans along the x and y axes through the focus. During these
scans, the hydrophone was moved from the starting position
to the end position in steps of 0.1 mm and the voltage signal
U(t) (averaged 512 times for the fiber-optic hydrophone and
64 times for the other two hydrophones) was recorded at
each single point. The scanning distance was 50 mm for
axial scans and 30 mm for radial scans. The scanning time
was ~90min for an axial scan and ~60min for a radial
scan, so the overall measuring time per measurement unit
was between 4 and 5 h. The oxygen content after a measure-
ment unit was typically < 5mg/l. Each recorded waveform
U(t) was transformed to the frequency domain. The resulting
voltage spectra U(f) were lowpass-filtered with a third-order
Butterworth filter (cutoff frequency: 20 MHz for the HNA-
0400, 40 MHz for the membrane hydrophone, and 100 MHz
for the fiber-optic probe) and then deconvolved using a lin-
ear interpolation of the frequency response data. For the
HNA-0400, where no phase information on the frequency
response was available, the phase was assumed to be con-
stant across the whole frequency range: In other words, the
deconvolution is only correcting for the variation in ampli-
tude response in this case. The resulting pressure spectra p(f)
were then transformed back to the time domain to obtain the
transient pressure waveforms p(?).

Concerning the experimental procedure, three important
things should be noted: First, although no absolute measure-
ment of the exact distance from the transducer rim to the
assumed focal position was performed, the maximum posi-
tions z,.x found in all cases fitted quite well to the simple
relation zp,. = CsAtioe, Where Atgo. = zpoo/cs is the time-of-
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flight of the signal as measured by an oscilloscope. In particu-
lar, no significant differences could be found in the maximum
position between the different power levels. Second, the
alignment of the axial translation direction (z axis) with the
beam axis was tested for each hydrophone by finding (xax,
Ymax) for two different z planes. If x;,,x OF Ymax Was found to
differ significantly between the two z planes, the transducer
was realigned. Third, due to the soaking time and the long
measurement time, the gas content of the water significantly
increased during the course of each measurement unit. Hence,
cavitation appeared in some cases and it could be heard by a
faint ringing—the consequences can be seen in some of the
results.

lll. RESULTS
A. Fiber-optic displacement sensor

The fiber-optic displacement sensor was the only probe
that withstood all investigated transducer/power level combi-
nations without obvious problems. Under different conditions,
destruction of the probe due to cavitation has been observed
as well.'® Hence, a partial erosion of the titanium layer during
the measurements cannot be completely excluded. However,
it can be assumed that such an erosion would have only a neg-
ligible influence on the frequency response. Typical wave-
forms (measured voltage waveform as well as the
corresponding deconvolved pressure waveform) are shown in
Fig. 2(a). Although the voltage waveform shows significant
ripples, which are presumably due to the peak in the fre-
quency response at ~23 MHz, the deconvolution has obvi-
ously accounted well for that effect in this case, as the shape
of the deconvolved waveform fits well to the modeled one.
The noise equivalent pressure was determined as the standard
deviation of a deconvolved signal in a part of the time domain
where no HIFU signal was present (the same procedure
applies to the other two hydrophones). It was found to be
~300kPa, which is slightly more than was observed before.'®

In Fig. 2(b), the axial and radial peak pressure profiles
are shown for all four transducer/power level combinations.
In each case, the three scan directions indicate consistent
behavior. All radial scan profiles show good symmetry and
several side lobes can be found in each radial scan (only a
few are shown in the diagrams).

For the SU-101 transducer, where the HIFU-Simulator
is supposed to be valid, a good agreement between the simu-
lations and the measurements can be observed for the higher
power level, whereas the agreement is significantly worse
for the lower power level. The same applies to the H-
108MRA transducer. It is an unexpected finding that the
agreement for the lower power levels is better than for the
higher power levels, where nonlinear effects become more
important. However, for a detailed study of this finding,
measurements and simulations at more power levels would
be required.

B. ONDA HNA-0400

The measurements with the ONDA HNA-0400 in the
sound field of the H-108 MRA transducer at 25 W show good

Haller et al.: Three high intensity ultrasound hydrophones
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FIG. 2. (a) Waveforms within the focus of a SU-101 at an acoustical power
level of 50 W, as measured with the fiber-optic displacement sensor. Measured
voltage waveform (gray) and deconvolved pressure waveform (black), as well
as pressure waveform from the HIFU-Simulator (dotted line) are shown. (b)
Radial and axial peak pressure scans through the focus of the SU-101 and the
H-108MRA transducer at acoustical power levels of 25 W (gray) and 50 W
(black) as measured with the fiber-optic displacement sensor (points). The ra-
dial scans comprise results from two different scan directions perpendicular to
each other (x and y—not distinguished by different symbols). For comparison,
results from the HIFU-Simulator are also shown (lines).

agreement with the simulation outside the focal region and
also with the peak-rarefactional pressure within the focal
region; the peak-compressional pressure, however, is very
different within the focal region. As can be seen in Fig. 3(a),
especially the compressional pressure does not show such a
steep rise as in the modeled waveforms. This might be due
either to the large sensing element and the limited frequency
range or to the phase response of the hydrophone, which was
not available from the manufacturer. These assumptions will
be further discussed in Sec. IV. The noise equivalent pres-
sure of this probe was found to be ~130kPa. During the
z-scan in the field of the H-108 MRA transducer at 50 W [see
Fig. 3(b)], the measured amplitudes significantly decreased,
which is likely due to damage to the HNA-0400. Nonethe-
less, measurements were also performed afterward in the
field of the SU-101 transducer. However, these measure-
ments should not be considered to be reliable results, as indi-
cated by the strong ripples on the waveforms in the upper
diagram of Fig. 3(a), which are believed to be a deconvolu-
tion artifact caused by a changed frequency response due to
a (partial) damage of the sensor.
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C. Coated membrane hydrophone

Some example waveforms from the measurements with
the coated membrane hydrophone are given in Fig. 4(a), and
the scan profiles in Fig. 4(b). The measurements in the field
of the SU-101 transducer went smoothly and the results are
in quite good agreement with those from the fiber-optic
probe [compare Figs. 2(a) and 4(a)]. During the last scan in
the field of the H-108MRA transducer at 25 W, the voltage
signal disappeared more or less completely [see dotted gray
line in Fig. 4(a, bottom)]. It seems likely that cavitation
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FIG. 3. (a) Waveforms within the focus of the SU-101 (top) and the H-
108MRA (bottom) transducer at acoustical power levels of 50 and 25 W,
respectively, as measured with the ONDA HNA400 needle hydrophone.
Measured voltage waveforms (gray) and deconvolved pressure waveforms
(black), as well as pressure waveforms from the HIFU-Simulator (dotted
line) are shown. (b) Radial and axial peak pressure scans through the focus
of the SU-101 and the H-108MRA transducer at acoustical power levels of
25 W (gray) and 50 W (black) as measured with the ONDA HNA400 needle
hydrophone (points). The radial scans comprise results from two different
scan directions perpendicular to each other (x and y—not distinguished by
different symbols). For comparison, results from the HIFU-Simulator are
also shown (lines).
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FIG. 4. (a) Waveforms within the focus of the SU-101 (top) and the H-
108MRA (bottom) transducer at an acoustical power level of 25 W, as meas-
ured with the coated membrane hydrophone. Measured voltage waveforms
(gray) and deconvolved pressure waveforms (black), as well as pressure
waveforms from the HIFU-Simulator (dotted line) are shown. The dotted
gray line shows the voltage of a measurement, where the hydrophone obvi-
ously was completely damaged. (b) Radial and axial peak pressure scans
through the focus of the SU-101 and the H-108 MRA transducer at acoustical
power levels of 25 W (gray) and 50 W (black), as measured with the coated
membrane hydrophone (points). The radial scans comprise results from two
different scan directions perpendicular to each other (x and y—not distin-
guished by different symbols). For comparison, results from the HIFU-
Simulator are also shown (lines).

eroded the electrodes. However, it cannot completely be
excluded that the coating was gradually eroded during
the preceding measurements, which would have changed the
transfer characteristics. The noise equivalent pressure of the
coated membrane hydrophone was found to be ~20kPa.

IV. DISCUSSION
A. Comparison of measurements

In Table III, the peak compressional and rarefactional
pressure values, as well as the —6 dB radii of focal regions
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from the different measurements and the simulations, are
summarized. As peak values might be due to extreme out-
liers in the measured wave bursts, the spatial-peak temporal-
average derived intensities Ispra are given additionally,
which were calculated as

Ispra =

1 2
1 J (@), 3)
h—t J, p-cs
The integration region was chosen to start after the fifth
cycle of each burst to exclude transient effects and
t, =t; + 10/fy for averaging over ten cycles. Two of the three
hydrophones did not withstand all of the investigated trans-
ducer/power level combinations; hence a direct comparison
of all three hydrophones is hardly possible, especially as
gradual changes in the hydrophones’ frequency responses
during the measurements cannot be ruled out. Nevertheless,
some general observations can be made.

The results from the fiber-optic probe and the coated
membrane hydrophone are in fairly good agreement, except
for one measurement, where the coating of the membrane
hydrophone may already have been partly eroded
(H-108MRA, 25 W). For the other two measurements, the
differences are smaller than the typical uncertainties of the
calibration of ~15%, if the peak pressure values are consid-
ered. The same applies if one compares the measurements
from the fiber-optic probe with those from the HNA-0400
for the measurement unit (SU-101, 25 W). For the intensity
values, however, the differences are somewhat larger. It is a
striking result of the measurements that discrepancies in the
peak intensities of up to 50% were derived from the different
devices. In particular, as the intensity is the relevant parame-
ter for treatment planning, further work on standardization
and safety issues is obviously needed.

Another distinct finding is, that the HIFU-Simulator
predicts, except for one case, significantly higher peak com-
pressional pressure values than was found from the meas-
urements. Some possible explanations for this will be
discussed in the following subsections.

B. Robustness

One striking outcome of the present work is the fact that
two of the three hydrophones did not withstand the investi-
gated sound fields. Concerning the commercial HIFU hydro-
phone, the HNA-0400, it should be noted that the data sheet
supplied by the manufacturer states that the hydrophone is
stress-tested “at the focus of a 1.5 MHz source, operated at
50% duty cycle in de-ionized, degassed water at 23 °C. This
provides an exposure intensity of 715W cm 2 temporal-
average and 1430 W cm ™2 pulse-average, corresponding to
15 MPa peak compressional and 3.7 MPa rarefactional pres-
sure.”® So the hydrophone has been exposed in this study to
pressures outside the range of the stress test (compare values
in Table III).

As the damage to hydrophones typically is predominantly
due to mechanical forces and cavitation effects, there are two
possible ways to overcome this problem. Either the robustness
of the hydrophones has to be further improved or cavitation
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TABLE III. Peak pressure values p,, p, (MPa), radii of —6dB decay r_¢ 4g (mm), and spatial-peak temporal-average intensities /spra (KW cm2) as derived
from the different measurements and the simulation. Boldface typeface denotes unreliable/impossible measurements and italic typeface denotes simulations

under nonvalid conditions and a measurement during which a probe broke.

SU-101 H-108MRA
25W 50 W 25W 50 W
Pe Pr T-6aB  Ispra Pe Pr T-6as  Ispra Pe Dr r-¢aB  Ispra Pe Dr r6aB  Ispra
Fiber-optic setup 143 4.8 0.50 1.3 238 6.6 0.44 2.7 24.2 9.1 0.22 49 51.5 134 0.17 13.0
HNA-0400 . 25.8 9.8 0.26 5.1
Coated membrane  13.9 44 0.49 1.4 267 73 0.41 44 174 7.2 0.26 3.0
HIFU-Simulator 18.7 3.9 0.48 2.0 25.6 4.8 0.41 3.2 373 10.1 021 9.1 556 126 021 17.6

has to be avoided during measurements. The first approach
has the drawback that mechanical stabilization or protection
presumably goes along with a decrease in the acoustical per-
formance. For the second approach, several suggestions have
been reported to reduce or to avoid cavitation.”” As one exam-
ple, the use of an alternative liquid medium with a higher cav-
itation threshold has been suggested. However, measurements
in any medium other than water may require a specific hydro-
phone calibration in this medium. Another way to avoid or at
least impede cavitation is to continuously degas the water or
to apply static pressure, which in turn requires additional tech-
nical modifications of typical setups.

However, the presence of any sensor is likely to reduce
the cavitation threshold because of constructive acoustic in-
terference close to the sensor and because the surface of the
sensor provides a site for cavitation nuclei like very small
bubbles to grow more easily. Thus, a more promising
attempt might be to apply completely noninvasive'*?' mea-
surement techniques to the characterization of strong HIFU
fields, which might also allow for measurements of pressure
or intensity in vitro. However, some of these methods
require tomographic reconstruction and the calibration of
these methods remains a challenging task.

C. Filtering bandwidth

The results from the HIFU-Simulator can be found in
the figures of the preceding subsections. It is within the na-
ture of simulations that they do not necessarily reflect real-
ity—for example, due to invalid assumptions of the model or
due to an idealization of the (typically nonideal) real condi-
tions. Therefore, it would not be advisable to take the results
here as reference. However, the numerical simulation of the
different sound fields allows the generation of data with a
virtually unlimited frequency bandwidth, without noise and
without spatial averaging, which is impossible for any real
measurement. Hence, for a comparison between the simula-
tions and the measurements and for an investigation into the
significance of the mentioned effects, it is useful to study the
effect of introducing bandwidth restrictions into the compu-
tational results. In Fig. 5, the results of calculative bandwidth
limitations are shown, which were derived by filtering the
modeled focal pressure waveforms [see Figs. 2(a), 3(a), and
4(a)] with a third-order Butterworth filter and different cutoff
frequencies in the frequency domain. As predominantly
higher frequency components are responsible for the sharp-
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ness of the positive waveform peaks, the peak compressional
pressure values significantly decrease with decreasing band-
width. As a notable result, the use of a hydrophone with a us-
able bandwidth of 20 MHz might lead to an underestimation
of the peak compressional pressure of ~15%. For the peak
rarefactional pressure values the effect was much smaller
than 1% for all considered cases (only one curve shown in
Fig. 5). These findings are consistent with those in Sec. IV A
and with calculations that predict errors in the measurement
of rarefactional pressure to be rather due to lower limitations
of the usable frequency range.*” For the temporal-average
intensities, an effect smaller than for the compressional pres-
sure values was found.

D. Spatial averaging

Another point that has to be taken into account is the
fact that the sensing hydrophone element has finite lateral
dimensions, which consequentially means that every mea-
surement represents a spatial averaging over the respective
area. To investigate the significance of this effect, the peak
compressional pressure distributions derived from the KZK
model were averaged over circles with different radii around
the focus. Such calculations yielded an underestimation of
up to 30% for the peak compressional pressure in the worst

norm. peak pressure p/p™"B¥ or

. . [IBW
intensity Ispra/Isprs™

0.8 -

20 60 100
filter cutoff frequency /MHz

FIG. 5. Normalized pressure and intensity values at the focus as derived
from the HIFU-Simulator and filtering with different —3 dB cutoff frequen-
cies. O: SU-101, 25W; ¢: SU-101, 50 W; [: H-108MRA, 25W; e: H-
108MRA, 50 W. Full black lines: Normalized peak compressional pressure;
gray line: Normalized peak rarefactional pressure; dotted lines: Normalized
spatial-peak temporal-average intensities.

Haller et al.: Three high intensity ultrasound hydrophones 1127

Downloaded 08 Apr 2012 to 159.226.100.225. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



—

Dpe(ra)/p(0)

norm. peak compr. pressure
o
o0
T

0.6

0.1 02
hydrophone radius 7y /mm

FIG. 6. Normalized compressional (black) and rarefactional (gray) peak
pressure values at the focus as derived from the HIFU-Simulator and spatial
averaging over different hydrophone radii. Dotted line: SU-101, full line: H-
108MRA transducer. Points denote the nominal radii of the employed three
hydrophones.

case (see Fig. 6), although again only a slight effect on the
peak rarefactional pressure was found. The effect for the
temporal-average intensities (not shown) was found to be
almost the same as for the peak compressional values. How-
ever, for an exact analysis of this finding, an averaging of
the deconvolved temporal pressure waveforms over the
effective diameter (instead of the nominal diameter) would
be required.

The commonly used, rather universal criterion for the
maximum suitable effective radius ry of a hydrophone for
ultrasonic fields is*’

2
< —— (e + )", @)

)
Saws (

which means ry < 0.31 mm for the SU-101 and ry < 0.15 mm
for the H-108MRA, if 4 =cg/fy is considered to be the rele-
vant wavelength. In literature, theoretical and experimental
investigations on the influence of the hydrophone diameter on
measurements in nonlinearly distorted ultrasound fields at
diagnostical power levels can be found.** However, no rec-
ommendations particularly for measurements in HIFU fields
are available so far. The above-mentioned findings suggest
that an even stricter criterion could be reasonable in strongly
focused, nonlinearly distorted HIFU fields.

E. Deconvolution artifacts

In addition to the effects discussed in the preceding sec-
tions, the lack of any information about the phase of the fre-
quency response for one of the three hydrophones is a
possible error source. Again, the modeled waveforms can be
used to demonstrate this effect. From the voltage measure-
ment performed in the focus of the H-108MRA at 25 W with
the ONDA HNA-0400 and the corresponding pressure spec-
trum from the numerical modeling, a complex frequency
response can be obtained by dividing the former by the lat-
ter. For the harmonics of the fundamental frequency, the sig-
nal-to-noise ratio is high enough to obtain a reliable
estimation of the phase information in this way. The result-
ing phase response for the HNA-0400 shows only a very
weak frequency dependence for the first five harmonics of
~ % 0.07 rad. However, this estimation of the phase response
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is used to demonstrate the influence of the phase information
on the deconvolution procedure. In Fig. 7, the waveform at
the focus of the H-108MRA at 25 W as originally obtained
from the numerical modeling (thick black line) is compared
with signals that were convolved with the complex fre-
quency response to imitate the influence of the hydrophone
during a measurement and then were deconvolved with ei-
ther the complex frequency response (gray line), the magni-
tude of the frequency response only (black line), or with the
magnitude of the frequency response at the fundamental fre-
quency only (dotted line). The same procedure was applied
to the two other hydrophones and all spectra were filtered
with a third-order Butterworth filter with f;=20MHz to
obtain comparable results. The difference between the thick
black line and the gray line thus reflects the influence of the
lowpass filtering. It is obvious that the coated membrane
hydrophone reproduces the pressure waveform most faith-
fully for the latter two procedures because of the relatively
small fluctuations in its frequency response. For the other
two hydrophones, the necessity of applying an accurate
deconvolution is considerably higher. However, except for
the simple scaling attempt for the fiber-optic hydrophone the
influence on the peak compressional and rarefactional pres-
sure is rather small in the considered cases.

Another possible source for deconvolution artifacts are
deviations of the real magnitude of the frequency response
from the calibration data, which could be due to either a
change in the frequency response during the time after the
calibration or to uncertainties in the calibration. Such devia-
tions could lead to noticeable under- or overestimations of
certain frequency ranges. It is therefore a useful addition to

40 T

T
ONDA HNA-0400

20

o

N
o

H
o

pressure p /MPa

T
Coated membrane

hydrophone

Il

0 200 4ime t/ns 400
FIG. 7. Influence of the phase information on the deconvolved waveform.
Results from numerical modeling (thick black line) have been convolved
with each hydrophone’s complex frequency response and then have been
deconvolved, respectively, with either the complex frequency response
(gray line), the magnitude of the frequency response only (black line) or
with the magnitude of the frequency response at the fundamental frequency
only (dotted line). Dotted line in the middle diagram has been multiplied
with 0.5 to fit in the scale.
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FIG. 8. Spectral pressure of the harmonics of the fundamental frequency at
the focus. O: HIFU-Simulator; ¢: Coated membrane hydrophone; [J: Fiber-
optic probe; o: ONDA HNA-0400. Dotted lines denote 25 W (scaled with
0.5), full lines 50 W. n =1 denotes the fundamental frequency fp.

the time domain considerations and the phase considerations
to perform an additional analysis of the magnitude data in
the frequency domain. In Fig. 8, the harmonic pressure com-
ponents of the first ten harmonics are shown for all reliable
measurements as well as for the modeled waveforms. The
scaling to the first fundamental masks the absolute discrep-
ancies, which for the fundamental are roughly up to 30%
between simulations and measurements, and up to 15%
between different measurements. Nevertheless, the normal-
ized curves agree fairly well for the different methods and
for both transducers, except for one case (SU-101, 50 W).
On the one hand, this verifies the calibrated magnitude fre-
quency responses of the different hydrophones and, on the
other hand, it might be taken as a hint that the numerical
modeling yields reliable results also for the nonvalid case of
the H-108 MRA transducer.

V. CONCLUSION

This paper has presented an evaluation of three different
hydrophones used for measurements in the fields of two dif-
ferent HIFU transducers at 25 and 50 W. The comparison of
the results from the measurements with each other and with a
widely used numerical model clearly shows that the quantita-
tive analysis of such fields remains a challenging task. Signifi-
cant differences were observed that may be partly explained
by different active diameters of the hydrophones and by dif-
ferent usable frequency ranges. Nevertheless, these discrepan-
cies reflect the necessity for standardized recommendations
for field measurements in HIFU fields, both in terms of the
choice of measurement device and the analysis method.
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Susceptibility to destruction by cavitation is a further
problem. For the hydrophones studied, neither a metallic
coating (ONDA HNA-0400) nor a polyurethane coating
(membrane hydrophone) could protect the sensitive parts
from destruction.

Noninvasive measurement methods could be a solution
to this problem in the future, provided that they are capable
of measuring the large and rapid pressure variations that can
occur in HIFU fields and that the difficulties concerning
issues like calibration and tomographic reconstruction are
overcome.
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