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The measurements of ultrasonic fields are often performed using polyvinylidene fluoride (PVDF) membrane
hydrophones. Recently, optical hydrophones have gained popularity. Refractive type optical hydrophones are based
on the change of refractive index at a glass—water interface when the shockwave passes the sensitive area. A major
disadvantage of the optical and the PVDF hydrophones is the fact that they provide a single spot sensitive area,
with the result that field measurements need a repositioning of the probe. In this work we introduce a multi-
spot optical hydrophone with six measurement spots, for the single shot field measurement of shockwave fields.
‘We measure a highly stable shockwave source with a calibrated hydrophone and the multi-spot optical hydrophone
and we find good agreement for the calculated energy values of the shockwave field (depending on the energy

settings 4% + 1%).
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1. Introduction

Ultrasound has a wide range of application in medi-
cal therapy and diagnostics. The prediction on the ef-
ficiency of an ultrasonic medical treatment device and
clear statements on the patient safety of a medical ul-
trasound therapy require the measurement of the pres-
sure field parameters. Despite the longstanding applica-
tion of medical ultrasound, acoustic field measurements
are still a complicated task and not fully understood [1].
Furthermore, for a long time precise measurements of
the field parameters in therapeutic ultrasound were not
considered as important, as secondary effects such as
bleedings and tissue injuries were accepted side effects in
lithotripsy [2]. In the early days of lithotripsy the acous-
tic output of a lithotripter source was characterized by
the kilo voltage values of the generator, which does not
correlate to the acoustic output of the device. More-
over, to compare two different measurements made at
different facilities the measurements need to be standard-
ized by technical requirements. The IEC standard 61846
for instance describes the measurement of lithotripter
fields [3]. Although the standard was originally intended
for lithotripter fields, it is also in use for the characteri-
zation of focused pain therapy sources [4]. The require-
ments according to the standard are quite challenging.
A high dynamic range up to 150 MPa, a high bandwidth
up to 40 MHz and an active area of 0.2 mm are some of
the toughest requirements [3].

1.1. State of the art acoustic measurements

The measurements are carried out by hydrophones
in degassed and deionized water. Two main types of
hydrophones are available, the piezoelectric and the
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piezooptic hydrophones [5]. The polyvinylidene fluo-
ride (PVDF) hydrophones are the sensor of choice when
piezoelectric types are requested. Besides the fragile
PVDF hydrophones, optical hydrophones are investi-
gated. Their robustness and ease of use as well as the
high adhesion of the silica—glass end-face of the sensor
to water make the optical hydrophones the sensor of
choice for high pressure pulse fields [6]. The first ap-
proach for a robust optical hydrophone was the fiber op-
tic hydrophone (FOPH), published by Eisenmenger and
Staudenraus in 1988 [7]. The principle of the FOPH is
based on the change of light reflectivity at the end-face
of a fiber, when the incident wave passes the fiber tip.
The pressure wave changes the mass-density of the fluid
at the fiber tip, which in turn modulates the optical re-
fractive index. A photodiode converts the reflected laser
light into a voltage time signal, which represents the pres-
sure time curve at the location of the fiber tip. The disad-
vantage of the FOPH is the damageable glass-fiber which
tends to break during the measurements, making a com-
plicated re-cutting and repositioning necessary. The light
spot hydrophone — LSHD — is based on the same phys-
ical principle. The fiber tip is replaced by a ruggedized
massive glass block and the sensitive area of the probe
is given by the light spot diameter. In case of a local
glass fracture the glass block can be displaced without
the need of recalibrating or repositioning the sensor [8].

1.2. New approach of the light spot hydrophone

Working with single spot hydrophones such as the
FOPH the characterization of the spatial pressure dis-
tribution needs several measurements at different posi-
tions, thus low pulse-to-pulse variation is desirable. This
is rarely given with therapeutic sources in particular with
pneumatic and electro-hydraulic sources, where the pres-
sure values vary from pulse to pulse over a large inter-
val. To accurately describe the field of such sources the
measurements need to be performed in one single shot.
For this purpose we developed a novel approach of a
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multi-spot hydrophone using the principle of ultrasound
induced refractive index change. The current prototype
(Fig. 1) consists of six measurements spots at specific
distances to allow the measurements of the -6 dB focus
width of the majority of lithotripter sources with one sin-
gle shot.
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Fig. 1. The principle of the light spot hydrophone us-

ing the principle of ultrasound induced refractive index
change. In the upper part of the picture the actual
prototype of the multi-spot hydrophone with six mea-
surement spots is depicted.

The biggest challenge is the alignment of the focusing
optics, to ensure an angle of light incidence under 7°
referred to the glass-surface-normal. This is achieved by
a helical arrangement of the focusing optics. The angle of
incident light needs to be controlled as the angle decides
on the linearity as well as on the sensitivity of the probe.
Increasing the angle of incidence increases the sensitivity
of the probe, while the linearity is decreased. Based on
these dependences a trade-off between the linearity and
the sensitivity of the probe is found at 7° [8].

The signal processing chain consists of a photodiode
connected to two different filter and amplifier modules
(Fig. 2). The measured light-amplitude-modulation is
driven by the sound-wave induced change of the refrac-
tive index of the fluid. Thus the reflected light consists
of a static (reflection of light in ambient pressure) and
dynamic (shockwave driven modulation of the refractive
index and hence change of the reflected light at the in-
terface) part. Since the static reflection is several orders
higher dynamic reflection, the static signal is separated
in a second path.

By having two different amplification paths the re-
quirements for the dynamic range of the amplifier can be
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Fig. 2. The signal processing chain of the refractive
type hydrophone with two different signal paths: one for

the calibration signal (DC-Path) and one for the mea-
surements signal (AC-Path).

reduced and by this the signal-to-noise ratio is improved.
The cutoff frequency of the filter has to be chosen very
carefully to avoid signal distortions. In a recent paper by
Ueberle et al. it has been shown that a high frequency
cutoff frequency above 5 kHz could lead to pulse short-
ening and increased peak tensile (rarefactional) pressure
values at high energy settings of the source [4]. For the
prototype we choose the amplifier of the fiber optic hy-
drophone with bandwidth of 100 Hz up to 40 MHz.

2. Measurement results using the new
hydrophone

To compare the performance of the prototype hy-
drophone we measure the pressure field of a highly
stable piezoelectric shockwave source made by Richard
Wolf (EMS Swiss PiezoClast). We compare the mea-
surements done with prototype hydrophone and com-
pare them to calibrated fiber optic hydrophone mea-
surements. The measurements are done according to
the IEC standard 61846 in degassed (O2 concentration
< 2 mg/L) and deionized water at 21° F 1°. The hy-
drophones are moved by a custom built 3D positioning
system controlled by a Labview® Program (National In-
struments). A HAMEG 1508-2 oscilloscope (150 MHz
bandwidth and 1 GSa/s, HAMEG Instruments GmbH,
Germany) is used for signal acquisition. The signal pro-
cessing is performed in Matlab® (MathWorks Inc.) and
Microsoft Excel®.

We find very good agreement between the measure-
ments using the fiber optic hydrophone and our pro-
totype hydrophone, for all energy settings (Fig. 3a—e)
of the transducer.

The pressure time curves match very well in the am-
plitude domain and time domain. The most important
value for medical purpose is the acoustic energy applied
to biological tissue. Comparing the energy values cal-
culated of the fiber optic and our multi-spot hydrophone
data, we found likewise very good agreement with a max-
imum difference of 5%. For the spatial pressure distribu-
tion we find the same agreement for the pressure values
(Fig. 3f), with maximal difference between the fiber-optic
measurements of about 4%. However, this comparison is
only possible with highly stable source as the piezoelec-
tric source we use in our setup.
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Fig. 3. Measurement of piezoelectric shockwave source (EMS Swiss PiezoClast) at lowest energy setting level 1 (a),
level 4 (b), level 10 (c), level 15 (d) and the highest energy setting level 20 (e) using the prototype hydrophone (solid
black graph) and the fiber optic hydrophone (blue dotted graph). Single spot measurements are done in the focal plane.
In graph (f) the pressure distribution is shown for a single shot measurement using the prototype hydrophone (black
dots) and several measurements using the fiber-optic hydrophone (blue dots) at level 17.

3. Conclusion

The first experiments done with the multi-spot hy- [1]
drophone shows good agreement with calibrated hy-
drophone measurements, making it an adequate probe [2]
for the measurement of unstable sources. The maxi-
mum pressure that can be measured is dependent on the
ruggedness of the glass block and the dynamic range of [3]
the amplifier. We could measure a maximum pressure
of 40 MPa, which is limited to the maximum settings

of the source. Based on the better signal-to-noise ra- [4]
tio of the probe it can also be used in diagnostic fields
(sensitivity 10 mV/MPa). However, taking a closer look [5]

at the time—pressure curves we find a rarefactional pulse
(of about 1% of the maximal pressure) before the actual

positive pulse (red circle in Fig. 3b and c¢) which could [6]
not be observed in the fiber-optic hydrophones. We as-
sume that the signal distortion is due to bad focusing of [7]
the spot at the interface, since investigations on the sig-
nal processing chain did not reveal any signal distortions. 18]

By adjusting the focusing optics we are able to decrease
the signal distortion (Fig. 3d and e), but we were not able
to remove the rarefactional pulse completely. Our aim for
the next prototype is to remove the signal distortion and
improve the signal to noise ratio by customized amplifiers
and avalanche photodiodes.
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