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Abstract

In addition to the optical detection system used by the ANTARES detector, a
proposal was made to include an acoustic system consisting of several modified
ANTARES storeys to investigate the feasibility of building and operating an
acoustic particle detection system in the deep sea and at the same time perform
an extensive study of the acoustic properties of the deep sea environment. In
particular, a profound knowledge of the acoustic noise at the detector site is of
eminent importance for judging the reconstruction capabilities of such a system
for the acoustic signals created by neutrinos. Thus, a system of sensors with
a high sensitivity in and around the frequency range of relevance for neutrino
detection (circa 5 to 50 kHz) and at the same time with an intrinsic noise low
enough to make the measurement of the acoustic noise possible even at lowest
sea states was needed. The directional characteristics of the sensors and their
placement within the ANTARES detector had to be optimised for the study of
the correlation properties of the acoustic noise at different length scales - from
below a metre to above 100 metres.

The so-called “equivalent circuit diagram (=ECD) model” – was applied to
predict the acoustic properties of piezo elements, such as sensitivity and intrinsic
noise, and was extended by including effects resulting from the geometrical shape
of the sensors. A procedure was devised to gain the relevant ECD parameters
from electrical impedance measurements of the piezo elements, both free and
coupled to a surrounding medium.

Based on the findings of this ECD model, intensive design studies were per-
formed with prototype hydrophones using piezo elements as active sensors. The
design best suited for the construction of acoustic sensors for ANTARES was
determined, and a total of twelve hydrophones were built with a sensitivity of
-145 to -140 dB re 1V/µPa between 5 and 50 kHz and an intrinsic noise power
density around -90 dB re 1 V/

√
Hz, giving a total noise rms of 7 mV in this

frequency range. This is of the same order of magnitude as the signal expected
from acoustic noise for low sea states. The hydrophones were pressure tested
and calibrated for integration into the ANTARES acoustic system. In addition,
three so-called Acoustic Modules, sensors in pressure resistant glass spheres with
a sensitive bandwidth of about 80 kHz, were developed and built. The first three
acoustic storeys have already been installed in the deep sea and first acoustic
data is expected before the end of 2007.

The calibration procedure employed during the sensor design studies as well
as for the final sensors to be installed in the ANTARES framework is presented,
together with exemplary results for both commercial and self-made hydrophones.
An absolute calibration procedure employed for the acoustic senders is described,
as is a parametrisation for the receiving characteristics of hydrophones indepen-
dent of their interior design, together with an application of this model for the
prediction of signal shapes for reconstruction purposes.



Zusammenfassung

Als Ergänzung zur optischen Neutrinodetektion wird im ANTARES-Teleskop
ein aus mehreren modifizierten ANTARES-Stockwerken bestehendes akustisches
System eingebaut, das die Möglichkeit der Konstruktion und des Betriebs eines
akustischen Teilchendetektionssystems in der Tiefsee untersuchen soll und gleich-
zeitig dem Studium der akustischen Eigenschaften der Tiefsee dient.

Von größter Bedeutung für die Einschätzung der Fähigkeit eines solchen Sys-
tems, das Schallsignal eines Neutrinos zu rekonstruieren, ist insbesondere die
genaue Kenntnis des akustischen Untergrunds am Standort des Detektors. Daher
wird ein System aus Sensoren benötigt, die einerseits eine hohe Empfindlichkeit
im für die Neutrinodetektion relevanten Energiebereich (ungefähr 5 bis 50 kHz)
besitzen und gleichzeitig ein genügend niedriges Eigenrauschen aufweisen, um
die Messung des akustischen Untergrunds selbst bei ruhiger See zu ermöglichen.
Die Richtungseigenschaften der Sensoren sowie ihre Positionierung innerhalb des
ANTARES-Detektors mussten in Hinblick auf die Untersuchung der Korrelations-
eigenschaften des akustischen Untergrunds auf verschiedenen Längenskalen - von
weniger als einem Meter bis über 100 Meter - optimiert werden.

Das sogenannte “Ersatzschaltbildmodell” (=ECD) wurde angewendet, um die
akustischen Eigenschaften, wie zum Beispiel die Empfindlichkeit und das Eigen-
rauschen, von Piezoelementen vorherzusagen, und wurde erweitert, um Auswirk-
ungen der geometrischen Form des Sensors zu berücksichtigen. Eine Prozedur
wurde entwickelt, um die für das ECD-Modell benötigten Parameter aus der
elektrischen Impedanz der Piezoelemente, sowohl frei als auch an das umgebende
Medium gekoppelt, zu gewinnen.

Aufbauend auf den mit diesem ECD-Modell erzielten Ergebnissen, wurde eine
intensive Design-Studie mit Hydrophon-Prototypen durchgeführt, wobei Piezo-
Elemente als aktive Sensoren verwendet wurden. Das für die Verwendung in
ANTARES am besten geeignete Design wurde bestimmt, und darauf aufbauend
wurden zwölf Hydrophone gebaut mit einer Empfindlichkeit von -145 bis -140 dB
re 1V/µPa im Frequenzbereich zwischen 5 und 50 kHz und einer intrinsischen
Rauschdichte um -90 dB re 1 V /

√
Hz, entsprechend einem Gesamtrauschen

von 7mV rms in diesem Frequenzbereich. Letzteres ist von derselben Größenord-
nung wie das erwartete akustische Rauschsignal für ruhige See. Die Hydrophone
wurden auf Druckfestigkeit getestet und für die Integration in das ANTARES-
Akustik-System kalibriert. Zusätzlich wurden drei sogenannte Akustische Mo-
dule entwickelt und gebaut. Dabei handelt es sich um Sensoren in druckfesten
Glaskugeln mit einer Bandbreite von nahezu 80 kHz. Die ersten drei akustischen
Stockwerke sind bereits in der Tiefsee installiert worden, und die ersten akust-
ischen Daten werden noch im Jahr 2007 erwartet.

Die Kalibrationsprozedur, die während der Design-Phase und für die finalen
Sensoren zur Installation im ANTARES-System verwendet worden ist, wird be-
schrieben. Hierzu werden beispielhafte Ergebnissen sowohl für kommerzielle als



auch für selbstentwickelte Hydrophone vorgestellt. Ein Verfahren zur absoluten
Kalibration der akustischen Sender wird beschrieben. Des Weiternen wird eine
vom inneren Aufbau eines Hydrophons unabhängige Parametrisierung dessen
Empfangseigenschaften dargestellt, zusammen mit einer Anwendung dieses Mod-
ells zur Vorhersage von Signalformen für Rekonstruktionsstudien.
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1 Introduction

Two things fill the mind with ever new and increasing admiration
and awe, the oftener and the more steadily we reflect on them: the
starry heavens above and the moral law within. . . I see them before me
and connect them directly with the consciousness of my existence.

Immanuel Kant, Critique of Practical Reason [1]

Since the dawn of human civilisation, humans have always gazed up at the sky
in search of the great and ultimate truths of their existence.

Figure 1.1: The “Sky Disc of Nebra”, one of the oldest known astronomical
artefacts from Bronze-Age Europe.

Between the days when the first pre-humans gazed up at the starlit sky above
them and the days of manned spaceflight, the methods of astronomy have changed
but the basic motivations are still similar. In the earliest civilisations, astronomy
had emerged as a means of understanding but ultimately as a means of acquir-
ing and securing power. For it was reasoned that those who knew the ways of
the stars knew the ways of the gods, and, in consequence, the workings of the
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1 Introduction

world. More practically, knowledge of astronomical cycles allowed the measure-
ment of time and the prediction of events determining the survival or destruction
of civilisations, such as the yearly floods crucial to intensive agriculture. For this
purpose, elaborate calendars based on many years of observations of the night
sky were created in places as remote and unconnected as the Fertile Crescent
and Mesoamerica. Observatories were created, ranging from the ziggurats of
Mesopotamia to the monumental architecture of Stonehenge, and so widespread
and important was the pursuit of astronomy that archaeological findings of elabo-
rate astronomical devices are treated as an indication of an advanced civilisation,
as in the case of the so-called Sky Disc of Nebra (figure 1.1).

Astronomy has always been associated with powerful philosophical or religious
notions in humankinds search for the reason for their existence and the solution
to the questions of our origin and destination. While philosophers and priests
in ancient civilisations tended to view celestial objects and constellations in the
sky as either manifestations of the gods themselves or at least as the result of
their direct influence on the world, modern astronomers, having rid themselves of
these religious components are still trying to address the same questions, albeit
in a new way. The whole branch of cosmology concerns itself with the struc-
ture and the creation of the universe, coming up with more and more elaborate
models and theories for its description. The data these models and theories are
based on is data derived from observational astronomy and its latest descendant,
astroparticle physics.

In the beginning, before the advent of optical instruments, these observations
were invariably performed in visible light by means of the unaided human eye
only. Not surprisingly, the observational data from these times are restricted
to bright objects such as the stars of the night sky, the five innermost planets
and phenomena such as comets, with only few exceptions such as the famous
supernova from the year 1006, which was observed and described by the ancient
Chinese. The first great change was brought about by the development of the
optical telescope, which for the first time allowed the observation of objects too
faint to be discernible by the naked eye, which rapidly lead to the discovery of
new celestial bodies such as the moons of Jupiter. Thanks to the continuing
development of these telescopes, ultimately resulting in the space-bound Hubble
Space Telescope and its descendants, photographs of astrophysical objects and
constellations at a distance of many mega-parsecs have been made possible. In
the course of the 20th century, these observations in visible light were extended
to both ends of the wave length spectrum, from radio to gamma astronomy.

All these modern observatories have one thing in common with the ancient cave
people gazing at the sky: the means employed for their observations, the photon.
In addition to their special status as the medium of natural eyesight, photons
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provide many advantages for astronomical observations, such as their unlimited
life-time and the great numbers in which they are created in nearly all known
processes of nuclear physics and astrophysics. Within their spectra, they convey
information about the conditions at the time and location of their creation, such
as temperature and the chemical composition of their sources and their surround-
ings. A disadvantage, however, is their electromagnetic interaction with cosmic
matter. For this reason, they are easily absorbed by clouds of interstellar dust or
even directly in the source regions where they were created. An example of this
effect is the light which we see from the sun. Although the primary production
process via nuclear fusion occurs in the core of the sun, the optical density of
the sun’s matter is so high that it takes about 106 years for the light to arrive at
the sun’s photosphere, from which it reaches us only eight minutes later, albeit
with a completely changed energy spectrum that provides no direct insight into
the nuclear processes within the sun. Through similar absorption processes, a
direct view into the core of our galaxy is made impossible by dust clouds. In
addition, at least for the highest energy gamma rays the range of the photons
is limited in space by the so-called Greisen-Zatsepin-Kuzm̀in (GZK-) cutoff, as
highly energetic photons can scatter on photons of the cosmic infrared and mi-
crowave background, rendering opaque even the seemingly empty intergalactic
space.

A different potential window into space is provided by the charged cosmic radi-
ation, composed mainly of highly energetic nucleons and nuclei, which are created
in cosmic “accelerators” such as active galactic nuclei and gamma ray bursts, and
carry in their composition and energy spectrum information about the circum-
stances of their creation. The discovery of these charged particles from outer
space and their use as a means of studying astrophysical processes opened up
the new field of astro-particle physics. While their range is also potentially very
large, their electric charge makes these cosmic particles susceptible to interstellar
and intergalactic magnetic fields. Under the influence of these magnetic fields,
their trajectories are deflected, and any directional information they may once
have carried is lost. Even the most long-lived neutral hadron, the neutron, is not
stable and in the course of the astronomically large travel distances inevitably
decays into a (charged) proton.

Hence, the ideal messenger particle, allowing insight even into the most hidden
regions of the universe, would be an electrically neutral, stable particle that in-
teracts only weakly with its surroundings and thus evades absorption. It should
be created in large numbers, similar to the photon, in ideally all interesting
astrophysical processes, and in its spectrum carry information about the inner
workings of these sources. The only known particle that combines all these at-
tributes is the neutrino. It is nearly massless, interacts only weakly (and is thus
deeply penetrating), and is created in great numbers in nuclear reactions and the
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1 Introduction

decay of heavy particles. The discovery of this particle and its unique properties,
heralded the birth of the latest descendant of ancient astronomy, neutrino astro-
particle physics.

The work presented here is part of a relatively new effort to detect the most
energetic of these cosmic neutrinos by recording the acoustic signatures created
by their interaction in the water of the deep sea. This acoustic particle detection
could allow an increase in the sensitive range for neutrino observation beyond the
upper energy limits available for current detection methods. In this respect, it
would open a new window on the universe and thus might one day give us the
opportunity to gaze with new eyes at a hitherto hidden sky, searching once again
for the great and ultimate truths of our very existence.

8



2 Ultra High Energy Neutrino

Physics

Neutrino physics is
largely an art
of learning a great deal
by observing nothing.
- Haim Harari

Since the early days, when experimental neutrino physicists were desperately
seeking to measure even the weakest direct signature of these elusive particles,
and most of the knowledge about the properties of neutrinos really did come
from non-observation (as again later in the case of the oscillation searches), the
level of knowledge has greatly risen. Not only have all three predicted standard
model neutrino generations been observed – and no more than three – but the
solar neutrino problem has also been observed and solved, which has lead to the
discovery of neutrino oscillations.

After these pioneering years, the knowledge of the properties of neutrinos seems
to be sufficiently comprehensive for the focus of attention to be shifted at least
partially and for neutrinos to be used no longer as the targets of the observations
but as the tools for new and hitherto impossible observations for which their
unique properties make them the ideal messengers.

Ironically, it is precisely their favourable property of deep penetration that
turns out to be the greatest obstacle to efficient neutrino astronomy: while the
interaction cross-section for neutrinos with matter is so small as to allow them
to escape from even dense sources and penetrate obstacles, it is by this very
same process of interaction with matter that neutrinos can be detected on earth.
Therefore a huge amount of detector material is needed to attain a sufficient
detection rate, even though the incoming neutrino flux is high.

2.1 Sources of Ultra High Energy Neutrinos

In the following section, creation mechanisms and candidate sources for the pro-
duction of neutrinos will be presented, restricted to sources capable, at least in
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2 Ultra High Energy Neutrino Physics

principle, of producing neutrinos in the ultra-high energy (UHE) regime beyond
the PeV range.

2.1.1 Creation Mechanism

The dominant “bottom-up” production mechanism for neutrinos in the energy
region of interest for astroparticle physics takes place via the decay of charged
pions:

π+ → µ+ + νµ (2.1)

µ+ → ν̄µ + e+ + νe, (2.2)

leading to two muon-type and one electron-type neutrino per pion. The process
for negative pions is analogous. The branching ratio for equation (2.1) is over
99.9%. As a result, all astrophysical sources creating neutrinos via pion decay
are expected to emit flavour ratios of νe : νµ : ντ = 1 : 2 : 0, with nearly no native
ντ content1. Neutrino oscillation, however, will change this ratio during the long
distances travelled between the source and the observer: a full 3-flavour analysis
using the current best-fit values for the neutrino mixing parameters predicts a
flavour content upon arrival at the Earth of νe : νµ : ντ = 1 : 1 : 1 for all
astrophysical objects obeying relations (2.1) and (2.2), now yielding a significant
ντ content2.

The pion is usually created from protons via ∆-resonance as:

p + p/γ → π± + X. (2.3)

In addition to the charged protons ultimately culminating in to neutrinos, a
parallel process via neutral pions creates gamma photons:

p + p/γ → π0 + Y (2.4)

π0 → γ + γ (2.5)

Thus, the creation of neutrinos and of gamma rays (via pion decay) are coupled,
which – among other things – allows the calculation of neutrino flux limits from
the observed gamma spectra.

As neutrinos, lacking electrical charge, cannot be accelerated after their cre-
ation, the pions themselves must already have sufficient energy. This energy is

1this is also true for atmospheric neutrinos, which are produced in the same way.
2the (1:1:1) ratio might look deceptively obvious but it actually only emerges from rigorous

oscillation analysis just for maximal Θ23 mixing, and even then merely for a (1:2:0) starting
ratio, among a few other possible combinations. Thus, sources with other initial ratios will
lead to different ratios at the position of the observer.
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2.1 Sources of Ultra High Energy Neutrinos

generally assumed to be gained in astrophysical shocks via first order Fermi accel-
eration [2], where charged particles are magnetically trapped between two shock
fronts. Figure 2.1 schematically describes a situation in which a faster shock
front (moving at velocity u1) approaches a slower shock front (moving at u2). A

v

u u

v

21

Figure 2.1: Simplified model used for the explanation of the Fermi accelera-
tion process for charged particles (the “ping-pong ball” model) caught between
co-moving shocks. In this “naive” picture, the accelerated particle is depicted as
a ping-pong ball repeatedly being reflected between two solid wall, which approach
each other. In reality, the shocks are collisionless and deflections are the result
of magnetic mirroring.

charged particle injected between these two shock fronts is repeatedly reflected
magnetically at the shock fronts, experiencing a net energy gain proportional to
the relative velocity of the shocks, until it leaves the acceleration region. Char-
acteristic of this type of acceleration mechanism is a resulting power-law energy
spectrum.

Other production mechanisms in discussion include top-down creation from
ultra-heavy Big Bang relics (cosmological defects, magnetic monopoles, X and Y
particles and a whole collection of hypothetical exotics). In contrast to bottom-
up mechanisms, the top-down models usually involve flavour ratios differing from
1:2:0 and non-simple power law energy spectra, so that it should, at least the-
oretically, be possible to distinguish between the different models and hadronic
acceleration. This possibility of finding signatures of new, non-standard model
phenomena is thus one of the physics goals of current neutrino telescopes. Of
special importance are also the so-called “GZK neutrinos”, whose production
process and expected signatures are discussed below.
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2 Ultra High Energy Neutrino Physics

2.1.2 Candidate Sources

In principle, any astrophysical object which can accelerate hadrons will also pro-
duce high energy neutrinos via the mechanisms discussed above. In the following,
a selection of the most likely candidate sources for ultra-high energy neutrinos is
presented.

Active Galactic Nuclei

Active Galactic Nuclei (AGNs) are the core regions of active galaxies, in which
large amounts of energy are released via the accretion of matter by a central
supermassive black hole of the order of 108 solar masses. In the jets associated
with this accretion process, charged particles can be accelerated to ultra-high
energies via Fermi acceleration in a series of consecutive shock fronts, leading to
a very concentrated energy output from a relatively small volume. Depending on
the observation angle, the AGN model can be responsible for a whole group of
astronomical objects with seemingly different properties, ranging from blazars,
if the jet is directly pointed towards the observer, to a radio galaxy, where the
primary radiation is absorbed by molecular clouds, producing secondary radiation
in the radio band. Again, as for GRBs, the acceleration processes responsible for
the gamma ray progenitors are also assumed to accelerate protons and thus create
neutrinos.

Gamma Ray Bursts

Gamma ray burst (GRBs) are characterised by very short, intensive flashes of
gamma rays, which last typically between a few milliseconds and several seconds,
during which they outshine the entire gamma-ray sky, emitting a total power
between 1051 and 1054 erg per second, which briefly makes them the most lumi-
nous objects in the universe3. From causality arguments, the spatial extent of
the source region must be limited from a few tens of kilometres to a few hun-
dred kilometres. From the non-thermal nature of the gamma spectrum, it can
be inferred that the GRBs are the result of a relativistically expanding “fireball”
[3] ploughing into the surrounding interstellar medium (figure 2.2). In the series
of forward and reverse shocks created in this fireball, electrons and positrons are
thought to be accelerated via shock acceleration, subsequently producing gamma
rays via synchrotron processes. As such an acceleration mechanism could also
accelerate protons up to energies of around 1020 eV, which would then produce
pions and ultimately neutrinos, gamma ray bursts are expected also to be sources
of UHE neutrinos temporally correlated with gamma rays. From the Fermi ac-
celeration mechanism, neutrinos fluxes with a spectral index of -2 are expected
below 107 GeV, with the spectrum steepening above that energy threshold. As

31 erg = 10−7 J = 625 TeV. The luminosity of the sun is about 4 · 1033 erg/s.
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the GRBs’ duration is so short, the coincident observation of gamma rays and
neutrinos from such a source would be nearly free of background [4].

relativistic
jet

interstellar matter

internal shocks

gamma rays are produced here

Source

Figure 2.2: Schematic view of a Gamma Ray Burst with a relativistic jet im-
pinging on interstellar matter, creating a so-called fireball with a series of internal
shocks. Taken from [4].

GZK Neutrinos

The GZK effect, first described by Greisen [6], Zatsepin and Kuzmin [7] in 1966,
is a promising model for the secondary production of ultra-high-energy neutrinos
via the interaction of cosmic ray protons at energies above Ep > 50 EeV with the
2.7 K cosmic microwave background. This reaction, which would limit the range
of the highest-energy charged cosmic rays, is expected to produce π+, mostly via
∆+(1232) resonance. The subsequent pion decay would result in a strong flux of
ultra-high energy neutrinos, exceeding the Waxman-Bahcall limit in the energy
range between 108 and 1011 GeV and producing an accumulation of neutrinos
around the GZK threshold. The sources of the primary particles for the GZK
reaction are most likely AGNs and GRBs with redshifts beyond z = 1. Most
recent results from the Pierre Auger Observatory seem to confirm the existence
of this cut-off, and thus a guaranteed source of UHE neutrinos.

The Waxman Bahcall Bound

The Waxman-Bahcall bound [8] is not a neutrino source model but a generic up-
per limit to the flux of UHE neutrinos produced by hadronic acceleration mech-
anisms in sources that are optically thin. Thus at least a part of the gamma rays
and other cosmic rays that are always produced in conjunction with neutrinos
can escape from the production region. From the measured fluxes of these asso-
ciated particles, it is possible to derive an upper limit to the neutrino flux. The
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2 Ultra High Energy Neutrino Physics

assumption of a complete conversion of all energy in the observed UHE cosmic
rays into neutrinos gives a theoretical neutrino flux of

E2
νΦν,WB = 2.0 · 10−8 GeV cm−2s−1sr−1,

which constitutes an upper limit conservative by at least a factor of 5 [9]. For
sources of high optical depth, however, such as assumed for the AGN model, this
limit can be exceeded.

Topological Defects

In addition to neutrino production via the annihilation of dark matter, the cre-
ation of neutrinos in the annihilation or collapse of topological defects – hypo-
thetical boundaries between regions of the universe with different orientations
of the Higgs field – is another example of the so-called “top-down” production
of neutrinos. While the expected neutrino energy from neutralino decay is well
below the UHE range, the energy released in the annihilation of topological de-
fects is predicted to be of the order of the GUT scale, around 1015 - 1016 GeV,
of which a certain fraction will be converted into UHE neutrinos. Created in a
top-down process, the resulting energy spectrum will differ from the power law
spectra typical of neutrinos produced through acceleration processes.

Expected Neutrino Fluxes

Figure 2.3 shows a composition of the expected UHE neutrino fluxes from the
models described in the preceding sections. For easier comparison of the spec-
tral shapes, the E−2 slope common to all models relying on first-order Fermi
acceleration has been removed by plotting E2Φ instead of the fluxes Φ.

2.2 Conventional Detection Methods and

Instruments

There are currently several experiments searching for cosmological neutrinos of
high and ultra-high energies, which mainly fall into the class of neutrino tele-
scopes. While these differ in size and in the detection medium used (water or
ice), they all share the same detection mechanism: the detection of Čerenkov
light produced in water or ice by secondary particles created through a reaction
of the neutrino inside the detector volume. To detect this Čerenkov light, these
neutrino telescopes employ a large number of photomultiplier tubes distributed
throughout the detector volume. These neutrino telescopes are optimised for
the detection of the long tracks of muons resulting from charged-current interac-
tions of muon neutrinos, achieving good angular resolution due to the long track
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Figure 2.3: Total ultra-high energy neutrino flux predicted by theoretical models
discussed in the text, summed over all flavours. Adapted from [10], original data:
GRB from [11], AGN HZ97 from [12], S05 from [13], GZK from [14], WB from
[9], TD from [15]. The Z-burst points are from [16] but have in the meantime
been excluded experimentally [17] (and are thus not discussed in the text).

length (below 0.5o for water, about 2o in ice due to higher scattering). Addi-
tional efforts are made to include electromagnetic and hadronic cascades, created
in charged-current νe reactions and all neutral current reactions respectively, into
the analysis, as these event types promise better energy resolution at a loss of
pointing accuracy. To suppress the background coming from atmospheric muons,
all Čerenkov telescopes are built in several kilometres depth in water or ice and
only accept up-going tracks. Depending on the background situation and the sen-
sor spacing, the neutrino energy range accessible to Čerenkov telescopes starts
around 50 GeV and is limited by the total instrumented volume of the detector
to about 100 TeV, depending on the detector size.

Several water Čerenkov telescopes are currently in operation or under construc-
tion, with the Baikal [18] in Siberia both the oldest running telescope and the
only one operating in fresh water. In the Mediterranean, the ANTARES detector
[19] is nearing completion, while the cubic-kilometre-sized telescope KM3NeT [20]
is in its design phase, incorporating the formerly independent NEMO [21] and
Nestor [22] studies. As a representative of this kind of detector, the ANTARES
detector is described in some detail in section 7.1.

The other group of experiments is located at the geographical South Pole,
replacing water by Antarctic ice as a detector medium. The first such detector,
AMANDA [23], has been superseeded by the km3-sized IceCube [24] detector
currently under construction. In both cases, the optical modules are suspended
into holes drilled into the Antarctic glacier.

15



2 Ultra High Energy Neutrino Physics

So far, no conclusive detection of cosmic neutrino fluxes has been achieved by
any of these experiments.

2.3 Acoustic Neutrino Detection

2.3.1 The Thermo-Acoustic Model

The creation of acoustic signals by elementary particles in water or similar media
was first described by G. A. Askaryan and B. A. Dolgoshein in the so-called
thermo-acoustic model [25].

Theory

According to the thermo-acoustic model, a primary particle, such as a neutrino,
reacts in the target medium, creating a hadronic cascade. The resulting localised
energy deposition leads to a near-instantaneous heating of the water volume pen-
etrated by the shower and a subsequent expansion of the water volume, which
creates an outgoing pressure pulse. If the particle density in the cascade is high
enough, the individual pressure pulses from the individual particle tracks add up
coherently, and the whole cascade can be treated as a single cylindrical sound
source. The actual shape of the pressure signal depends on the lateral density
distribution assumed for the cascade but it is always a bipolar pressure pulse
(=“BIP”). Figure 2.4 shows the resulting bipolar pressure signal for three dif-
ferent parametrisations of the energy deposition. The signal used in this work
is based on the most recent and most refined of these models, by Dedenkov et
al.[26]. The characteristic frequency of the bipolar pressure pulse greatly de-
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Dedenko et al, 1997

Figure 2.4: Thermoacoustic pressure signals for a 10 PeV primary in 400 m
distance, for different modelling of the energy deposition. Modified from [28].
The models were originally taken from [25], [27] and [26].
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pends both on the lateral dimensions of the shower “core”, where the majority
of the energy is deposited, and the speed of sound in the medium. Thus, while
for a neutrino-induced hadronic cascade in water the characteristic frequency of
the signal is close to 20 kHz, a cascade with the same lateral distribution in ice
would yield a signal with a peak frequency of around 40 - 50 kHz. Further-
more, not only the signal’s frequency spectrum depends on the properties of the
medium but also the signal amplitude. This is perfectly understandable as the
magnitude of the expansion resulting from heating of the medium depends on
the material’s expansion coefficient α, its specific heat capacity Cp and the speed
of sound cs in the medium. The bigger α or cs and the smaller Cp, the greater
is the resulting pulse amplitude. This correlation is governed by the so-called
“Grüneisen-Parameter” γ:

γ =
c2
s · α
Cp

, (2.6)

which describes the change in pressure resulting from a change in internal energy.
The heat expansion coefficient α is normally a function of the material’s temper-
ature θ, as is γ. For water, however, the situation is more complicated due to
its anomalous behaviour around and below θ = 4oC. As the water’s density is
maximised at 4oC, the corresponding heat expansion coefficient is zero, and thus
γ = 0, even becoming negative for temperatures below 4oC. Thus, any thermo-
acoustic signal can be expected to vanish at 4oC and change its sign below that
temperature. This dependence can be an important issue in the choice of a possi-
ble site for an acoustic particle detector utilising the thermo-acoustic effect. For
the sites in the Mediterranean, however, where the water temperature is always
close to 12oC, no great variation of the signal need be expected. For the same
reason, the expected acoustic signal in the cold ice of the South Pole has an in-
verted sign compared to the signal in water. As the sound velocity in ice is more
than twice as high, and Cp is lower, however, the Grüneisen-Parameter is larger
by more than a factor of 10, leading to significantly larger signal amplitudes for
the same neutrino energy.

Experimental Verification

Although up to now no acoustic detection of ultra-high energy neutrinos has been
achieved, the validity of the thermo-acoustic model has been verified by several
experiments in water and in ice under controlled conditions. In all these experi-
ments, the single ultra-high energy primary particle has been emulated by either
a dense bunch of lower energy particles (protons, in particular) creating a number
of secondary cascades with a total energy comparable to the UHE neutrino case
[29][30], or the energy deposition by particle cascade has been replaced by a differ-
ent deposition mechanism, for example a laser beam [31][32] or a heated wire [33].
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In an experiment conducted by members of the Erlangen ANTARES group
in 2004, the pulsed 177 MeV proton beam of the Theodor Svedberg Labora-
tory at the University of Uppsala was used to create a particle cascade in a
150x60x60 cm water tank [31][35]. During the course of the measurement, the
water temperature was varied with a precision of 0.1o, using large ice blocks
and a computer-controlled system of heaters and pumps. Figure 2.5 gives the
variation of the signal amplitude measured in two different hydrophones with
temperature, clearly exhibiting an inversion of the signal close to 4oC and linear
behaviour further away from it4. This temperature behaviour as well as the shape
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Figure 2.5: Amplitudes for the proton-beam induced pressure signal plotted ver-
sus water temperature [34].

of the measured signals clearly indicate at least a dominant contribution from the
thermo-acoustic effect.

2.3.2 Acoustic Particle Detection in the Deep Sea

The possibility of detecting neutrinos via the acoustic signal produced by the
thermo-acoustic effect instead of the conventional approach using Čerenkov light
seems tempting because the range of sound in water is much larger than for
light (see below), with a more than ten times greater attenuation length in the
frequency range of interest. This greater range would make the construction of
much larger detector volumes possible, without increasing the number of indi-
vidual detector elements but their merely spacing. Thus, while the possible size
for water Čerenkov neutrino telescopes is most likely limited to a few cubic kilo-
metres, due to the enormous cost involved in instrumenting these volumes, the
achievable size for an acoustic detector could easily be three orders of magnitude
greater with the same total number of sensors, if the inter-sensor distance were

4A similar measurement performed with a laser beam instead of a proton cascade reproduces
this result [32].
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increased by one order of magnitude. Thus, the available energy spectrum for
neutrino telescopes could be significantly enlarged so as to reach energy regions
as yet out of range due to the exceedingly low fluxes.

Geometrical Properties of the Thermo-Acoustic Signal

While the expected amplitude of a neutrino-induced bipolar pressure signal is
roughly linear in the neutrino’s energy, it depends greatly on both distance and
direction with respect to the hadronic cascade:

Due to the shape of the sound source, basically the shape of a cigar about
5 metres long but only about 5 to 10 cm in diameter (figure 2.6), the resulting
thermo-acoustic sound emission is highly directional, with almost all signal power
emitted within a narrow disc perpendicular to the hadronic cascade5, whose initial
thickness is given by the length of the cascade. While this disc slowly widens for

ν

q

hadronic cascade

~5 m

~10 cm

~1 km

sound disc

Figure 2.6: Sketch of the geometry of the hadronic shower and the resulting
sound “disc”. The x and y dimensions of both the shower and the disc are not to
scale, with the shorter dimension greatly exaggerated.

longer distances from the shower axis, only a few degree outside the centre plane of
the sound disc, there is virtually no signal amplitude left. This peculiar geometry
of the sound field is indicative of the thermo-acoustic signal generation, and is of
great importance for both the suppression of point-like transient noise sources and
for the reconstruction of the direction of flight of the original neutrino. A detailed

5This disc is in principle a Mach cone for a source travelling at the speed of light – corre-
sponding to a Mach factor of 2 · 105.
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simulation and reconstruction study for such an acoustic neutrino detector can
be found in [10].

Inside the sound “disc”, sufficiently far away from the shower axis to avoid
near-field effects, the pressure signal amplitude scales with the inverse distance
to the shower axis, thus p(r) ∝ 1/r (ignoring absorption). For a shower energy
of 1016 eV, the expected signal amplitude in 400 m, inside the disc, is roughly
100 µPa.

Acoustic Properties of the Deep Sea

Of particular importance for the feasibility of acoustic neutrino detection in the
deep sea are the acoustic properties of the medium, especially with respect to
sound absorption and the presence of acoustic noise.

As already stated above, compared to light, the attenuation length in water
is much greater for sound. However, in sea water the sound absorption is sig-
nificantly increased due to the presence of certain salt components of the sea
water. In particular, a dissociation process of MgSO4 reduces the sound absorp-
tion length for frequencies below 100 kHz by about a factor of 30 compared to
fresh water. Nevertheless, the attenuation length is still of the order of a kilome-
tre around the peak frequency of the bipolar neutrino signal, dropping to about
300 m for 100 kHz. In contrast to ice, sound scattering in the sea can be ignored.
Refraction due to the pressure and temperature gradients in the sea water has
an effect on the propagation of the signal but, as the resulting bending radii are
of the order of 90 km [10], the sound disc will still be essentially flat locally.

Acoustic Noise in the Deep Sea

While the fairly favourable acoustic transmission properties of the sea seem to
be a significant advantage in acoustic particle detection, they also increase the
detector’s susceptibility to any other acoustic signals from sources present in the
sea other than neutrinos.

In this respect, the deep sea is by no means a noise-free environment. Figure
2.7 shows the total theoretical noise spectrum in the sea and the individual con-
tributions due to different noise sources. For frequencies below several hundred
hertz to one kilohertz, the dominant contribution is due to man-made noise from
factories and shipping. This, however, is below the frequency range of interest.
Instead, the frequency region of interest for acoustic particle detection receives
two major noise contributions:

• In the high-frequency limit, the spectrum is dominated by a rising noise
component due to the thermal motion of the water molecules. This contri-
bution depends only on the absolute water temperature and is thus nearly
constant.
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Figure 2.7: Expected noise spectrum in the deep sea with separate components
due to shipping, wind and waves and thermal noise. For the wind speed, 1 knot
corresponds to 1.852 km/h, about 0.5 m/s. Taken from [36].

• In the intermediate region, between about 1 kHz and 30 - 100 kHz, the
spectrum is dominated by a steady contribution due to the destruction of
air bubbles submerged by sea waves. This component is strongly correlated
with the sea state at an given time.

Depending on the state of the sea, especially the amount of wind, the spectral
minimum lies somewhere around 30 kHz (for sea state 0) and over 100 kHz (for
sea states above 3). In the first case, this noise minimum roughly coincides with
the highest power density expected for a neutrino signal, maximising the signal-
to-noise ratio for acoustic particle detection.

In addition to these steady noise components, the sea is expected to contain a
number of transient sources, including some of biological origin, such as fish and
marine mammals. While especially the chance of recording and analysing the
complex sounds produced by whales and dolphins might offer attractive possibil-
ities for interdisciplinary studies, the acoustic signals created by these animals are
very different from those expected from neutrinos, so that this noise component
at least should be easy to eliminate.
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2.3.3 Acoustic Detection Activities

General Considerations

Currently, there are several ongoing projects aimed at the acoustic detection of
UHE neutrinos. For the construction of an acoustic detector, a large, homoge-
neous medium with properties favourable for the creation and propagation of
acoustic signals is required. Three different media are currently under study,
namely water, ice and salt. Of these three, ocean water is both the best under-
stood and most easily accessible. The acoustic properties of sea water are well
known from long-running military and civilian research campaigns. In general,
the energy thresholds for acoustic detection in water are well above the EeV
scale, due to the intrinsically relatively low signal amplitudes and the presence of
acoustic noise. Ongoing efforts are focussing on means of lowering this threshold
by improved site selection, signal processing and background rejection.

Ice and salt domes, on the other hand, might offer an intrinsically better signal-
to-noise ratio due to higher signal amplitudes and the absence of biological noise
sources. However, as ice and salt are solids, the homogeneity of the medium is
not guaranteed, which could lead to reflection and diffraction of acoustic signals,
as well as localised absorption. In addition, the integration of acoustic sensors
in these media is more difficult. While the drilling of holes in ice is feasible, as
already shown during the construction of AMANDA and IceCube, the cost of
drilling into salt could be prohibitively high.

It may be advantageous to combine such an acoustic particle detector with
other methods used for UHE neutrino detection such as optical or radio arrays.
Such a hybrid detector could make the simultaneous detection of a neutrino with
two or more of these techniques possible, greatly reducing the respective intrinsic
errors and allowing a calibration of acoustic or radio detectors with the help
of the better established and understood optical signal. A combination of all
three methods inside a single detector is only possible in the case of ice, which
is transparent to light, radio waves and sound, while in water only acoustic and
radio detection could be combined. Owing to the expected energy threshold of
acoustic detection, however, coincident optical and acoustic detection is not likely
for an optical detector in the cubic kilometre scale.

Current and Planned Experiments

The first detailed study with the explicit aim of searching for neutrino-like signa-
tures was performed by the SAUND (Study of Acoustic Ultra-high-energy Neu-
trino Detection) group. This experiment used a military array in the Bahamas
[37] composed of single hydrophones with an inter-sensor spacing of about 1 km,
and is now being followed by an upgraded version, SAUND II. Other current
efforts using water as the detection medium are being undertaken in the Mediter-
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ranean and off Scotland’s Atlantic coast.

Using the existing infrastructure of the NEMO test facility close to Sicily,
the NEMO Ocean Noise Detection Experiment OνDE [38] is investigating the
acoustic properties in a 1-50 kHz band with four hydrophones spaced about 1 m
apart. The first analysis of the data shows considerable variability of the noise
magnitude due to human sources and the presence of a large number of biological
sources such as marine mammals.

The second acoustic facility in the Mediterranean, using the ANTARES in-
frastructure, is discussed in greater detail in chapter 7.2.

Like the SAUND system, the ACORNE collaboration [39] (Acoustic COsmic
Ray Neutrino Experiment) uses an existing military array on the island of Rona,
Scotland, reading out eight hydrophones continuously at 140 kHz. The main em-
phasis of this study is on signal processing and event reconstruction techniques
with this data, as well as the calibration of the devices. In addition, an effort is
being undertaken to develop an acoustic calibration device that can mimic the
radiation pattern and the pulse shape produced by a cascade.

The main activity in the field of in-ice detection is the South Pole Acoustic
Test Setup (SPATS) [40], which is included in the IceCube infrastructure and en-
compasses three 400 m long strings in IceCube holes. Figure 2.8 shows a SPATS
storey together with an opened SPATS sensor module. Each storey [41] consists
of a transmitter module [42] and a sensor module in order to allow the creation
and subsequent measurement of acoustic signals to determine travel times, at-
tenuation and signal transport characteristics in the ice. The sensor modules
contain three piezoelectric sensors each inside a metal sphere, a design similar
to that of the Acoustic Modules for ANTARES designed and built as a part of
this work, while the transmitters use a naked piezo ring frozen into the ice as an
acoustic sender. For the completed SPATS setup it is planned to replace one of
these sensor modules by a purpose-built “hydrophone” developed in the course
of this work. The purpose of this is to reduce systematic errors in the analysis by
combining data from two sensors with very different expected characteristics [47].

Expected Sensitivity to Neutrino Fluxes

The expected sensitivity of an acoustic detector depends on a large number of
parameters, some of which are still little known, such as the exact lateral shape
of a hadronic shower in this energy regime. Current calculations (such as the
one published in [10]) use an extrapolation of results from air shower simulations
such as CORSIKA and experimental data. The other main input into sensitivity
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Figure 2.8: Left: photo of a single SPATS storey, here using a hydrophone
created within the scope of this work instead of the normal sensor module. Right:
photo of an opened SPATS sensor module showing the three piezoelectric sensors
attached to the walls together with the pre-amplifier electronics [43].

calculations is the expected background, here mainly coming from acoustic noise
present in the detector. The determination of this background is one of the major
goals of the current and planned experiments.

Figure 2.9 gives such an expected sensitivity for a 1500 km3 acoustic detector
in water for 5 years of data-taking, acquired as the result of a simulation study
for different detector geometries [10]. While the expected acoustic properties of
ice lead to a somewhat different estimate for an ice-based detector, the order of
magnitude and general shape of the sensitivity curve, especially as compared to
the sensitivities for the other experiments presented in the figure, which employ
completely different detection techniques with their own systematics. According
to this estimate, such an acoustic detector should be able to detect GZK neutrinos
and also improve the satellite experiments’ limits in the highest energy range and
confirm or challenge the limits acquired by the ANITA balloon experiment [44].
Depending on the correct lateral shape of the cascades as well as on the actual
acoustic conditions in the sea and especially in the ice, this sensitivity estimate
might have to be significantly modified.
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Figure 2.9: Expected sensitivity for a 1500 km3 acoustic neutrino detector after
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3 From Piezo-electric Elements to

Acoustic Sensors

The main aim of the work presented here is the development of acoustic sensors
optimised for acoustic particle detection in the deep sea. In addition to a pure
design study, part of the ANTARES neutrino telescope was to be fitted with an
acoustic detection system, including self-made sensors developed in the course of
the study. These sensors for the ANTARES system had to fulfil several criteria:

• In the frequency range relevant to neutrino detection, between about 5 and
50 kHz (figure 3.1), the system’s sensitivity had to be flat to reproduce
the signal correctly, while cutting the noise below and above this frequency
range to guarantee a good signal-to-noise ratio.

• The directional characteristics of the sensor were also to be as flat as pos-
sible to ensure a good signal reconstruction independent of the direction of
incidence. In particular, the signal shape was not to be altered too greatly
in order to allow the use of trigger and filter algorithms based on the ex-
pected signal shape.

• The system’s intrinsic noise was to be kept below or as close as possible
to the lowest expected acoustic noise in the sea (≈2.5 mPa rms in the fre-
quency band below 50 kHz for a wind speed of below 0.5 m/s) to allow
the reconstruction of weak signals, while at the same time the system’s dy-
namic range was to be kept high enough to preserve strong transient pulses
in the data. For example, while a 1018 eV neutrino at 400 m distance, cor-
responding to a 10 mPa peak-to-peak amplitude, was still to be extractable
from the noise, the system was to be able to record signal amplitudes up
to several pascal.

• The total cost of a sensor was to be significantly lower than for a commercial
sensor (about 1000 e).

• Lastly, as the sensors were designated for operation in the deep sea, all
components had to be able to withstand pressures of up to 250 bar and had
to be resistant to sea water.

To achieve these goals, three different concepts were used together, namely the
installation of commercially available hydrophones, the production of self-made
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Figure 3.1: Noise spectrum in the deep sea relevant for acoustic neutrino detec-
tion, given for different wind speeds. The green curve gives the expected spectral
shape of a bipolar neutrino signal, in arbitrary units. For low sea states, the
maximum of the signal spectrum is close to the minimum in the noise spectrum.
Adapted from [10].

hydrophones similar to the commercial ones but with properties optimised for
neutrino detection, as well as lower cost, and finally a completely new approach,
dubbed Acoustic Module (AM), which uses one or more piezo elements attached
to the inside of a pressure-resistant sphere normally used to house the photomul-
tiplier tubes.

In each case, the active part of the sensor was a piezoelectric element whose
properties determined the characteristics and behaviour of the device. A bet-
ter understanding of the sensor and the prediction of properties of an acoustic
sensor from the properties of the piezo element used was a major concern of
this work. To achieve this, a way to accurately describe a piezo element and its
interaction with its surroundings had to be developed. In the following, a way
to treat the electromechanical properties of piezo elements by a purely electrical
equivalent circuit diagram is described, and extended to predict important sensor
properties such as sensitivity and intrinsic noise, as well as qualitative directional
characteristics. A procedure for the acquisition of the equivalent parameters is
presented, together with measurements confirming the validity of the equivalent
circuit predictions.
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3.1 Piezo-electric Elements

The piezo-electric effect, although long known in the related form of pyroelectric-
ity, where heating of certain crystals produced electric charge, was first directly
described by Pierre and Jaques Curie in 1880 [48], who discovered that if certain
crystals with asymmetric lattices were subjected to an external force, a charge
separation occurred, leading to a voltage between two poles of the crystals that
was proportional to the applied force1.

One of the most common piezo-electric materials is quartz, SiO2, which is
widely used as an oscillator for timing circuits (for examples in watches or digi-
tal circuits). Most industrially produced piezo elements, however, are not single
piezo-electric crystals but piezo-electric ceramics, obtained by sintering of a pow-
dered mixture of ferroelectric material. The resulting ceramic is composed of a
large number of randomly aligned domains of electric dipoles. By applying a
strong electric field at high temperature, the polarisation direction of these do-
mains are aligned parallel to the field, and keep this polarisation even after the
field is turned of. By choosing an electric field with the appropriate symmetry,
different kinds of polarisations can be achieved, such as axial or radial, also al-
lowing configurations that would be impossible for single crystals. Along this
polarisation axis, the piezo ceramic behaves like a single piezo-electric crystal,
with an applied force leading to a charge separation and thus a voltage along
this axis. The sides of the piezo ceramic perpendicular to this axis are nor-
mally coated with a conductive layer to act as electrodes. The most common
piezo-electric ceramics belong to the Lead-Zirconate-Titanate “PZT” family, and
are composed of a solid solution of lead circonate (PbZrO3) and lead titanate
(PbT iO3) in varying proportions, with the electrical and mechanical properties
of the piezo element depending on the ratio of these two constituents. All piezo
elements investigated in this work belong to this family.

For an idealised piezo-electric element in equilibrium, the ratios between the
external force F applied along its polarisation axis and the resulting potential
difference U between the electrodes, as well between the piezo’s elongation and
the resulting charge separation depend only on a single material parameter α:

U =
F

α
, Q = α∆x, (3.1)

where α is the piezo-electric coupling constant, depending on the piezo material
used and the dimensions of the element. This linear relationship between force or
pressure and voltage or charge makes piezo elements interesting for applications
like force and pressure sensors, as well as acoustic sensors like microphones, or
their counterpart for water, hydrophones. The inverse piezo-electric effect, where

1Hence the name piezo-electricity, from the Greek “piezin” = to press
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3 From Piezo-electric Elements to Acoustic Sensors

an applied voltage leads to an expansion or contraction of the piezo element, is
used for actuators or for acoustic senders.

Due to the three-dimensional nature of piezo-electric elements, the coupling
constant α, as well as derived properties such as the voltage constant g and the
charge constant d are actually tensor properties αij, gij and dij, respectively.
Here, the subscript i = 3 or j = 3 always refers to the polarisation direction,
while 1 (and 2) are perpendicular to it, thus g33 relates a force applied along the
polarisation axis to voltage along this axis, while g31 gives the response to a force
perpendicular to this axis.

In all the cases discussed in this work, the geometry of the piezo elements is
quite simple, as all elements are either full or hollow cylinders of a homogeneous
material. Thus, the full tensor properties of the elements could either be neglected
(as in the case of piezos coupled only on one side) or approximated by summation
over parallel and perpendicular components. A more rigorous treatment of the
tensor properties of piezo elements, necessary for finite element simulations, was
done in [49], with the results in good agreement to those presented here (section
3.5).

3.2 The ECD Description

In a piezo ceramic crystal, a coupling of mechanical and electrical properties
occurs: Applying an electrical voltage to a piezo element results in a change of
its dimensions along the polarisation axis until the mechanical forces resulting
from this deformation and the electrical forces between the electrodes cancel.
This deformation creates a separation of charges in the piezo element, which
then results in a flow of external charges onto or away from the electrodes. If
the applied voltage is parallel to the direction of polarisation of the piezo, the
application of a voltage U creates a force FP = αU resulting in an elongation
∆x of the piezo. This force is compensated for by FS = S∆x resulting from the
stiffness of the material. Thus, the final elongation is ∆x = α

S
U , which gives a

charge separation according to (3.1) of Q = α2

S
U and a “capacity” of C = ∂Q

∂U
= α2

S

Thus, even neglecting the electrical capacity of the piezo’s electrodes, a piezo
element, as part of an electrical circuit, behaves like a capacitor, reacting to a
change in voltage with a transfer of electrical charge. Likewise, a low frequency
harmonic excitement results in a harmonic oscillation of the piezo element, al-
lowing the flow of an AC current across the element even if its ohmic resistance
is assumed to be infinite.
This resemblance to a perfect capacitor, however, is limited by the mechanical
properties of the piezo element as, with regard to its motion, it has to be treated
as a solid object of finite mass and dimensions as well as internal friction. This
can be seen most easily if a piezo element is driven by a sinusoidal voltage of
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3.2 The ECD Description

law mechanical version electrical version

Newton’s Law F = m · ẍ U = LQ̈ = Lİ
Hooke’s Law F = S · x U = 1/C · Q
damping law F = W · v = W · ẋ U = R · I = R · Q̇

Table 3.1: Correspondence of mechanical and electrical laws.

increasing frequency. In the low frequency regime, every change in voltage is
readily followed by a change in length, i.e. ∂x

∂t
∝ ∂U

∂t
(“stiffness regime”), the

amplitude of the resulting oscillation is constant and the charge transferred is
directly proportional to the voltage.
For very high frequencies, on the other hand, the voltage change is so rapid that
the piezo’s inertia begins to dominate: before reaching the maximum elongation,
the sign of the voltage has already changed (thus U ∝ F = mẍ, “inertial regime”),
so that the amplitude of the resulting oscillation goes down with frequency as
1/f 2 and follows the excitation with a phase shift of π. As the transferred charge
also scales with 1/f 2, the resulting current amplitude scales with 1/f . The me-
chanic behaviour of the piezo is thus equivalent to the electrical behaviour of an
inductor for high frequencies.
Analogous to a driven harmonic oscillator, between these two extremes lies a
region around the so-called resonance frequency where the piezo element’s me-
chanical resonance is excited, leading to a strong amplitude enhancement limited
only by internal friction losses.

These obvious analogies between the electromechanical system of a piezo element
and comparatively simple electrical components such as capacitors, resistors and
inductors lead to an uncomplicated while quite flexible way of treating a piezo
element, namely the “Equivalent Circuit Diagram” (=”ECD”) description:

The equivalent circuit approach[50] makes use of the similarities between elec-
trical and mechanical laws, shown in table 3.1, to describe the mechanical behav-
iour of the piezo element using effective electrical properties, thus treating the
electromechanical piezo element as a network of solely electrical oscillators. This
approach can be used for free piezo elements as well as ones coupled to other
materials of media by treating the latter as modified effective values.

Table 3.2 gives the resulting correspondence between the mechanical and elec-
trical properties.

In the most simple incarnation of this model, in accordance with its response
to applied voltage as discussed above, the mechanical behaviour of the piezo
element can be described by an L-R-C series oscillator2 between the electrical
terminals of the element, where C and L describe the low- and high-frequency

2an alternative description with parallel oscillators, which uses a different electromechanical
correspondence scheme, exists but is not treated here. See for example [51].
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3 From Piezo-electric Elements to Acoustic Sensors

mechanical relationship electrical

force F U = F
α

voltage U
displacement ∆x Q = α · ∆x charge Q

stiffness S C = α2

S
capacity C

damping W R = W
α2 resistance R

inertia m L = m
α2 inductance L

Table 3.2: Correspondence of mechanical and electrical properties of a piezo
element according to the ECD.

properties, while R includes any mechanical loss mechanisms (friction or radia-
tion). The corresponding circuit diagram is shown in figure 3.2. An additional,
purely electrical capacity between the electrodes is included as a parallel capac-
itor Cp. This description, however, is too simple for most realistic cases, as the
three-dimensional geometry of the piezo element exhibits a multitude of mechan-
ical excitation modes, each with a different resonance frequency, both parallel
and orthogonal to the polarisation direction, as well as a mixture of both. The
effect of the different mechanical modes of oscillations on the piezo element’s
electromechanical properties can vary strongly, depending on how strongly they
are coupled: Obviously, a mechanical oscillation mode can only be excited elec-
trically if it is not electrically neutral, that is, the net charge on the electrodes
created during resonant deformation does not vanish. In this respect, the lower
resonances, corresponding to more simple oscillation modes of the piezo element
as a whole, tend to create more net charge than the higher modes, in which the
net charge tends to cancel out more completely [49]. This different coupling is
also important for receivers, where a strongly excited piezo element may only
produce a weak net voltage signal if the mode of excitation is (nearly) neutral.
These additional modes of oscillation can be included as parallel LRC branches
(fig. 3.2). In accordance with table 3.2, the Li, Ri and Ci now correspond to
properties such as the effective mass, stiffness and mechanical losses for each
mode of oscillation, although the relationship is no longer straightforward. In
the following treatment, these values are therefore not necessarily seen as physi-
cal properties but more loosely as convenient model parameters, which, together,
describe the overall behaviour of the piezo element.

In the following sections, this ECD description will be applied as a tool to
predict properties of the piezo element important for sensor development.

3.3 Acquisition of ECD Parameters

Before it is possible to use the ECD to predict characteristics of a piezo-electric
sensor, such as sensitivity or intrinsic noise, it is first necessary to acquire the
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L 2
C 2

R 2

L 1
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R 1

L n
C n

R n C p

Figure 3.2: The equivalent circuit diagram for a piezo element with n major
resonance branches.

values of its equivalent electric circuit (in particular, the values Cp and Li,Ri and
Ci for the resonance arms). This could be done in either of two ways: firstly,
it should in principle be possible to measure or simulate the actual mechanical
values of the oscillating system themselves (such as the stiffness and the mass
involved in each oscillation mode) and from there to calculate the corresponding
electrical properties according to the relations given above. This method, how-
ever, suffers from the difficulty of the necessary measurements and is generally
inapplicable to more complex systems such as piezos coupled to a surrounding
medium.

The second, complementary approach again makes use of the electromechani-
cal equivalence: the mechanical properties of the oscillating piezo element cannot
only be expressed by electrical properties but also act as such when they are part
of an external electric circuit.
Due to this fact, all parameters of the ECD can be obtained by a measurement
of the frequency-dependent electrical impedance of the piezo element and subse-
quent fitting of the parameters of the ECD to reproduce this frequency behaviour.
As an additional advantage, this measurement can be carried out for both free
and coupled piezo elements as long as an electrical connection to the crystal’s
terminals is available. Figure 3.3 shows the circuit used for the impedance mea-
surements: The device to be tested (“DUT”) is connected in series with a known
impedance (usually a capacitor to balance the dominantly capacitative behav-
iour of the piezo element and thus keep the voltage ratio roughly constant) and
attached to a signal source. A voltage signal is applied and measured across the
capacitor with a digital oscilloscope. For each frequency, the impedance of the
piezo can be obtained according to equation (3.2) from the amplitude of the sent
and the measured signals (U1 and U2, respectively).

ZDUT (ω) = ZC(ω) · 1 − Ũ2(ω)/Ũ1(ω)

Ũ2(ω)/Ũ1(ω)
=

1

iωC

Ũ1(ω) − Ũ2(ω)

Ũ2(ω)
(3.2)

For purposes of simplicity, Gaussian signals with a broad frequency range were
used, making it possible to acquire a complete complex impedance spectrum from
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U2

U1

Z ref

shielded box

to piezo

Figure 3.3: Schematic of the setup used for impedance measurement.

a single measurement. As for the hydrophone calibration, both the signals at the
input and the output were measured with a digital oscilloscope and Fourier trans-
formed into the frequency domain. Applying (3.2) to the power spectra gives the
complex impedance for all frequencies. This method was employed for all im-
pedance measurements discussed in this work.

Given the complete impedance spectrum, it is now possible to acquire the equiv-
alent parameters for the ECD model by fitting this spectrum to the prediction
from equation (3.3) for an appropriate number n of resonances.

Z−1
tot = Z−1

p + Z−1
LRC,1 + Z−1

LRC,2 + . . . + Z−1
LRC,n (3.3)

ZLRC,k = Rk + iωLk +
1

iωCk

, k = 1, 2, . . . , n (3.4)

This method was employed for different geometries of piezo elements. Most stud-
ies were based on several kinds of discs of varying size and material (PZT-5A discs
from Morgan Electro Ceramics [52] with diameter 25mm and thickness 10mm and
20mm, in the following abbreviated as D-25×10 and D-25×20, respectively; from
Ferroperm [53] PZ-29 discs with diameter 20mm and thickness 10mm (“FP-10”)
and PZ-27 discs with diameter 20mm and thickness 20mm (“FP-20”)). These
piezo discs were measured both hanging freely in the air (thus only lightly cou-
pled) and either cast in polyurethane resin or glued to support structures (the
glass wall of a water tank or the inside of a pressure-resistant glass sphere). By
means of comparison of impedance spectra gained for free and coupled piezos,
the effect of coupling on the motion of the piezo element and resulting properties
like sensitivity spectra and resonance structures could be studied.

Figure 3.4 shows the results of the impedance measurement |ZP | against fre-
quency for a D-25×10 and a D-25×20 disc in air. Superimposed is the result of
a fit to equation (3.3), using two resonant branches for the 20×20 disc and six
for the 20×10 disc. It is obvious that the model describes the frequency behav-
iour quite well, both with respect to the positions and the shapes and relative
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Figure 3.4: Measured impedance spectrum for a 25×10 and a 25×20 disc in
air. The results of the fit are overlaid as dashed lines.

magnitudes of the resonances and anti-resonances. The resonances, local min-
ima of the piezo’s impedance, are given by the minima of equation (3.3) and for
low to moderate damping reasonably well given by the minima (resonances) of
the single LRC branches. The anti-resonances, local maxima closely following
the resonances, can be understood as an interaction of each mechanical LRC
branch with the electrical parallel capacity Cp, and, to a lesser extent, the other
LRC branches, especially those with higher resonance frequencies: whenever the
imaginary parts of the branch impedance and of the parallel impedance are of the
same magnitude but with opposite sign, the total impedance of the piezo element
is maximised. As the parallel impedance is always dominantly capacitative, this
is the case soon after the branch impedance has become inductive, thus fa > fr

but usually close together. For the lightly damped case with clearly separated
resonance frequencies, the values of fr and fa can be approximated from equation
(3.3) as

fr,k =
ωr,k

2π
≈ (LkCk)

−1/2 (3.5)

fa,k =
ωa,k

2π
≈

(

Lk

C ′
pCk

C ′
p + Ck

)−1/2

, (3.6)

where

C ′
p := Cp +

n
∑

j=k+1

Ck (3.7)

is the effective parallel capacity for branch k, consisting of the electrical capacity
as well as all higher resonances (which are still dominantly capacitative). An
inversion of this relationship was used to calculate the starting values for the
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impedance fit.

The case of free piezos hanging in air is useful for a study of the basic properties
of piezo elements, as here the theoretical treatment of the elements is still quite
simple owing to the fact that no or only very weak interaction with the environ-
ment has to be taken into account. Thus, the mechanical properties relevant to
the oscillation, mass and stiffness are basically those of the piezo element itself,
and the main damping mechanism is internal friction [51]. For the development of
acoustic sensors, however, this uncoupled case is not readily applicable, as a bare
piezo element cannot be exposed to the sea water. Also, the coupling to water is
several orders of magnitude stronger than to air and hence cannot be neglected.
In practice, a piezo element will be either coated in some kind of resin or be a
part of a more complicated arrangement, such as the acoustic modules studied.
A reasonably strong coupling to the environment can, indeed, not be avoided as
otherwise no sound could get into the sensor. The model developed for the free
piezo, however, keeps its validity as long as it can be extended to the coupled
case. To study this, a series of measurements was performed with several piezo
elements which were either cast in polyurethane (see prototype studies chapter
4) or attached to the glass wall of an aquarium. For each element, impedance
curves were acquired before and after coupling and the corresponding parameters
were gained from the model fit – on the assumption that the coupling could be
accommodated in the ECD model originally created for uncoupled piezos by a
simple variation of the parameters. The results for a D-25×10 disc coupled to
the glass wall are shown in figure 3.5, together with the result of the model fit

Figure 3.5: Measured impedance spectrum for a 25×10 PZT-5A disc coupled to
the aquarium (solid) with the model fit (dashed) and the curve for the unattached
piezo (dotted).
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free piezo coupled piezo
Cp 380pF 384pF

resonance i Lk Rk Ck Lk Rk Ck

1 29mH 0.2kΩ 166pF 31mH 2.1kΩ 171pF
2 63mH 0.8kΩ 26pF 63mH 6.9kΩ 25pF
3 109mH 1.4kΩ 11pF 113mH 20kΩ 10pF
4 34mH 0.4kΩ 23pF 36mH 1.0kΩ 20pF
5 62mH 0.5kΩ 9pF 42mH 2.7kΩ 12pF
6 8mH 0.9kΩ 9pF 12mH 2.1kΩ 6pF

Table 3.3: Comparison of the best-fit values for the ECD parameters for a D-
25×10 disc uncoupled and attached to a glass plate.

and the curve obtained prior to coupling. As starting values for the fit, the values
obtained for the free piezo were used. As can be clearly seen from the picture, the
main effect of the coupling is a damping of the resonances and anti-resonances,
especially the second and third ones close to disappearing, without much effect
on their positions. As the fit quality is still quite good, the extension of the ECD
model to this kind of coupling seems to be valid. The best fit values for the ECD
parameters for the free and coupled piezo given in table 3.3 show only moderate
changes in the values of the equivalent capacities and inductivities (within 10-20%
for the first three branches), corresponding to a nearly unchanged stiffness and
oscillating mass. The equivalent ohmic resistances, however, which describe losses
due to damping and sound emission, have increased significantly (by factors of
about 2-15). This is understandable as the glass restricts the motion of the piezo
element and also carries away energy in the form of sound much more effectively
than air due to the much smaller difference in acoustic impedance. The different
degree of suppression of the resonances is at least in part due to the direction
and structure of the mechanical oscillation they correspond to, as the motion of
the piezo is restricted differently in longitudinal and radial direction. Obviously,
in the case of an extended glass plate such as the aquarium wall, the behaviour
of the coupled piezo can still be treated by the model originally developed for the
free piezo element, as the main influence of the coupling is additional damping
with no strong frequency dependence. In the case of more complex geometries,
however, one would expect a greater influence of the geometry and properties of
the environment the piezo element is coupled to.

The case of a piezo coupled to the outside of an aquarium was chosen not
only because it was one of the most simple coupling geometries available but also
because it was quite close to a situation much more relevant to the ANTARES
acoustic project, the acoustic modules. In a next step, therefore, a piezo was
glued directly to the inside of an ANTARES glass sphere (17 inch outer diame-
ter, 15mm wall thickness), again using (rather soft) polyurethane as a glue (for
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the setup, see figure 4.13, page 78). Again, the influence of the coupling on the
impedance spectrum was measured, as shown in figure 3.6. While rather similar,

Figure 3.6: Measured impedance spectrum for a 25×10 disc coupled to a glass
sphere (solid) with the 5-resonance model fit (dashed, thick) and the impedance
curve prior to coupling (dashed, thin). The sixth, small resonance was not in-
cluded in the fit.

the two cases differ slightly: for the acoustic module, the damping of the reso-
nances is less pronounced, as, due to the curved geometry of the sphere and the
resulting greater amount of (relatively soft) polyurethane, the coupling is weaker.
Also due to the curved geometry is the deviation between measurement and fit
in the first resonance, where an interference between resonances in the glass and
in the piezo occurs. Nevertheless, the ECD description is obviously also valid in
this case and the behaviour of a coupled piezo is chiefly governed by the local
geometry around the attachment point and not by the large-scale geometry of
the object it is coupled to.

Examples for the impedance spectra of piezo elements in polyurethane can be
found in section 4.2, figures 4.6 and 4.9, for discs and cylinders, respectively. Here
again a strong suppression of the piezo’s resonances is visible, while their position
and shape is nearly conserved.

As already stated, the effect of a restriction of the piezo element’s movement on
its resonance structure by external clamping depends not only on the strength of
the clamping but also on its geometry, as the different resonances correspond to
different modes of mechanical oscillation. Hence, by selective movement restric-
tion along one of the piezo’s axes but not along the others it should be possible
to suppress certain resonance modes more than others. In a dedicated series of

38



3.3 Acquisition of ECD Parameters

measurements with a D-25×10 disc, this effect was studied by comparing the
impedance spectrum in the free case with two different kinds of clamping: radial
clamping, in which a strong metal band was wound around the circumference of
the piezo disc, and subsequently tightened, and longitudinal clamping, in which
the piezo was fixated along its z-axis in a C-clamp. In each case, the respective
other direction was left free. As can be seen in figure 3.7, radial clamping mostly
affects the first resonance around 75 kHz, as well as its first harmonic around
150 kHz, the third in total. While longitudinal clamping has virtually no effect
on the primary resonance, it significantly dampens the second (≈ 120 kHz) and
the fourth resonances (≈ 180 kHz).

Figure 3.7: Impedance curves for the same D-25×10 element with different
clamping geometries: free (black, thin, dashed), radially clamped (red, solid) and
longitudinally clamped (blue, dashed)

This directionality of the resonances is of some significance for the creation
of piezo-electric sensors, as different resonances will not be equally excited by
sound waves coming from different directions, thus making the coupling factors
corresponding to each resonance branch a function of the angle of incident. It
also plays a role for hydrophone or sensor geometries, in which not all sides of the
piezo element are coupled to the surrounding and the remaining sides are either
firmly clamped or freely oscillating.
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3.4 Prediction of Sensor Characteristics from the

ECD

With the knowledge of the equivalent parameters, the ECD model can be used
to predict a number of properties of the piezo sensors.

3.4.1 Sensitivity

Of central importance for sensor development is undoubtedly the sensor’s sensitiv-
ity to applied pressure. While the magnitude of the ideal3 piezo’s low-frequency
sensitivity U(p) along its axis is given by a single material parameter, g33 (or,
correspondingly, d33 for charge sensitivity), the full frequency behaviour of a piezo
element with finite dimensions depends considerably on its oscillation behaviour.
Thus, a description of the resonance structure has to be taken into account, and
this can be done at least approximately with the use of the ECD.

The following calculations were all done for a piezo disc or plate with parallel,
flat electrodes but the results can also with slight modifications be applied to
cylindrical piezos[50].

U0 pC UT

Figure 3.8: Equivalent circuit diagrams for a piezo with a single resonance with
an equivalent voltage U0 appearing in the LRC branch due to an external force.

The force F acting on the piezo element is corresponding to a voltage source
U0 = α−1F appearing in the LRC branch of the equivalent circuit (figure 3.8).
This branch’s oscillatory mode is now excited, leading to a compression (or elon-
gation) of the piezo element resulting in a charge accumulation on the electrodes.
In principle, there are two mutually exclusive ways to read out this signal, each
exhibiting a distinct frequency behaviour: either the voltage between the elec-
trodes is measured with a high impedance voltage amplifier (figure 3.9, left) or
the charge is collected with a low-impedance current-to-voltage converter (figure
3.9, right).

3here: infinitely extended
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UpCU0 I IpCU0

I

Figure 3.9: Equivalent circuit diagrams for a voltage coupled piezo (left) and a
current coupled piezo (right), showing the flow of the resulting current.

3.4.2 Voltage Readout

For voltage readout, a voltage amplifier is connected to the piezo’s terminals to
measure the voltage resulting from the charge accumulation on the electrodes4.
Owing to the amplifier’s high input impedance (normally of the order of MΩ
to GΩ), the piezo can be treated as an open circuit, and virtually no charge is
transferred between the electrodes.

In the ECD model, the voltage U0 in the LRC branch leads to a current flow
onto the parallel capacitance Cp. Due to the electrical capacity of the piezo
element, this charge between the electrodes translates into a voltage which can
then be read out. In the ECD model, this interaction between the “mechanical”
LRC branch and the electrical capacity between the electrodes can be treated as
a voltage divider. The voltage UT between the terminals thus follows as

UT =
Zp

Zp + ZLRC

U0 (3.8)

=
Zp

Zp + ZLRC

α−1Ap,

as F = α · U (table 3.2). The voltage “gain” G(ω) and the pressure sensitivity
S(ω) are therefore

G(ω) :=
UT

U0

(ω) =
Zp

Zp + ZLRC

(3.9)

S(ω) :=
Uout

p
(ω) = α−1A

Ztot

ZLRC

. (3.10)

This sensitivity reaches its maximum where Zp +ZLRC is minimised and thus Ztot

is maximised. This is the case for the (impedance) anti-resonance of the LRC
branch.

The frequency behaviour of A := Ua/Ue, and thus of S(ω) can be divided into
three distinct regions shown in figure 3.10:

4due to the low sensitivity of O(10−5) - O(10−4) V/Pa and the high output impedance of a
piezo element, a pre-amplification prior to measurement is nearly always necessary.
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Figure 3.10: Absolute value of ZLRC (green), Zp (red) and Ztot (blue) in a
single-branch model.

• for ω � ωa, the ratio is nearly constant, at Aω→0 = Zp

Zp+ZC
= C

C+Cp
, as

ZLRC → 1/iωC for ω → 0.

• for ω � ωa, the LRC branch is inductive, ZLRC ∝ ω Ztot, while the to-
tal impedance is dominated by Cp, and thus Ztot ∝ 1

ω
. This leads to a

sensitivity falling with S ∝ 1
ω2 and a phase shift of ∆φ = π

• around ωa, the piezo element’s sensitivity is peaked, depending on the value
of the damping (and thus the equivalent ohmic resistor). The phase shift
is ∆φ = π/2.

At ω = ωr, the resonance frequency of the LRC branch, the voltage gain
smoothly passes through unity, without any distinct features.

A possible drawback of the voltage readout mode is that, as the piezo’s anti-
resonance is created by an interaction of the piezo’s electrical capacity with its
electro-mechanical properties, its position is affected by the presence of external
parallel capacities, which have to be included into C ′

p → C ′
p + Cext in equation

(3.7). From (3.6) it can be seen that increasing C ′
p reduces ωa, with ωa → ωr as

C ′
p → ∞. Thus it is, in principle, possible to tune the sensitivity resonance of a

piezo sensor in voltage readout within a limited range. Increasing Cp, however,
reduces the overall gain according to equation (3.9). This has to be taken into
account whenever additional capacity is added resulting from cables or input
impedances of the amplifier.

In the case of an additional resistive parallel impedance, however, a high pass
is created, as the piezo’s electrodes are slowly discharged over the resistor. In
this case, in order to retain low-frequency sensitivity, a high value of Rp has to be

chosen, which then produces unwanted voltage noise ∝
√

4kTRp. On the other
hand, this discharge effect via a parallel resistor is important for the technical
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implementation of such a sensor, as, owing to the very high DC resistance of a
piezo element, stray currents from the amplifier’s input tend to charge the piezo
element, over-driving or even destroying the amplifier.

3.4.3 Current Readout

The electrical current resulting from a deformation of the piezo element and
therefore charge transfer can be measured with the use of a current-to-voltage
converter and amplifier. In this case, the piezo is coupled to the very small in-
put impedance of the amplifier. In a simplified analysis of the circuit diagram
(figure 3.11), it can be seen that in equilibrium the differential voltage over the
operational amplifier’s inputs is (nearly) zero, and therefore also the voltage be-
tween the piezo’s electrodes. Thus, with regard to the behaviour of the piezo,
this situation is identical to an electrically shorted piezo element.

As the voltage across the parallel impedance Zp is therefore always zero, the
system’s sensitivity depends only on ZLRC , and the value of Zp is of no relevance.
This is advantageous if parallel impedances caused by cables or amplifier design
cannot be avoided . Consequently, the entire voltage U0 acts on the LRC branch,
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Figure 3.11: Equivalent circuit diagrams for a current-coupled piezo sensor,
showing the reduction to the electrically equivalent short circuit.

leading to a current ILRC :

ILRC =
U0

ZLRC

. (3.11)

Due to the (ideally) infinite input impedance of the operational amplifier, the
entire current flows over the feedback impedance Zf , leading to a voltage signal
at the output of the amplifier of

Uout = ∆U − Zf · If = −Zf · ILRC = − Zf

ZLRC

U0. (3.12)

The electrical “gain” of the system is then

G(ω) :=
Uout

U0

(ω) = − Zf

ZLRC

. (3.13)

As the voltage signal U0 created by an external force is directly proportional
to F , in order to reproduce the shape of an applied pressure signal properly, it
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3 From Piezo-electric Elements to Acoustic Sensors

is convenient to choose Zf in such a way that G(ω) is as flat as possible in the
region of interest. Thus, a capacitative feedback Zf = 1/(iωCf ) should be chosen
to compensate for the 1/ω behaviour of the LRC branch below the resonance.
Thus, the amplifier acts as an integrator and the resulting voltage signal is not
proportional to the charge flow over the piezo element but to its integral, the
charge.

From the relationship between force and voltage, F = αU , the system’s sensi-
tivity to a pressure signal can now be obtained as

S(ω) =
Uout

p
= G(ω)

U0

p
= −A

α
· Zf

ZLRC

, (3.14)

where A is the surface area of the piezo element. Compared to the voltage readout
case, the sign of the output signal is inverted.

The spectral shape of G(ω) for an exemplary piezo element is shown in figure
3.12, right, together with the corresponding spectrum of ZLRC . The various
curves correspond to different values of the system’s damping.

Again, the voltage gain for low frequencies is constant, where the 1/ω behaviour
of ZLRC is compensated for by the capacitative feedback. For high frequencies,

Figure 3.12: Absolute values of ZLRC (left) and the resulting gain for Cf = 1nF
(right) in a single branch model. The various curves correspond to different values
of the relative damping from γ = 0.01, γ = 0.1 (subcritical), γ = 1.0 (critical)
and γ = 10 (supercritical), see section 3.4.5.

G drops with ω−2, due to Zr ∝ ω−1 and ZLRC ∝ ω in the inertial regime5. Be-
tween these two extremes, the gain again exhibits a peak, this time, however,

5It would, in principle, be possible to compensate this drop by using a serial inductor in
the feedback but this would destabilise the amplifier and lead to a complicated frequency
behaviour.
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3.4 Prediction of Sensor Characteristics from the ECD

for ω = ωr, the LRC branch’s resonance. As ωr < ωa, the region of nearly flat
frequency behaviour is more limited for a piezo sensor with current readout as
compared to voltage readout.

As discussed above, a piezo element normally has a large number of resonances,
each of which can be excited by a pressure signal and thus has its own “sensi-
tivity”. In accordance with the ECD model, the resulting system can then be
seen as a parallel combination of the individual LRC branches, and the resulting
charge is simply the sum of the individual values, as is the case for the total
sensitivity:

ILRC,tot =
n
∑

k=1

ILRC,k (3.15)

⇒ GC
tot = −Zf

U0

·
n
∑

k=1

ILRC,k

=
n
∑

k=1

(

− Zf

ZLRC,k

)

=
n
∑

k=1

GC
k (3.16)

In the case of voltage readout, again the individual currents over the resonance
branches add up, which means that ZLRC in (3.9) has to be replaced by the
parallel combination of all LRC branches, Z−1

LRC,tot =
∑n

k=1 Z−1
LRC,k, giving

GV
tot =

Zp

Zp + ZLRC,tot

=
Zp

(

∑n
k=1 Z−1

LRC,k

)−1
+ Zp

=

∑n
k=1 Z−1

LRC,k

Z−1
p +

∑n
k=1 Z−1

LRC,k

=
Ztot

ZLRC,tot

(3.17)

Figure 3.13 gives theoretical sensitivity spectra for a free D-25×10 piezo ele-
ment with several resonance branches, normalised to the static sensitivity (ω →
0). For a piezo element with several resonance branches, a new phenomenon
appears: at a certain frequency between two sensitivity maxima, the total sensi-
tivity is minimised. This is the case when the individual currents over all resonant
branches cancel out (figure 3.14). In the mechanical model this corresponds to
the case where an external force exerted on the piezo results in (nearly) no net
elongation of the piezo element, and thus the acoustic impedance is maximised.
In a rough estimate for low damping and well-separated resonances, the position
of the kth minimum can be approximated to

ωmin,k =



Lk

n
∑

j=k+1

Cj





−1/2

, (3.18)
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3 From Piezo-electric Elements to Acoustic Sensors

Figure 3.13: Expected relative sensitivity for voltage and current measurement
on the same D-25×10 piezo element, showing the different position of the sen-
sitivity maximum. Black dashed line: voltage readout, red solid line: current
readout.

as the parallel resonance between the kth inductance and the capacitances of all
higher branches. In contrast to the maximum, the position of this minimum is
therefore independent from the readout mode and external impedances.

3.4.4 Experimental Verification

The sensitivity predictions made by the ECD were exhaustively investigated dur-
ing the prototype studies. In particular, in the course of a series of measure-
ments done for the development of acoustic modules, a D-25×10 piezo was glued
to the outside of the aquarium’s glass wall (figure 4.13). This ensured both
strong acoustic coupling to the water (through a series of increasing acoustic
impedances) and eliminated any complicating effects of the piezo’s geometry dis-
cussed in section 3.6. The reason for that is that only one flat face of the piezo
was coupled and (in this measurement) the pressure pulse was sent perpendic-
ular to the glass wall (and the piezo face). Thus, the predictions made in the
preceding sections should be readily applicable to this case. From the coupled
piezo’s impedance curve, already shown in figure 3.5, and the fitted ECD para-
meters (table 3.3), sensitivity curves for the piezo were predicted for voltage and
charge readout modes. Using a commercial transducer, the sensor’s sensitivity
curve was obtained by the method described in section 5.2. Figure 3.15 shows a
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3.4 Prediction of Sensor Characteristics from the ECD

Figure 3.14: Theoretical sensitivity in charge mode for two resonances, com-
pared to the individual sensitivities of the two branches. At the crossing point,
the imaginary parts of the branch impedances cancel each other out, leading to a
local sensitivity minimum.

comparison between prediction and measurement for the voltage readout mode.
The characteristics of the amplifier used were measured separately and removed
from the measured spectrum. The measured data points agree very well with the
ECD model prediction, both in the shape and the magnitude of the spectrum,
up to the first sensitivity minimum around 110 kHz. Above that frequency, the
calibration results become unreliable due to the first resonance of the transducer
around 120 kHz. Nevertheless, the shape of the second maximum is clearly vis-
ible. The significant deviation below 10 kHz can be attributed to the presence
of noise, both electromagnetic and acoustic, in the measured signal, which dom-
inates the low-frequency spectrum due to the ω2 characteristics of the sender. A
one-parameter fit to this background model, assuming an unknown but roughly
constant noise spectrum divided by the sender characteristics, is given as the red
dashed line in the picture. Again, the agreement with the data is very good6. A
corresponding measurement in current mode was in equally good agreement, as
were the results for various hydrophone prototypes (albeit to a lesser degree, as

6A similar artefact due to the noise contribution in the low-frequency regime can be found in
most other sensitivity spectra presented in this work, and can only be reduced by using a
stronger sender and a calibration signal with higher power content in the lower frequencies.
As the ECD model predicts a flat response in the low-frequency limit, however, in practice
this contribution was ignored and instead extrapolated using the method presented in the
following section.

47



3 From Piezo-electric Elements to Acoustic Sensors

Figure 3.15: Comparison of the measured sensitivity of a D-25×10 piezo
mounted to the outer wall of the aquarium (data points) and the prediction from
the ECD model (solid blue line). The model fit for constant voltage noise is also
given, accounting for the deviation in the lowest frequency bins. A less refined
version with simpler treatment of the amplifier and no background model, was
published in [54].

in such cases the sensor’s geometry is of greater importance).

3.4.5 Readout Independent Parametrisation

The good agreement of the predictions with the measurements, as well as the
comparatively easy acquisition of the ECD’s parameters, make the ECD model
a powerful tool for sensor development. In the version used above, however,
it is necessary to have access to the electrical impedance of the piezo element
inside the sensor, as the fitted equivalent values of the Lk,Rk and Ck as well as
Cp are required. For the description of complete sensors with a piezo element
and amplifier of unknown type and characteristics, this is generally difficult or
impossible to achieve. With a slight modification, however, the ECD sensitivity
model can still be applied in these cases.

Comparing the gain formula for a single-resonance piezo in voltage and current
mode, it can be seen that the voltage-mode equation (3.9) is identical to equation
(3.13) if the feedback capacitance Cf in (3.13) is replaced by Cp and ZLRC by an
effective branch impedance

Z ′
LRC = ZLRC + Zp = R + iωL +

1

iωC ′ (3.19)
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3.4 Prediction of Sensor Characteristics from the ECD

with an effective capacity

C ′ =
CCp

C + Cp

, (3.20)

which is just the serial capacity of the LRC branch and the electrical capacity of
the piezo element. Thus, any voltage-mode sensor can be described as a current-
mode sensor with lower effective branch capacity and a feedback capacity given by
the piezo’s Cp. Furthermore, as the spectra in figures 3.10 and 3.12 correspond to
the spectrum of a damped, driven harmonic oscillator, the piezo’s behaviour can
also be equivalently expressed by using a different set of parameters to describe
the spectral shape of the kth resonance curve in terms of a driven harmonic
oscillator:

Gk(ω) =
Ak

1 −
(

ω
ωk

)2
+ i ω

ωk
γk

(3.21)

Here, Ak is the low-frequency value of this branch’s sensitivity, ωk is the position
of the (undamped) sensitivity resonance and γk is the relative damping coefficient
for this resonance7. The effect of γk on ZLRC and the resulting gain spectrum
can be seen in figure 3.12: for γ = 1, the resonant maximum vanishes (critical
damping), for γ < 1, the damping is subcritical, for γ > 1 supercritical. Again,
a multi-resonance system can be modelled as a sum of separate sensitivities:

Gtot(ω) =
n
∑

k=1

Gk(ω) =
n
∑

k=1

Ak

1 −
(

ω
ωk

)2
+ i ω

ωk
γk

(3.22)

From a combination of equation (3.21) and equations (3.9) and (3.13), the
conversion between the two sets of parameters can be derived:

ωk =
1√

LkCk

Ak =
Ck

Cf

γk =
Rk

ωkLk

= RkωkCk = Rk

√

Ck

Lk

for the current case and

ωk =
1

√

LkC ′
k

=
1

√

Lk

(

CkCp

Ck+Cp

)

Ak =
C ′

k

Cp

=
Ck

Ck + Cp

γk =
Rk

ωkLk

= RkωkC
′
k = Rk

√

CkCp

Lk(Ck + Cp)

7The value of γk is the ratio of the branch’s ohmic resistance to both the capacitative and
inductive components at ω = ωk.
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for the voltage case. The damping coefficient γ can thus be understood as the
ratio of the real part of ZLRC to the absolute value of either the inductance’s or
the (effective) capacitance’s impedance at ω = ωk.

This set of parameters is equally well suited to a description of the sensitivity
spectrum but it has the advantage that its parameters are more readily available
from sensitivity spectra. In particular, ωk, apart from an effect of damping, can
be taken as the point of maximum sensitivity, whereas in the ECD model ωr and
especially ωa are functions of several parameters. Also, these parameters retain
their meaning even if (flat-spectrum) pre-amplifiers are present in the system,
whereas a description directly in terms of the ECD model yields unphysical values
for L, R and C.

The application of this method to the simplified description of calibrated sen-
sors is discussed in section 5.2.4.

3.4.6 Noise Calculation

An important characteristic for the development of sensors, apart from their sen-
sitivity, is the intrinsic noise of the system. This results from a combination of the
piezo element’s self-noise and noise due to the pre-amplifier, which can, in turn,
also depend on characteristics of the piezo element. For the latter component,
see section 6.

The sensor’s intrinsic noise can again be calculated by electromechanical equiv-
alence. Only thermal noise will be treated here.

The random thermal motion of the piezo element results in the creation of
charge and voltage, just as through external force. In this case, the electrical
power produced by this motion is

Pelectrical = U · I =
F

α
· αv = F · v = Pmechanical. (3.23)

Hence, again the whole system can be treated as a purely electrical circuit and
the Johnson-Nyquist formula for the spectral density of thermal voltage noise
[55][56] can be applied:

ΦU(ω) =
√

4kTRe (Ztot) (3.24)

where k is the Boltzmann constant, T the absolute temperature8 and Ztot the
total impedance of the piezo. The intuitive reason for taking the real part of
Ztot alone is that electrical power is only produced if current and voltage are
in phase. Thus, predicting a noise spectrum for a voltage-mode sensor is quite
straightforward: the real part of the piezo’s impedance is taken, either directly
from measurement or calculated from the ECD fit parameters, and inserted into
equation (3.24). Figure 3.16 shows the real part of the total impedance for a free

8Due to this factor, the intrinsic noise is reduced for lower ambient temperatures, which is
relevant for acoustic detection in ice. However, the difference in noise spectral density
between +200C and -400C is only about 10%.
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3.4 Prediction of Sensor Characteristics from the ECD

Figure 3.16: Real part of Ztot for a D-25×10 piezo (left) for the free case (black,
dashed) and the coupled case (red, solid), and the resulting expected noise spectral
density (right)

and coupled D-25×10 disc (left) and the expected noise spectral density (right).
Due to interaction with the environment, the noise in the coupled piezo is higher
than for the free case everywhere apart from close to the resonance.

For the current readout case, the important property is the piezo’s current noise
which is added to the signal current and converted into a voltage noise at the
output of the I-U converter. This current noise density ΦI is in turn determined
by the piezo’s voltage noise ΦU divided by the piezo’s impedance:

ΦI(ω) =
ΦU(ω)

Ztot(ω)
(3.25)

and the resulting voltage noise at the output of the I-U converter is then

ΦU(ω) = Zf (ω) · ΦI(ω) =
Zf (ω)

Ztot(ω)

√

4kTRe (Ztot), (3.26)

which is identical to the case of the voltage readout apart from the amplifier’s
voltage gain Zf/Ztot. The corresponding noise spectrum for Zf = 1nF is given
in figure 3.17.

Again, a comparison was made between an ECD model prediction and a noise
spectrum measured in the laboratory. In figure 3.18, the measured noise spectra
for a free and a coupled piezo in current mode are compared to an ECD prediction
for a combination of the piezo’s intrinsic noise and the operational amplifier’s
input noise amplified by the system’s noise gain (see discussion in section 6).

The agreement is reasonably good, especially regarding the positions of the
maxima. The considerable low-frequency surplus for the coupled piezo element
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3 From Piezo-electric Elements to Acoustic Sensors

Figure 3.17: Voltage noise density from a D-25×10 piezo for current readout,
with a 1nF feedback capacitor.

Figure 3.18: Measured and predicted noise spectra for a free (left) and attached
(right) D-25×10 piezo. The measured spectrum (red) is compared to the piezo
self noise (black, solid) and the amplifer noise (blue, dashed).
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3.5 Calculation of Piezo Displacement

has to be attributed to the acoustic noise coupled into the system due to the
much stronger acoustic contact to the environment. A way to circumvent this
by replacing the (active) piezo element by a (passive) LRC circuit is described
in section 6.4.2. In general, “clean” spectra of the system’s intrinsic noise were
difficult to obtain owing to the presence of electromagnetic and acoustic noise in
the laboratory and the intrinsic noise of the oscilloscope used for the analysis. The
noise studies for the final hydrophones, performed with considerably greater effort
using the low-noise acoustic DAQ boards and more elaborate electromagnetic and
acoustic shielding, will be published in [57].

In the frequency region of interest for acoustic particle detection, between about
5 kHz and 50 kHz, the noise spectra discussed above are virtually constant. In
this case, a rough estimate of the rms of the noise signal confined to within this
region ∆f is given by

Urms ≈ Φ̄
√

∆f =
√

4kTRe(Ztot)∆f. (3.27)

For less uniform spectra, the product has to be replaced by the square rooted
integral over f.

For example, for a piezo element with Re(Ztot) ≈ 200Ω, as in the coupled
case in figure 3.16, the total noise in the frequency band from 5-50 kHz at room
temperature is approximately

Urms ≈ 381nV

Using the piezo’s pressure sensitivity, the corresponding pressure noise can
be estimated. For the D-25×10 piezo, this is about S = −190dB re 1 V

µPa
=

3.2 · 10−10 V
µPa

, giving

prms =
Urms

S
≈ 1.2mPa.

This has to be compared to the ambient noise in the sea, which amounts to
about 2.3mPa in this frequency window for a calm sea (sea state 0, wind speed
< 0.5m/s)[54]. Thus, from the viewpoint of intrinsic noise alone, this kind of
piezo element should be suited for the construction of a sensor for acoustic particle
detection.

3.5 Calculation of Piezo Displacement

An additional application of the ECD model in a way opposite to the predic-
tion of sensitivity is the calculation of (mean) piezo elongation resulting from an
applied voltage. This is of special importance for the development of acoustic
senders. Furthermore, as the displacement of the piezo’s surface was accessible
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3 From Piezo-electric Elements to Acoustic Sensors

by direct measurement with a Fabry-Perot interferometer[49], this could be used
as an additional test for the validity of the ECD approach as an approximate
description of a piezo element’s electro-mechanical behaviour.

Using the equivalent circuit diagram for the piezo element, the mean displacement
response to an applied voltage signal can be predicted. A simplified calculation
assumes identical displacement for every point on the disc’s surface.

From the relationship between current and velocity, I = e33 ∗ A
h
· v = α33 · v,

where α = A
h

1
g
, one gets9:

v =
1

α
ILRC =

1

α

U

ZLRC

(3.28)

⇒ x =
1

αZLRC

∫ t

0
U(t′)dt′ (3.29)

For a sine signal, frequency ω, U = Ũeiωt,

⇒ x(t) =
1

iω

1

αZLRC

U(t)

⇒ x̃(ω) =
1

ωα

1

ZLRC

Ũ(ω) =
g33h

AωZLRC

Ũ(ω),

and the “transfer function”

x̃

Ũ
=

g33h

AωZLRC

∝ 1

ωZLRC

, (3.30)

which solely depends on constants and the piezo’s impedance multiplied by the
frequency. From this monofrequent case, again the response to complex signals
can be derived by Fourier analysis.

For a system with more than one resonance, every resonance should in principle
be treated separately but in a first approximation, all resonances corresponding
to movement into the same direction can be combined according to

x̃ =
n
∑

k=1

x̃k =
g33h

Aω
Ũ ·

n
∑

k=1

1

ZLRC,k

=
g33h

Aω
Ũ · 1

ZLRC,total

, (3.31)

where ZLRC,total is the (mechanical) parallel impedance of all resonances con-
cerned. From the factor 1

ωZLRC
, it is immediately obvious that for frequencies

far below the resonances the whole term x̃/Ũwill become constant, converging
against the static case.

9here, the subscript “33” is dropped as only movement along the polarisation axis is considered
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3.5 Calculation of Piezo Displacement

A rough estimate for the 25×20mm PZT-5A disc gives:

g33 = 24.8 · 10−3V m/N,A = 4.9cm2, h = 2cm

⇒ g33h

A
≈ 1 · 10−0V/N

⇒ x̃

Ũ
≈

(

ω

1Hz

)−1 (ZLRC

1Ω

)−1

m,

and far below the resonances,

x̃

Ũ
→ 1m ·

(

C

1F

)

=
(

C

1nF

)

· 1nm.

Generally, the behaviour below the resonances can be approximated by

|ωZLRC | =
1

C
⇒ x̃

Ũ
→ g33h

A
C, (3.32)

and, as for the plate capacitor with dielectric constant ε, C = εε0A/h, one finally
gets

x̃

Ũ
=

g33

εε0

= d33. (3.33)

From the piezo’s displacement, the pressure signal produced at a certain distance
can be obtained (see for example [58]). As long as the wavelength of sound in
the surrounding medium is noticeably larger than the dimensions of the piezo
element, and thus a nearly spherical sound field can be assumed, the pressure
amplitude in the surrounding medium is essentially proportional to the second
time derivative of the surface displacement, p(t) ∝ ẍ(t). In the frequency domain
this corresponds to multiplication with a factor of −ω2, which then dominates
the spectral shape of the sending response below the piezo resonances, and can
clearly be seen in the calibration curve of the commercial High Tech transducer
(for example, figure 5.20 on page 101).

To validate these results, a setup was created in our group to directly measure the
movement of the piezo surface using a custom-built Fabry-Perot interferometer
[49][54] (“FPI”).
The interferometer was used to monitor the movement of the central point of an
electrode of a D-25×20 piezo responding to applied sine voltage signals. Figure
3.19 shows the resulting displacement, compared to predictions from the ECD
model. The discrepancy in the spectra can be attributed to the fact that the
ECD prediction gives an overall mean displacement, whereas the interferometer
tracked one point only. Especially visible, in the first anti-resonance the total
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Figure 3.19: Displacement prediction from the ECD model for a D-25×20 disc,
compared with a measurement performed with the Fabry-Perot interferometer.
In the low-frequency limit, both agree. The discrepancy for higher frequencies
is discussed in the text. The shaded error band results from the errors on the
individual LRC parameters in the ECD fit.

displacement integrated over the surface should nearly cancel10, whereas this is
not the case for the majority of points on the surface, just for their sum. Though
one could conceive of an interferometer setup allowing a complete scan of the
piezo surface, including relative phase, thus giving the possibility to average over
all points, this possibility was shunned due to the great technical effort involved.
Instead, a second approach was adopted by our group[49]. Using a finite element
method (“FEM”), the microscopic behaviour of the piezo element was simulated
on a grid using the coupled tensor equations for the motion of the piezo according
to Hooke’s law – equation (3.34) – and the Gaussian law with added mechanical
part (equation (3.35)):

∂k(ciklmSlm + elikEl) = ρüi (3.34)

∂k(eiklSkl + εilEl) = 0, (3.35)

where ciklm is the elasticity tensor, Slm the strain tensor, eikl the piezo-electric
tensor, εil the permittivity tensor, and El, ρ and u the electric field, the piezo’s
density and the displacement of the grid point, respectively. To significantly de-
crease the computational effort without sacrificing accuracy, rotational symmetry
around the polarisation axis, as well as symmetry about the central plane of the

10which explains the high impedance: applied voltage does not create overall elongation, thus
no charge transfer.
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piezo element were assumed. These two equations were now numerically solved
on a grid using two different FEM packages: CAPA and Femlab[49]. Both sim-
ulations give very similar results. As the FEM simulation allows the calculation
of the displacement on any point of the surface, these results can now be used to
reproduce both the interferometer measurement as well as the ECD model pre-
diction, by taking a single point on the surface and the average over all points,
respectively. Figure 3.20 compares the results for the single point, showing good
agreement between the simulation and the interferometer measurement. This
agreement was used to validate the simulation results and the choice of para-
meters used therein. In figure 3.21, finally the ECD model prediction is shown
together with the result of averaging over the simulated surface points; again, the
agreement is very good.

The good agreement with the direct interferometer measurement proves that
the finite element simulation is obviously capable of correctly describing the mi-
croscopic behaviour of the piezo element. As, in contrast to the ECD model, it
can accurately make predictions for the movement of single points on the surface,
it seems to be the more versatile of the two methods. However, the agreement
for the average surface movement shows that the ECD method is at least equally
capable of describing the large-scale movement of the piezo element as a whole,
which is the actual input for the determination of a piezo transducer’s sending
capability11. On the other hand, the FEM simulation is computationally very
expensive, especially if symmetry conditions are to be relaxed, whereas the ECD
model is very easily applied as soon as its parameters are known. Thus, the full
FEM simulation only had to be performed once to validate the results from the
ECD method, which can be used for any future calculations.

3.6 Effects of the Sensor Geometry

In order to allow fully three-dimensional predictions, the ECD model needs to
be extended to include also effects due to the geometry of the piezo sensor. For
a piezo element subjected to an inhomogeneous pressure field, the sensitivity
characteristics not only depend on the resonance characteristics of the sensor but
also on geometrical considerations: Not only a force acting along the electrical
axis of the element (the longitudinal effect) can result in a compression of the
element and thus a voltage signal but also can a force perpendicular to it elongate
the element along the polarised axis as a result of the finite compressibility of the
sensor, thus creating a voltage signal of reversed sign (the transversal effect).

11as, in turn, the pressure signal produced by the piezo results only from the average motion
of the surface, as long as the variation happens on a scale below the wavelength.
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Figure 3.20: Displacement of a single point on the piezo surface (on symmetry
axis). Comparison between simulation and interferometer measurement.

3.6.1 The Transversal Piezo-electric Effect

Figure 3.22 shows the situation responsible for the transversal piezo-electric effect:
Applying the generalised Hooke’s law for the individual components of the strain
ε resulting a stress σ

εx =
1

E
(σx − ν (σy + σz)) (3.36)

(analogous for y and z) to the cylindrical case, one gets

εz =
1

E
(σz − 2νσr) , (3.37)

where εz = ∆z
z

is the strain along the piezo axis, which is responsible for the
voltage output, and σz and σr is the stress parallel and perpendicular to this
axis, respectively. The Poisson number ν is a measure for the volume conservation
under compression, values for most solids lie around 1

3
, complete incompressibility

is given for ν = 1
2
. In the case of a piezo element surrounded by water, the stress

σ is just the static pressure on the respective surface. Thus, in the low frequency
limit, where the pressure is isotropic around the piezo element, the resulting
relative elongation for a pressure p is

εz =
p

E
(1 − 2ν) , (3.38)

which is reduced by a factor of 1-2ν compared with the “naive” case, where
the force on the sides is neglected – completely vanishing for ν = 1

2
(ideally

incompressible solid) .
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Figure 3.21: Mean displacement for D-25×20 piezo disc, calculated from the
equivalent circuit model compared with the finite element simulation. The shaded
error band results from the errors on the individual LRC parameters in the ECD
fit.

Hence, to get the voltage signal of a piezo element, the net compression along
its polarised axis must be taken into account, resulting from a combined action of
the forces all over the surface area of the piezo element. In the three-dimensional
tensorial treatment of the piezo-electric effect, this transversal action is already
included in the form of the off-axis elements g31 and d31, which give the voltage
and charge along the (longitudinal) 3-axis as a result of applied force or compres-
sion along the (transversal) 1-axis12. Accordingly, g31 = νg33 and d31 = νd33. For
the piezo-electric materials used this gives ν = 0.4 . . . 0.45, which is rather close
to incompressibility.

3.6.2 Temporal Smearing Effects

In the case of a piezo subjected to a sound field, this simple picture is somewhat
complicated by the fact that the pressure acting on different points of its surface
will in general not be uniform: As soon as the piezo element’s dimensions are not
negligible compared to the wavelength of the sound signal, the effect of different
travel times for different parts of the wave front have to be taken into account in
the form of a retarded pressure amplitude p(z, t) = p(0, t − z/csound), replacing
the static stresses σz and σr in equation (3.37) by an effective (mean) pressure at
the corresponding surfaces, resulting in a smearing out of the signal over a time
corresponding to the dimensions of the element divided by the velocity of sound

12and, due to the symmetry of the material, also the 2-axis
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Fext, transFext, trans

∆xres., long.

Figure 3.22: Schematic explanation of the transveral piezo-electric effect: Force
applied to the (neutral) sides of the piezo leads to an effective elongation along
the (force-free) polarisation axis. The piezo’s deformation is greatly exaggerated.

in the surrounding medium (water).

In a simplified approach described in figure 3.23, the incoming wave front was
taken to be a plane wave incident on a cylindrical piezo element tilted by a cer-
tain angle. Thus, only a single variable, the position on the axis z had to be
used. For each value of z, a differential sensitivity ∂S/∂z of the piezo could now
be calculated, taking into account the surface differential dA(z) exposed to the
pressure signal, as well as a weighting factor for the type of excitation (transversal
or longitudinal) and optionally the angle of incidence. This latter was necessary
as at least in the higher region of frequencies of interest, the wavelength of the
sound in water was not much larger than the dimensions of the piezo element, so
that geometrical effects of shadowing and of pressure enhancement by reflection
could not be neglected. Due to the simple geometry of the piezo, it sufficed to
introduce a factor of (1− gcosθ), where θ is the angle between the wave direction

and the surface normal d ~A(z). On the “front” side of the piezo (cosθ < 0), the
pressure amplitude is thus enhanced, on the back side, it is reduced. The mag-
nitude of this effect could be varied with the empirical factor g between g = 1
(fully geometrical acoustics, high frequency limit) and g = 0 (low frequency limit).

The system’s response h(t) to a pressure signal f(t) travelling along the z-axis
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t
z

p(z,t)

θ

∆

Figure 3.23: Schematic view of the geometrical situation for a plane wave,
travelling along the z-axis, incident on an inclined piezo element. The maximum
resulting time delay ∆t is directly proportional to the extent of the active part of
the piezo in z direction.

with velocity cs then reads as

h(t) =
∫ ∞

−∞

∂S

∂z
(z)f

(

t − z

cs

)

dz, (3.39)

a spatial integral over the retarded signal. By translating the z-differential sensi-
tivity ∂S

∂z
(z) into a time-differential sensitivity

∂S

∂t
(t) = cs

∂S

∂z
(z), (3.40)

equation (3.39) can be transformed into a convolution in the time domain,

g(t) =
∫ ∞

−∞
f(τ) · I(t − τ)dτ , (3.41)

of the pressure signal f(t) with the system’s “geometrical” impulse response func-
tion Ig(t) := ∂S

∂t
(t), describing the time evolution of the system’s response to an

δ-pulse, as will be discussed in section 5.1.

By Fourier transformation of Ig(t), the system’s (geometrical) transfer spec-
trum Tg(ω) for a tilt angle θ can be gained. Note that both Ig and Tg depend
not only on the geometry of the piezo element but also on properties of the sur-
rounding medium, in particular the speed of sound cs. Examples for geometrical
response spectra for an extended piezo element in water are shown in figure 3.24,
together with the corresponding impulse responses. Of particular note is the fact
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Figure 3.24: Geometrical impulse response functions for a 25×15 mm piezo
cylinder for different directions (left) and the corresponding transfer spectra
(right). The origin t=0 of the time axis corresponds to the travel time to the
centre of mass of the piezo.

that the sensitivity spectrum shows a steep cut-off scaling inversely with the di-
mensions of the piezo element, due to the fact that high frequency signals are at
least partly averaged out over the active surface of the piezo element. Hence, even
neglecting the piezo element’s resonances, it sensitive bandwidth is limited by its
dimensions13. The position and steepness of this cut-off strongly depends on the
direction of incidence, especially for more asymmetrical piezo shapes. Addition-
ally, for piezo elements where front and rear side are exposed to the pressure field,
echo effects and the corresponding spectral artefacts can be expected. While for
cylinder piezos the sensitivity is maximised for ω → 0, for (unshielded) discs
with contributions of both the longitudinal and transversal effect, the sensitivity
is reduced in the static limit due to partial (or full, for ν = 0.5) cancellation.

To get the complete (approximated) impulse response for the piezo element,
Ig(t) has to be convoluted with the “intrinsic” impulse response resulting from the
piezo’s resonance modes, which, in turn, is the Fourier transform of the piezo’s
(intrinsic) sensitivity spectrum calculated in section 3.4.1. Likewise, the piezo’s
(approximate) total sensitivity spectrum for a direction θ is the complex prod-
uct of the geometrical and the intrinsic sensitivity spectra. For the geometrical
response functions and spectra shown in this work, the surface integral for the
differential sensitivity was performed numerically over the surface of the piezo. In
each step, the projection of the position ~r onto a tilted z’-axis was calculated and

13As the sound velocity in water is smaller than in the piezo element, by a factor of 2 to 3,
and hence also the wavelengths shorter, this limitation is even stronger than that resulting
from the resonances.
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the product of the surface area element and a weighting factor depending on the
direction of the surface normal and the type of surface (parallel to polarisation
axis or perpendicular to it) was added to the corresponding time bin.

3.6.3 Partial Muffling

This method can also be used to simulate the effects of acoustic shielding (“muf-
fling”) of parts of the piezo surface – discussed in more detail in section 4 –
by simply omitting them in the integral. As can be seen from equation (3.37),
pressure acting on the faces and the sides of the piezo element contribute to the
total signal with a different relative sign. In the static case, this reduces the net
signal (as discussed above), so that acoustic shielding of either the faces or the
circumference of the piezo (in the following referred to as “longitudinal” and “ra-
dial muffling”, respectively), though reducing the overall surface area, actually
increases the signal – by a factor of 1/ (1 − 2ν) in the radial case and a factor of
−2ν/ (1 − 2ν) the longitudinal case. For ν = 1

3
, for example, one gets

Sl : St : Slt = 3 : (−2) : 1,

where Sl, St and Slt are the resulting signal amplitudes for the longitudinal effect
only, the transversal effect only and the combination of both.

Figure 3.25: Left: Simulated response of the unshielded FP-10 disc to the bipo-
lar neutrino signal, depending on the direction of incidence. Note especially the
inversion of the signal between 0 and 90. Right: The same signals for longitudinal
shielding. The signal shape is much better conserved, and nearly independent of
the direction. The (arbitrary) amplitude scale is the same for both plots.

For higher frequencies, although no complete cancellation of the signal occurs,
the characteristics of a signal can be drastically altered, as in figure 3.25, left,
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where the response of an unshielded FP-10 disc to a bipolar pressure pulse is
shown for different directions of incidence. Not only is the signal shape no longer
bipolar, its amplitude and its sign are strongly direction dependent. Such a sen-
sor would be of only very limited use for acoustic particle detection. By muffling
of the piezo’s faces, however, this direction dependence is nearly eliminated, as
shown in figure 3.25, right, for the same (simulated) pressure pulse. Here, the
original signal shape is nearly conserved, and shape and amplitude of the signal
depend much less on the direction of incidence. Thus, by the very simple act of
acoustic shielding of a part of the piezo element, its sensor characteristics can
be greatly enhanced. The basic shape used for all piezo types was a cylindrical

Figure 3.26: Measured response of an unshielded (left) and a longitudinally
shielded (right) FP-10 disc to the bipolar neutrino signal. The (arbitrary) ampli-
tude scale is the same for both plots.

geometry. For the piezo cylinders, the summation was only done over the piezo
side, ignoring the narrow top and bottom rim of the piezo. For the discs, the sum-
mation was done over the top and bottom face for the longitudinal contribution,
and around the side of the piezo for the transversal part, weighed with −2 · ν.
Muffling was emulated by setting the corresponding weight to zero. The pre-
dictions from this model were again compared to measurements performed with
piezo elements. For this purpose, calibration signals had to be sent with a trans-
ducer hydrophone and recorded with a piezo element under different directions.
As the “naked” piezo elements could not be directly exposed to water, however,
this measurement had to be performed with piezo sensors cast in polyurethane,
which will be described in chapter 4. While the effect of this polyurethane coat-
ing on the incoming sound wave is not explicitely included in the geometrical
description, its impact on the piezo’s resonant behaviour was modelled using the
ECD parameters gained in an impedance measurement on the complete sensor
and included in the theoretical system response. Due to the good acoustic match-
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ing between polyurethane and water, and the rounded shape of the coating, only
slight distortions are expected in the signal due to the coating.

Figure 3.26 shows bipolar signals recorded with an unshielded (left) and a
shielded FP-10 disc (right), with foam rubber attached to the front and rear face
(see section 4 for more details). This measurement has to be compared with
the prediction in figure 3.25. While not perfectly reproducing the signal shape,
the qualitative effects from the summation over the longitudinal and transversal
contributions as well as the effect of shielding are clearly visible.

3.7 ECD – Summary

Although it may lack the complexity and precision of a rigorous mathematical
treatment or a full FEM simulation of the piezo element, the ECD approach,
especially when combined with a simple treatment of the geometrical situation,
is able to make accurate predictions for important macroscopic properties such as
mean displacement of the piezo surface and the sensitivity of a piezo to pressure
signals.

The predictions discussed above for both the resonance spectrum as well as the
geometrical response, optionally including effects such as partial muffling or rigid
clamping, provide a solid basis to choose the piezo elements and sensor layouts
best suited for different tasks, optimised for properties such as isotropy versus
directionality or high sensitivity versus large frequency bandwidth. As long as
the acoustic matching between the hydrophone’s coating and the surrounding
water is good, and thus the effect of the coating on the incident sound wave is
weak, the model’s can be safely applied also to more complex sensor prototypes
and complete hydrophones.

The self-noise predictions as well as the impedance behaviour described by the
ECD are fundamental for the design of optimised low-noise pre-amplifiers.
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4 Prototype Studies

Based on the findings from the ECD model, a number of sensor prototypes was
built from different combinations of piezo elements, mufflings and coating ma-
terials and geometries. For these prototypes, the dependence of the sensitivity
on frequency and direction was measured, using different amplifiers with voltage
and current read-out, and compared to the predictions from the ECD.

Two classes of acoustic sensors designs were investigated: hydrophones and
acoustic modules, both with their particular unique properties, advantages and
disadvantages, due to the nature of their coupling to the environment and the
influence of the internal sensor geometry on signal transmission and resonant
behaviour. For each of these, prototypes were built, choosing the piezo elements
and the sensor geometry according to the predictions from the ECD model, and
their acoustic properties thoroughly studied.

4.1 Hydrophone Prototypes

The basic design of the hydrophone prototypes consisted of a piezo element (or
sometimes 2 or more in the case of cylinders) soldered to a RG-174 coaxial cable
and moulded in polyurethane. Two main classes of hydrophones were studied,
using hollow piezo cylinders and solid piezo “discs”, respectively (figure 4.1).
Tables B.1 and B.2 list the most important prototypes used in the study.

polarisation

polarisation

Figure 4.1: Basic piezo designs under study. Left: Longitudinally polarised
disc piezo with electrical terminals on the upper and lower face. Right: Radially
polarised (hollow) cylinder with wires connected to the inside and outside.
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4.1.1 Cylinder Hydrophone Prototypes

The first approach is based on the design of most commercial hydrophones, which
use either cylinders or spherical piezo elements. The High Tech, Inc. hydrophones
used in the ANTARES acoustic system, for example, use cylindrical piezos 2 cm
in diameter. For the design studies presented in this work, radially polarised hol-
low cylinders from Ferroperm, Inc.[53] with a diameter of 2.5 cm and a height of
1.5 cm were mainly used. By combining two or more of these cylinders, cylinders
of greater height could be emulated. These cylinders could either be simply im-
mersed in polyurethane, without caps at either end, so that they were completely
surrounded and filled by that material. Alternatively, end caps could be added.
The latter could consist either of an inactive material, such as plastic or metal, to
allow an air-backed design with a hollow interior, or of a thin piezo disc (25 mm
in diameter, 3 mm in thickness), to create a nearly spherical hollow sensor with
active sides and ends. In addition, a few cylinders with different dimensions were
studied, ranging from narrow cylinders 1 cm in diameter, a height of 2 cm and
about 1 mm wall thickness to big cylindrical elements with height and diameter
of 35 mm and 3 or 5 mm wall thickness. While the former turned out to be
too insensitive and to have too much intrinsic noise, the latter’s low resonance
frequency (below 30 kHz) and large dimensions made them unsuitable for the
intended purpose. Thus, they were excluded from further studies.

4.1.2 Disc Hydrophone Prototypes

The second, more unconventional approach used thick, longitudinally polarised
discs with a height comparable to the diameter of the discs. In this case, a variety
of dimensions was examined, the most important being PZT-5A discs with 25 mm
diameter and 10 mm and 20 mm thickness (“D-25×10” and “D-25×20”) from
Morgan Electroceramics and discs with 20 mm diameter and thickness 10 mm
made of PZ-29 material (“FP-10”) and thickness 20 mm made of PZ-27 (“FP-
20”), both from Ferroperm. Again, various other piezo discs of smaller and larger
dimensions were tested but deemed unsuitable for the same reasons as for the
cylinders.

The calculations described in section 3.6 make it clear that, for an efficient
acoustic sensor, piezo discs have to be partially shielded to eliminate either the
longitudinal or the transversal contribution to the signal. Figure 4.2 shows the
two types of acoustic shielding investigated in this work: radial shielding (left)
to exclude transversal coupling and axial shielding (right) against longitudinal
coupling. To achieve a simple, yet effective shielding, round or rectangular pieces
of 2-3 mm thick rubber foam were glued either onto the faces or around the cir-
cumference of the discs prior to moulding. Containing a large amount of minute
gas bubbles, this material was very soft and acoustically highly absorptive, ef-
fectively de-coupling the piezo from the surrounding polyurethane. Due to the
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polarisation

polarisation

Figure 4.2: Disc piezos with different acoustic insulation: radial insulation for
use in the longitudinal mode and longitudinal insulation for use in the transversal
mode.

softness and low density of this material, this acoustic shielding has a notable
side effect, which is visible in the impedance spectrum. While the resonances of
a piezo moulded in polyurethane are normally significantly damped, the piezo’s
movement is less hindered by the rubber foam, resulting in a weaker suppres-
sion of the resonances. (see figure 4.6). Thus, the receiving spectrum of these
sensors also exhibits stronger resonance features, which can be undesirable for
acoustic particle detection. Several different shapes for the mould were used,

pr
e−

am
p

Figure 4.3: Setup for moulding of hydrophone prototypes. Left: open mould
for simple sensor prototypes. Right: closed mould for hydrophones with internal
pre-amplifier, including ducts for polyurethane and air.
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with varying diameters for the different sizes of piezo elements. The moulds
employed for the later prototype models were custom-built by the local mechan-
ics workshop and consisted of two to six aluminium parts that could be screwed
tightly together. The mould for the final hydrophones was constructed from hard
polyurethane after the shape of the HTI hydrophones, so that all hydrophones
used in the ANTARES acoustic setup would have identical outer dimensions.
This PU mould had the additional advantage of being transparent, thus making
it possible to monitor the position of the piezo element and any formation of
faults and bubbles during the casting process. Most casts were carried out with
the piezo element freely suspended by the cable in an open mould (figure 4.3,
left), giving a sensor with a rounded front and a flat rear side. During the tests,
no adverse effects (e.g. reflections) of this flat rear side could be discerned, so
that it was deemed unnecessary to use a more elaborated mould for the prototype
studies. The choice of piezo geometries available for the study was limited some-
what by the difficulty in obtaining piezo elements with dimensions interesting for
the study. A dedicated production to order of piezo elements would have been
possible but for productions of fewer than several hundred items, the individual
cost per piezo element would have been prohibitively high, especially for a study
in which a number of different geometries and sizes were to be examined. In-
stead, the only available piezo elements were left-overs from previous orders by
other customers. Figure 4.4 shows a photo of some piezo elements used in the
design study. This limitation became important for the cylinder hydrophones,
where the first resonance of the cylinders turned out to be undesirably low, so
that cylinders of somewhat smaller diameter (about 2 cm instead of the 2.5 cm
used) would have been preferable. Such cylinders, however, were not available in
the numbers needed for the ANTARES system, so that there was no alternative
but to use the 2.5 cm cylinders. The situation was even tougher in the case of
uncommon piezoelectric materials, such as PZT-7A and PT1, because too few
sizes were available for more than a basic comparative study.

To ease their construction and to add flexibility, the prototypes were not
equipped with internal amplifiers. Instead, external amplifiers were used, either
one of three self-built SMD amplifier boards in a shielded box (“box amplifier”,
see figure 6.3), which could be optionally powered by battery, or customised am-
plifier circuits built on a prototyping board (“bread board amplifiers”). For more
details on the amplifiers used, refer to section 6.2.

1pure lead titanate with no lead zirconate admixture
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Figure 4.4: Piezo elements used for the prototype study and for the final sensors.
Left: piezo discs, right: piezo cylinders.

4.2 Selected Results

4.2.1 Directionality of Disc and Cylinder Hydrophones

Figure 4.5 shows the most important hydrophone prototypes used in this study to
examine the effects of differing piezo geometry and acoustic muffling on the sen-
sor’s acoustic properties. For all prototype hydrophones, impedance spectra were
recorded before and after moulding in polyurethane, using the method described
in section 3.3. By comparison, the effect of the polyurethane on the resonance
structure could be studied. The impedance spectra were then fitted according
to the ECD model to give the ECD parameters needed for sensitivity prediction.
All prototypes discussed here have a soft polyurethane coating.

The impedance spectra for prototypes with FP-10 discs are given in figure 4.6,
for an unmuffled and a longitudinally muffled disc, with the curve for a free piezo
included for comparison. The resonance suppression for the muffled prototype is
slightly weaker than for the unmuffled one, as the muffled sides of the piezo are
less damped.

Figures 4.7 and 4.8 show the corresponding sensitivity spectra taken for these
FP-10 disc prototypes in different directions, using the current box amplifier. In
good agreement with the predictions from the geometrical model, the unmuffled
disc (figure 4.7, left) exhibits much greater directional dependence than the two
muffled varieties (figure 4.8). Especially for the physically most interesting region
between about 10 and 30 kHz, the variation is significant, more than an order
of magnitude. While, for the two muffled discs, the resonance around 80 kHz is
more pronounced due to the reduced damping, there is hardly any variation in
the spectra up to about 70 kHz, neither with regard to frequency nor to direc-
tion. Hence, although the unshielded piezo element as a sensor performs poorly

71



4 Prototype Studies

Figure 4.5: Photo of the hydrophone prototypes whose properties are discussed in
this section. Left: cylinder prototypes, with two cylinders (top and middle) and a
single cylinder (bottom). Right: disc prototypes, without muffling (top, “prototype
1”), with radial muffling (middle, “prototype 15”) and with longitudinal muffling
(bottom, “prototype 16”).

Figure 4.6: Impedance spectrum for hydrophone prototypes using FP-10 discs
without muffling (“prototype 1”, black solid curve) and longitudinal muffling
(“prototype 16”, red dashed curve), compared to the impedance of the free disc
(blue, dotted curve).
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Figure 4.7: Sensitivity spectra for an unmuffled FP-10 disc in soft PU (“proto-
type 1”).

Figure 4.8: Sensitivity spectra for muffled FP-10 prototypes: radially muffled
(left, “prototype 15”) and longitudinally muffled (right, “prototype 16”).

in terms of signal fidelity and directionality, the simple act of muffling renders it
a very promising candidate for the construction of a sensitive hydrophone with
good signal and directional characteristics.

From geometrical considerations, the most promising candidates for a cylin-
der hydrophone are those with one or two of the 25 mm Ferroperm cylinders,
with passive end caps made of plastic or metal. The corresponding impedance
spectra for a single and double cylinder prototype are compared in figure 4.9.
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In the low-frequency regime, the double cylinder’s impedance is only half that

Figure 4.9: Impedance spectra for a single (left) and a double (right) cylinder
prototype (black solid line), compared with the spectra for the free piezos (blue
dashed line).

of the single cylinder, as they are connected in parallel. The most prominent
feature of the single cylinder is the strong resonance at 100 kHz, corresponding
to a height resonance of the piezo element, whose position is not affected, but
only its amplitude damped, by casting into PU. For the double cylinder, this
100 kHz resonance is replaced by a more complicated structure around 50 kHz,
corresponding to the doubling of the height2. The first resonance around 40 kHz
is also less pronounced in the double cylinder, and is shifted to slightly lower
frequencies in PU. For the double cylinder prototype cast in PU, the damping is
so strong that the resonance structure almost completely disappears.

The corresponding response spectra for these prototypes are shown in figure
4.10. For the double cylinder (right) the θ = 90o sensitivity spectrum is rather flat
up to 50 kHz, due to the virtual disappearance of the resonances. However, for
small θ angles a rather steep cut-off exists, due to cancellation along the length
of the piezo element3. For the single cylinder, while the sensitivity maximum
around 40 kHz is more pronounced and the low-frequency sensitivity for θ = 90o

is lower by a factor of two than for the double cylinder, the directional charac-
teristics are much less noticeable, again in good agreement with the geometrical
predictions. Thus, while a long piezo cylinder might offer high sensitivity and

2The expected single resonance around 50 kHz is smeared out as the two cylinders are just
glued together, and thus only imperfectly emulate a solid cylinder of double height.

3From the 3 cm total length of the piezo element, a sensitivity minimum should be expected
around 50 kHz. This sensitivity reduction, however, is partly cancelled out by the im-
pedance resonance at 50 kHz, producing a “bump” around 50 kHz and a local minimum at
a somewhat lower frequency.
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a flatter spectrum perpendicular to its axis, satisfactory directionality over the
whole θ-range can only be achieved for piezo elements with more “symmetrical”
dimensions.

Figure 4.10: Sensitivity spectra for the single (left) and double (right) cylinder
prototypes.

4.2.2 Discussion and Conclusions

In view of the comparison of the sensitivity spectra presented above, the optimal
solution for a piezo hydrophone would be to use a single, small disc, such as
the 20×10 mm disc used for the prototypes 15 and 16 discussed above, with a
radial or longitudinal muffling to restrict the sensitivity to the longitudinal or
transversal component only. Due to the small, nearly symmetrical dimensions of
the piezo element, both the resonance frequencies and the geometrical cut-offs lie
safely outside the signal region, giving a nearly flat spectrum up to about 70 kHz
for the prototypes studied here, with only very limited directional dependence.
While the sensitivity resonance is quite pronounced because of a reduction of the
damping due to the relatively soft muffling material, this effect can be countered
by an appropriately designed pre-amplifier and filter (as will be discussed in
section 6.1).

Fully functional hydrophones, complete with an internal pre-amplifier, have
been built for both muffling geometries, showing sensor properties similar to
those of the prototypes discussed above. Figure 4.11 show two such hydrophones
with radial muffling.

While these hydrophones performed quite well under laboratory conditions,
the acoustic muffling had the great disadvantage of not being pressure-resistant,
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Figure 4.11: Photograph of two complete prototype hydrophones with disc piezo,
internal pre-amplifier and SeaCon cable.

due to the necessity of using a soft material, such as rubber foam, to decouple the
piezo element acoustically. Under the high pressure in the deep sea, such a mate-
rial would be significantly compressed, leading to a loss of its favourable acoustic
properties and a deformation of the hydrophone. While several possibilities were
investigated in order to stabilise the structure of such a hydrophone mechanically,
the resulting design was either not pressure-resistant or the addition of rigid, hard
materials seriously compromised the sound-muffling properties and produced in-
ternal reflections, resulting in a severe deterioration of the signal characteristics.
No possibility of achieving this acoustic shielding without distorting the signal
has been found within the scope of this work.

The single cylinder design, on the other hand, while not offering the same
omni-directionality and signal fidelity as the disc designs, had the advantage of
not needing any acoustic muffling, as the cylinders effectively had no front or back
side. By adding appropriate end caps to the cylinder, it was possible to create
a pressure-resistant sensor without adverse effects on the signal characteristics.
This setup, which was close to the design used in the commercial hydrophones
also employed there was thus chosen for integration into the ANTARES acoustic
system (see chapter 7).

4.3 Acoustic Modules

To test the technical feasibility of the Acoustic Module (AM) approach and to
investigate the properties of such a sensor device, a series of design studies was
performed with single piezo elements as well as complete AM prototypes. For each
of these prototypes, a piezo disc was attached to a supporting structure, which, in
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turn, was in contact with water. The earliest prototypes, one of which was used to
produce the sensitivity spectrum given in figure 3.15, consisted of bare piezo discs
glued to the outer wall of the aquarium (figure 4.12) to simulate the situation on
the inside of an ANTARES glass sphere. No external force was applied to the
piezo element to press it to the glass wall, as tests with a piezo element in a half-
sphere have shown that the piezo’s sensitivity does not depend on a pre-loading
force, as long as the contact mediated by the polyurethane or epoxy glue was
firm enough4. As discussed in section 3.4.4, the sensitivity of this piezo glued to
the glass wall is well described by the ECD model using the impedance measured
for the coupled piezo. Hence, the effect of the glass can be included completely
into the ECD description, without explicit treatment of the coupling geometry.
Further studies were performed with piezo elements inside an ANTARES sphere

glass wall

glue

piezo disc

Figure 4.12: Test setup for acoustic module studies: a single piezo glued to the
outer wall of a water-filled aquarium.

to investigate the effects of the thicker glass and the curvature of the sphere.
Figure 4.13 shows a schematic view of the setup. Analysis of directionality and
frequency characteristics required a full calibration, which was only possible in
a closed sphere in the large water tank, as the sender-receiver distance had to
be at least greater than the sphere’s diameter to approximate a plane wave field,
and the closed sphere took up a significant proportion of the aquarium, making
multiple reflections unavoidable. For this purpose, a special support structure was
built, in which the sphere was mounted between two stainless steel rings, padded
with rubber to reduce acoustic transmission, and which could be suspended from

4for the frequencies of relevance, the piezo’s inertia is sufficiently great to keep its centre of
mass steady while the piezo is contracted or elongated by the movement of the glass. To
make it sensitive in the low-frequency limit, the piezo’s position has to be fixed externally,
otherwise it would just move with the glass plate, resulting in no contraction and thus no
signal.
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glue (PU or epoxy)

glass sphere

piezo disc

Figure 4.13: Schematic view of the acoustic module prototype. A disc piezo is
glued to the inner wall of the glass sphere by polyurethane or epoxy. The curvature
of the sphere and the thickness of the glue layer are exaggerated.

the crane in the laboratory (figure 4.14). A lead-filled 25 kg weight was used to
counter the buoyancy of the sphere. The electromagnetic interference coupling

		
		





 sensor (coupled)

glass sphere

"equator"

steel rods steel frame

lead weight

crane
water surface

distance 0.5 − 1.5m

de
pt

h 
ca

. 1
m

sender

Figure 4.14: Setup for Acoustic Module calibration in the large water tank.

into the long, partially unshielded cables inside the sphere and between the sphere
and the readout electronics made measurements with bare piezos and an external
amplifier impossible. Thus, the sensors inside the sphere had to be fitted with an
internal pre-amplifier in a setup similar to that of the final sensor design. This
fact, as well as the complicated and time-consuming integration procedure for the
spheres and preparation of the calibration setup, limited the number of different
sensor configurations that could be studied this way. As comparisons of the
results for piezos in the sphere and piezos attached to the aquarium (see above)
showed good agreement at least around the forward direction of the sensors[59],
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4.3 Acoustic Modules

this simpler and quicker method could be used to develop a sensor with the
desired properties and only test the final design inside the sphere. Figure 4.15
shows the results of such a measurement for piezos attached to the aquarium. The
distance between the sender and the wall (=“x”) was kept constant at 20 cm,
while the horizontal distance perpendicular to it was varied between y=0cm,
corresponding to θ = 0o and y=40 cm (θ ≈ 63o). Up to the resonance around
60 kHz, the spectral shape of the sensitivity varies only slightly with direction.

Figure 4.15: Sensitivity spectra for a single FP-20 piezo element coupled to
the aquarium, for different lateral distances, corresponding to different angles of
incidence.

One aspect of particular interest was the possibility to increase the effective
area of the AM sensors, and thus their sensitivity, by replacing the single piezo
element by a cluster of piezos. As the number of separate read-out channels per
Acoustic Module was limited to two, by the cable and the read-out electronics, the
only possibility was a passive addition of the signals of the individual elements.
Figure 4.16 compares the results for a cluster of two FP-20 discs, spaced about
3 cm apart, in the setup described above.

The results for a vertically aligned cluster are quite similar to the results for
a single piezo element, apart from a factor of two more sensitivity due to the
higher surface area. This can be readily seen from the geometry model, as here
the sender stays inside the symmetry plain of the cluster and the distance to
both sensors is always identical, thus adding the signals on both piezo elements
with zero time delay. The only time smearing effect comes from the size of the
individual pieo discs.

For the horizontally aligned cluster, on the other hand, the situation is dif-
ferent. As here the sender lies in the plain of the two sensors, the travel time
difference is maximal, approaching the inter-sensor separation divided by cs for
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4 Prototype Studies

Figure 4.16: Sensitivity spectra for a cluster of two FP-20 piezo elements cou-
pled to the aquarium, separated by 3 cm. Left: vertical arrangement (⊥ y-axis),
right: horizontal arrangement (‖ y-axis).

θ → 90o. This travel time distance leads to an echo in the signal, and the fre-
quency break-point scales not with the inverse size of the individual piezo discs
but with the inverse of the cluster size. These geometrical effects already begin
to dominate the spectrum well below θ = 45o.

Thus, even a cluster of two elements placed closely together severely com-
promises the directional characteristics of the resulting Acoustic Module outside
the symmetry plane of the elements. Measurements with larger sensor clusters
confirmed this result.

While this effect might be of interest for designing a highly beamed sensor, this
strong directional dependence is unsuited for an acoustic particle detector, where
both a large angular coverage and direction-independent signal characteristics
are important. As a consequence, for the Acoustic Modules built for ANTARES,
only single piezo discs were used as sensors.
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5 Sensor Calibration

5.1 General Principles

Hydrophones, like most other technical system used for the measurement of
acoustic signals, work by converting a pressure signal into a voltage signal, which
is subsequently digitised and processed or stored. Thus, the data produced by
such a system is a voltage, not a pressure. To obtain the corresponding pressure
signal, the measured voltage signal has to be converted back. As the sensitivity
of a real hydrophone is uniform neither in frequency nor in direction, a single
conversion factor is not sufficient to regain the original pressure signal. Under
the assumption of otherwise stable conditions (temperature, pressure, etc.), it is
therefore necessary to calibrate acoustic sensors with respect to the direction of
incidence of the sound wave and the frequency of the signal.

The output signal of a transducing system such as a hydrophone depends both
on the input signal and an internal property of the system, its response. Of
particular importance, as it is the most simple case and all other cases can be
derived from it, is the so-called impulse response, the response of the system to
a Kronecker delta pulse.

In any linear system, the output signal for a sum of input signals is the sum
of the individual signal responses: f (A + B + . . .) = f(A) + f(B) + . . .. Thus,
as any signal can be constructed as a sum of time-shifted delta pulses, the sys-
tem response to any signal can be constructed as the sum of impulse responses
with an appropriate time-shifting factor. Mathematically, this process is done by
convolution of the original signal with the impulse response. In the time domain,
the response R(t) of a system to the input signal S(t) is given by

R(t) = (S ∗ I)(t) =
∫ ∞

−∞
S(τ) · I(t − τ)dτ , (5.1)

if I(t) is the impulse response of the system.
In all causal systems, the impulse response can have non-zero values only for
t ≥ 0, i.e. the output can only follow but not preceed the input. It can easily
be seen that for S = δ(t) ⇒ R(t) = I(t), i.e. the impulse response is produced.
Thus, knowledge of the system’s impulse response allows a complete description
of the system’s behaviour.

Gaining this impulse response is thus the primary goal of system calibration.
Inverting equation (5.1), it can be seen that I(t) could in principle be calculated
by deconvolution of the input and output signals. However, as this method is
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5 Sensor Calibration

somewhat cumbersome in the time domain, the so-called Convolution Theorem
is used to transfer the problem into the frequency domain:

F(f ∗ g) =
√

2π (F(f) · F(g)) , (5.2)

where F(f) is the Fourier transform of f . The convolution of two functions in
the time domain thus corresponds to a simple multiplication of their individual
fourier spectra in the frequency domain. Relationship (5.1) can now be re-stated
as:

R(ω) = S(ω) · I(ω), (5.3)

and from this, the so-called transfer spectrum T ≡ I can be calculated by a
simple division of the input and output spectra:

T (ω) = R(ω)/S(ω). (5.4)

Both the input and output spectra as well as the transfer spectrum itself are
in general complex functions of the frequency ω. The property of interest for
calibration is thus the transfer spectrum of a system, i.e. the spectral shape of
the impulse response function. This function is itself a combination of properties
of the sender, the receiver and a translational term describing the effects of the
sound wave travelling through the medium in between:

T = TR · TT · TS, (5.5)

where the subscripts “S”, “R” and “T” correspond to the sender, the receiver
and the translational part, respectively. While T itself is dimensionless, TS and
TR describe the transition between two different physical realms, here voltage
and pressure. TT again is dimensionless. While the value of interest for the
calibration is TS, the other two have to be known to extract the former from the
total transfer function. In most cases, the sender calibration TS has to be known
from a previous measurement (see section 5.3 for ways to obtain TS), while TT

can be modelled. As it gives the difference between the pressure signal created by
the transducer and the one at the receiver, it consists of three main components:

• Geometrical attenuation, depending on the shape of the sound field and the
distance. In the spherical case assumed here, this is given by p(r)/p(r0) =
r0/r, where r is the distance between sender and transducer, and r0 is the
reference distance for the sender response.

• Time delay due to the finite travelling speed of the sound wave, ∆t(ω) =
r/cs(ω), also including signal dispersion forcs(ω) 6= const.

• Attenuation due to absorption processes, giving an additional factor of
exp (−r/rabs(ω)). For the short distances involved in the laboratory cal-
ibration process, this factor is generally ignored, while it might have to be
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5.2 Calibration Procedure

included for in-situ calibration methods using distances of O(102 − 103)
metres.

For the in-lab calibration, only geometrical attenuation and a constant time delay
were assumed, which is reasonable for the frequencies and distances involved.
Thus, TT was taken to be

TT (ω) =
1

r
eiω(r/cs), (5.6)

corresponding to a time-domain response of 1
r
δ (t − (r/cs)). Taking oll tis to-

gether, the sensor’s response can be obtained as

TR(ω) =

(

R(ω)

S(ω)

)

· T−1
T (ω) · T−1

S (ω). (5.7)

5.2 Calibration Procedure

Due to the enormous technical effort involved, a calibration under pressure was
not performed. As the voltage signal produced by piezoelectric crystals is linear
up to very high pressures [51] and the DC mode of the crystals is suppressed by
the pre-amplifier, no dependence in sensitivity to transient signals is expected
with respect to slow external pressure changes.

To obtain the sensitivity of a sensor, several different methods exist, each with
advantages and disadvantages (for a discussion see, for example, [36]). Of par-
ticular interest in our case were two dynamic methods, the so-called comparison
method and the reciprocity method. The more straightforward method of the
two, the comparison method, can be used to calibrate an unknown sensor relative
to an already calibrated device. Owing to its simplicity, this method was em-
ployed for all prototype studies as well as for the calibration of the final devices,
as described below. As reference, commercial transducer hydrophones were used,
which were calibrated beforehand as discussed in 5.3.1.

The much more complicated reciprocity method, which allows an absolute cal-
ibration, was used for reference measurements with the transducers only. The
greater mechanical and mathematical effort involved rendered this method un-
feasible for studies requiring a large number of measurements. In addition, as
this method employs the signals from two senders within an angle of 600 degrees
from each other, it is not easily usable for directional measurements. As several
reference measurements with the transducers performed over a period of time
and under different conditions demonstrated the stability of the transducer cal-
ibration within the errors of the calibration procedure, the comparison method
turned out to be sufficiently accurate for the purposes of this work.
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5 Sensor Calibration

5.2.1 Calibration Setup

The calibration of all hydrophones (commercial and self-made) as well as the
acoustic modules was performed in fresh water in an open aquarium of 150×60×60
cm or a purpose-built large water tank of 14 m3 volume (see figure 5.1). Figure
5.2 shows the setup employed in the aquarium for measuring the θ characteris-
tics, using one of the HTI transducers as a sender in a fixed position in the tank
and a pivot-mounted attachment for the device which is to be calibrated. By
the shape of the fixation, it was possible to position the piezo element inside the
hydrophone directly on the rotational axis, eliminating an additional effect pro-
duced by differing sound travel paths. As the receiver is mounted horizontally, a
rotation of the axis corresponds to scanning the angle θ.

For the calibration with respect to φ, a similar setup was used but with the

Figure 5.1: Large water tank for hydrophone and acoustic module calibration.

receiver mounted vertically.

5.2.2 Calibration Signals

Different voltage pulses were used for the calibration, in accordance with several
criteria:

• the duration of the signal response in the hydrophone had to be short
enough to allow disentanglement from any reflections of the original sound
signal arriving after the primary signal

• the spectral shape of both the sent and received signals had to be as simple
as possible to facilitate analysis
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Figure 5.2: Setup for the determination of the θ-characteristics of the hy-
drophones.

• the number of necessary measurements had to be kept as small as possible.

• the spectral power within a frequency range of interest had to be maximised
for the pressure pulse with respect to the peak-to-peak amplitude of the
voltage pulse sent, which, in turn, was limited by the function generator to
a maximum of 10V.

To address the first requirement, a series of individual, short pulses was pre-
ferred to the sending of a continuous signal, such as a sine wave. In the latter
case standing waves would have built up in the water volume, creating a very
inhomogeneous sound field useless for calibration purposes.

In order to obtain the transfer spectra of the sensors, Gaussian voltage pulses
of varying length were sent (figure 5.3, left). Due to the sending characteristics
of the transducer, which were close to ω2 below its first resonance at 120 kHz,
the pressure signal p(t) actually sent was, to a close approximation, the second
derivative of the inverted voltage signal -f(t), a distinct symmetrical tripolar
signal (figure 5.4, left).

f(t) = A · e( t
2σt

)2
, (5.8)

p(t) ≈ −C · ∂2

∂t2
f(t) = C ·

(

1 − t2

2σ2
t

)

· e( t
2σt

)2
(5.9)

The spectral shape of this signal exhibits a maximum at a frequency of fs = 1√
2πσt

,
where σt is the width of the gaussian pulse in the time domain. Thus, it was pos-
sible to vary the region of maximum sensitivity of the calibration measurement
by means of the length of the voltage pulse. For most calibration measurements,
gaussian signals of 10-σ-length of 112.6µs, 56.3µs and 28.15µs were used, corre-
sponding to peak frequencies of 20kHz, 40kHz and 80kHz respectively. In a few
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cases, as for the 20x10cm discs, an additional signal around 160kHz (14.057µs)
was used. With its peak frequency above the main resonances of most investi-
gated hydrophone designs, the 80 kHz signal alone was in most cases sufficient
to achieve a full spectrum and was thus employed for the final calibration of the
hydrophones for the ANTARES acoustic system. However, as the power content
in the lower frequency bands was smaller than for the lower frequency signals
with the same amplitude, larger errors resulted from the inferior signal-to-noise
ratio for the low frequencies, making the low frequency measurements important
for some prototype measurements with external amplifiers connected via a long
cable. In addition, especially for the acoustic module measurements, the strong
excitation of the piezo’s higher resonances made the temporal separation of the
signal and its reflections difficult.

Additionally, to create a pressure signal similar in shape to an expected neu-
trino pulse, a ramp signal was sent which was the two-fold temporal integral of
the simulated bipolar signal (figure 5.3, right). This facilitated a quick visual
determination of the signal qualities of sensor prototypes as well as giving refer-
ence signals for reconstruction studies. Due to its spectral shape, however, the
attainable peak-to-peak amplitude and, in consequence, the signal-to-noise ratio
for this pulse was much lower, rendering it inferior to the Gaussian pulses for
calibration purposes.

Figure 5.3: Voltage pulses used for calibration (arbitrary units). Left: gaussian
signals for spectral calibration, right: ramp signals for bipolar signal calibration.

5.2.3 Calibration Procedure

For each measurement, the receiver was fixed at a certain distance from and in a
certain direction with respect to the sender, using the setup as described above.
The distance, which was important for calculating the absolute magnitude of the
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Figure 5.4: Approximated pressure signals and their spectra for the Gaussian
calibration pulses in figure 5.3, left (arbitrary units).

Figure 5.5: Bipolar calibration pulses and their spectra corresponding to the
ramp signals in figure 5.3, right. Each signal corresponds to a simulated hadronic
cascade in a certain distance.

sensitivities, was obtained either by direct measurement of the distance in the
setup or, additionally, by travel time measurements of acoustic pulses. For this
purpose, a step function was applied to the sender, resulting in a short, broad
band signal, and the onset of the response signal from the receiver was taken
as the sound travel time. This latter method was also used to ensure a correct
mounting of the receiver during a θ measurement: if mounted correctly under the
rotational axis, the travel time should be invariant under rotation of the receiver.

The necessary input for the comparison method consists of the spectra of both
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Figure 5.6: Cabling scheme used for the calibration of complete hydrophones.

the sent and the received voltage signals. These were obtained by means of record-
ing both signals with a digital oscilloscope and subsequent processing. Figure 5.6
shows the cabling scheme for the calibration procedure. The signal output of the
waveform generator is connected to the sending transducer as well as to an input
channel of the oscilloscope (set to high impedance to avoid signal distortion).
This made it possible to record the signal exactly as seen by the transducer,
influenced by the impedance of the transducer and the waveform generator, in-
stead of the ideal signal programmed into the waveform generator. A second
connection between the synchronisation output of the generator and the exter-
nal trigger input of the oscilloscope was used to transfer a TTL trigger signal
necessary for sample averaging. The waveform generator employed is an Agilent
33220A 20 MHz arbitrary waveform generator capable of sending built-in and
user-programmed signals with a maximum output amplitude of 10 Vpp. In the
case of the hydrophones attached to a deep sea cable, the latter was connected
via a SeaCon fanout penetrator and a splitter box to the 6V laboratory power
supply and channels 1 and 2 of the oscilloscope. As the output signal of the
hydrophones was differential, the signal actually recorded was the difference be-
tween both channels. Both channels were used in 1MΩ AC coupling mode with
the reference point set to the common ground of the power supply.

For measurements with the piezo prototype sensors, this setup was modified
by replacing the splitter box with the appropriate external box pre-amplifier and
using only a single channel on the oscilloscope (as the pre-amplifier was only
single-ended).
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5.2.4 Evaluation and Discussion

Frequency Calibration

The first part of the calibration procedure for each hydrophone and the prototype
sensors was aimed at obtaining a complete frequency spectrum of the sensor’s sen-
sitivity for a certain direction of sound incidence. By repeating this process for
different directions using one of the setups discussed above, the complete fre-
quency and direction dependence of the device’s sensitivity could be studied. In
the following, a short description of the various steps for a 80kHz Gaussian cal-
ibration is given. Both the signal sent to the transducer and the one produced

Figure 5.7: Signals recorded for calibration: The voltage signal sent to the trans-
ducer (left) and the voltage signal measured by the hydrophone (right). The re-
flection has already been removed. Both amplitudes are in volts.

by the hydrophone are recorded with the oscilloscope (figure 5.7). Care must be
taken to remove any DC offsets in the signals and to properly cut the received
signal to get rid of any reflections1. For most calibration runs, the signals were
sampled with 10,000 data points at 10 Mhz, giving a sample length of 1 ms. This
oversampling of about a factor 50 was done to avoid aliasing effects from elec-
tromagnetic noise and self-noise from the amplifiers and the oscilloscope. From
these two signals, spectra are calculated via Fourier transform, as shown in figure
5.8. In the following pictures, only the absolute values of the spectra are shown.
However, the calculation is performed using the full complex spectra. These
spectra, combined according to equation (5.4), give the system’s total transfer
function T , shown in figure 5.9. The shape of this transfer function is visibly
dominated by the ω2-dependence of the sender’s response TS, shown as red cir-
cles in the same figure. From this raw transfer function, the sender calibration
is removed by division, and the distance correction is applied (figure 5.10). By
combining the calibration spectra for different angles, two-dimensional sensitivity
plots can be produced, such as in figure 5.11 for the θ calibration of a commercial

1A motivation for this is given in section C.2 in the appendix.
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Figure 5.8: Spectra of the two voltage signals recorded for the calibration: the
voltage signal sent to the transducer (black crosses) and the voltage signal created
by the hydrophone (red stars).

Figure 5.9: Raw transfer function calculated from figure 5.8, shown together
with thesender calibration curve (red circles).

Figure 5.10: Resulting sensitivity spectrum showing the effect of distance cor-
rection.
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hydrophone. Figure 5.12 gives the corresponding result for the φ-calibration of
the same hydrophone, showing the greater uniformity with respect to φ.

Figure 5.11: Two-dimensional visualisation of the θ-calibration results for
a commercial hydrophone (HTI-010) using the gx80 signal. Sensitivity
[

dB re 1 V
µPa

]

vs. θ [deg] and frequency [kHz] is shown.

Figure 5.12: φ-calibration results for the same hydrophone (HTI-010). Sensi-

tivity
[

dB re 1 V
µPa

]

vs. θ [deg] and frequency [kHz] is shown.
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Direction-Averaged Calibration

The method described above allows, at least in principle, the calibration of a
hydrophone for any particular direction (θ, φ). With respect to signal analysis,
this means that, if the direction of a sound source is known or can be guessed, it
is possible to properly reconstruct the original pressure signal from the recorded
voltage signal by applying the calibration curve for this particular direction. How-
ever, the direction of a sound source is quite often not known, or, in the case of
isotropically distributed random noise, not even defined. Thus, in this case it
would not be correct to employ the calibration curve for any particular direction.
Instead, it is more appropriate to use a kind of direction-averaged sensitivity spec-

∆θr=1

φ

θ

Figure 5.13: Schematic for θ-averaged calibration. The averaging occurs along
the polar angle θ in steps of ∆θ. Each slice is weighted by the surface area of the
unit sphere between θ − ∆θ

2
and θ + ∆θ

2
.

trum, which can then be taken as the system’s sensitivity to isotropic background
and as a first approximation to the true sensitivity for any point source of un-
known direction (being correct only on average for a large number of isotropically
distributed sources).

To obtain this mean sensitivity, the individual sensitivities for each direction
have to be averaged over the whole 4π solid angle. As no full calibration in
θ × φ was available, only an integration over the polar angle θ was performed,
assuming a constant sensitivity in azimuthal direction – which, at least for the
HTI hydrophones, was a good approximation. Each θ angle then has to be given
a weight proportional to the corresponding differential solid angle, as defined in
figure 5.13. Thus, the mean sensitivity, averaged over all directions, becomes

S̄(ω) =
1

A

∫ π

0
S(θ, ω)

∂A

∂θ
dθ =

1

4π

∫ π

0
2π sin θS(θ, ω)dθ. (5.10)
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For a discrete distribution in θ, this corresponds to a sum

S̄(ω) =
1

4π

(

n−1
∑

k=1

4π sin k∆θ sin

(

∆θ

2

)

Sk(ω) + 2π

(

1 − cos

(

∆θ

2

))

(S0(ω) + Sn(ω))

)

,

(5.11)
where ∆θ = π/n. If this is applied to the sensitivity spectrum gained for one
of the commercial hydrophones (as given in figure 5.11), the spectrum shown
in figure 5.14 is obtained. The blue circles correspond to the resulting average
spectrum, while the error band gives the weighted root mean squared of the
distribution, thus, in a sense the error made for each frequency bin when this
mean spectrum is applied to a single source of unknown direction. Also given in
the same plot is the φ-averaged sensitivity for the horizontal direction (θ = 90o),
again together with the rms of the distribution (red circles). The variation is much
smaller than for the θ-average, validating the approximation of φ-isotropy made
there. In addition to isotropic averaging, this method can be extended to generate

Figure 5.14: Averaged sensitivity for a HTI hydrophone, for the azimuthal angle
φ (red squares, done at θ = 90o) and the polar angle θ (blue circles, for φ = 0).
The length of the error bars gives the weighted rms of the distributions.

mean sensitivities to sources with a non-isotropic θ-distribution by applying an
appropriate additional weight to the integration. One possible application is the
noise generated by wind and waves on the surface of the sea [60, chapter 5].

Another possible motivation for non-isotropic averaging is the variation in ef-
fective “visible” volume with direction. As the attenuation length, at least in the
low-frequency region, is of the order of kilometres, the effective volume in verti-
cal directions (looking upwards or downwards) is limited by the sea surface and
bottom, whereas it is only restricted by attenuation in the horizontal. Thus, even
in the case of homogeneously distributed sound sources, the angular distribution
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seen by the hydrophone will not be isotropic. Again, this effect can be included
in the weighting function.

Response Modelling

Although the calibration spectrum gained with the help of the above method
is in principle an adequate description of the sensor’s response with respect to
frequency and direction, it has at least two shortcomings: firstly, especially in
the lowest and highest frequency range, the errors of the calibration are quite
significant, making it unreliable for the analysis of signals or noise spectra, and
secondly, the number of parameters is fairly large (one per frequency and direc-
tion bin) but they are not independent and constitute a considerable amount of
redundancy.

Thus, it would be preferable to describe the sensor by a minimum number of
independent parameters that could be used to reproduce the full system response
with adequate accuracy, also extending into the badly defined low- and high-
frequency regions. Here again, the ECD description of section 3.2 can be applied,
especially if the characteristics of the amplifier are known or can be measured
and modelled separately.

As only the sensor’s response is of interest, regardless of the internal design of
the sensor and its read-out mode (voltage or charge), the three values normally
used for the description of each resonance branch in the ECD model, L, R and
C, can here be replaced by three values more readily describing the properties
of the forced oscillation, namely the low-frequency amplitude Ak, the resonance
frequency ωk and a damping coefficient γk, as described in section 3.4.5. The 3n
parameters for this model are acquired by fitting equation (3.22) to a sensitivity
spectrum gained by calibration in a water tank. Here it is sufficient to use only the
absolute values of this sensitivity spectrum, the corresponding phases can then
be calculated from the model. Through this method the difficulties concerning a
full complex calibration can be avoided.

An application of this method is described in the following, with the result from
the model fit shown in figure 5.15. Although this method is in principle inade-
quate for a completely description of a sensor’s response, as it does not explicitly
include geometrical effects of the extended piezo element (as discussed in section
3.6), it proved to be adequate for the description of both the commercial and
self-made cylinder hydrophones within the errors of the calibration, as, in their
case, due to the shape of the piezo element’s surface, the effects of geometry were
less severe than for example in the case of unmuffled discs. Any effects resulting
from the different coupling to the various resonances for different directions were
implicitly included in the values of Ak and αk.
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Application: Signal Shape Prediction

After a full calibration of a sensor (optionally including any read-out hardware
connected to it) has been gained and a set of model parameters has been cal-
culated from it, the process described in section 5.1 can be inverted to predict
the system’s time-domain response to a certain pressure signal. To do this, it is
important to state again that the system’s sensitivity spectrum in the frequency
domain is connected via Fourier transform to its impulse response in the time
domain, which can be used to reproduce the system’s response to any input signal
by convolution. An application of this method to predict the response of one of
the commercial hydrophones to the bipolar neutrino signal (BI400) is illustrated
in figures 5.15 to 5.16: The first step was calibrating the hydrophone, which pro-

Figure 5.15: The calibration curve of a HTI hydrophone with the 3-resonance
model fit overlaid (left) and the corresponding impulse response (right).

duced the spectrum shown in figure 5.15, left. To this calibration curve, using
only the absolute values of the calibration, a 3-resonance sensitivity model was
fitted, reproducing the spectrum quite well up to about 100 kHz. With the para-
meters gained from this fit, the complex sensitivity, including phases, could now
be calculated. This complex sensitivity curve was then converted into the cor-
responding impulse response function in the time domain, shown in figure 5.15,
right. The resonant oscillations corresponding to the main resonances at 30 and
50 kHz are clearly visible. Applying this impulse response function to the bipolar
pressure pulse from figure 5.5 gives the hydrophone’s response, shown in figure
5.16, together with a pulse measured in the tank. Although the signals start to
deviate in the oscillating tail – mainly due to neglected resonances above 70 kHz
– the main characteristics of the signal are reproduced satisfactorily. Thus the
response modelling by means of fitting and transforming into the time domain
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Figure 5.16: Comparison of the predicted response to the bipolar pressure pulse
together and a measurement made in the tank.

of the calibration spectrum seems to be adequate for the production of reference
signals for reconstruction studies and for the the generation of Monte-Carlo noise
and signal samples.

Bipolar Signal Calibration

In addition to the recording of complete frequency spectra for each direction,
giving two- or even three-dimensional distributions of a complex sensitivity versus
frequency and one or two angles, a second way of characterising the directionality
of the sensors was employed, with the express aim of reconstructing neutrino
signals – the system’s response to bipolar pressure pulses. For this purpose,
the transducer was used to send the ramp signal shown in figure 5.3, creating a
bipolar pressure signal (figure 5.5). This pressure signal was recorded with the
hydrophone and analysed for two key characteristics defined in figure 5.17: the
peak-to-peak height Upp of the signal, a measure for the total excitation strength,
and the height Ufp of the first peak. The latter was of particular interest as
it was less strongly influenced by the presence of resonant oscillations than the
peak-to-peak value.

An example of the resulting distribution in θ and φ is given in figure 5.18 for
the commercial hydrophone HTI-010. While a variation of about 30% is visible
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Figure 5.17: Definition of the first-peak (Ufp) and peak-to-peak (Upp) amplitudes
used for BIP calibration.

Figure 5.18: Exemplary sensitivity to bipolar signals for a commercial hy-
drophone (HTI-010), against θ (left) and φ (right). The voltage signal is arbi-
trary, red stars are “first peak” and black circles “peak-to-peak” value respectively,
as defined in fig. 5.17.

in θ-direction, there is virtually no φ dependence.
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5 Sensor Calibration

5.3 Transducer Calibration

In order to employ the comparison method for sensor calibration, it was necessary
to have a reference calibration of the transducers used.

5.3.1 Reciprocal Calibration

During the earlier phases of the prototype studies, a transducer spectrum was
used which had been acquired by a combination of data provided by the man-
ufacturer and a relative calibration measurement of both transducers (“relative
pair calibration”, described below). Although this sufficed to compare different
sensor designs regarding spectral shape, directionality and relative sensitivity, it
depended on the validity of the calibration values given by the manufacturer,
which were not specifically for the individual transducers used but only average
values for the corresponding transducer model. Also it had to be assumed that
both transducers had identical characteristics.

To verify these assumptions, and thus the validity of the calibration result,
a comparison measurement was performed using the reciprocal method. For
this purpose, the two HTI transducers were used together with one of the HTI
hydrophones.

The reciprocity method has the major advantage of not requiring any reference
standard, allowing an absolute calibration of both sender and receiver. The
price for this independence, however, is the necessity of performing a series of
measurements with different transducers under carefully controlled conditions
to achieve a single calibration. The method makes use of the electroacoustic
reciprocity principle2, which relates the electrical current in the sender and the
open-circuit voltage in the receiver on the electrical side with the surface velocity
of the sender and the force on the receiver “membrane” on the acoustic side:

|U |
|v| = ±|F |

|I| ⇔ |U |
|F | = ±|v|

|I| , (5.12)

with a + sign in the case of piezo sensors. Depending on the geometry of the
sender and the resulting sound field, the sender velocity v can be related to the
pressure at a distance r from the sender. For a source generating spherical waves,
which is a good approximation for sending hydrophones at least for frequencies
below the resonances [61], acoustical theory gives the pressure at large distances3

as

|pr| =
fρ

2r
|Q| =

fρ

2r
A |v| , (5.13)

where |pr| is the absolute value of the pressure at the distance r, ρ is the density
of the medium (103 kg

m3 in the case of water) and f the frequency of the spherical

2for a more thorough discussion, see [36, chapter 3] and references therein
3for r ≥ L

2

λ
, corresponding to f ≤ csoundr

L2
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wave. Q is the volume velocity of the source, i.e. Q = dV
dt

= A · v for surface area
A and surface velocity v. If the hydrophone is used as a receiver, the force on
the membrane created by the incident sound field pi is F = piA. By substitution
into equation (5.12),

U

pi

=
pr

I

2r

ρf
⇒ R = S

2r0

ρf
= S · Js (5.14)

is obtained, using the receiving response R := U
pi

and the sending response S :=
pr0

I
normalised to a distance r0. Thus we obtain the reciprocity factor Js := R/S

for the spherical case as

Js =
2r0

ρf
. (5.15)

The reciprocity factor thus scales with r0/f .
To apply these results to the calibration of sensors, three transducers are re-

S T

H

60°
r

r r1

1

2

Figure 5.19: Configuration for reciprocity calibration. S is the sending hy-
drophone (=“sender”), T is the sender/receiver (=“transducer”), H is the re-
ceiver (“hydrophone”). (1) the signal from “S” is measured by “T” and “H” (2)
“T” sends, “H” receives. Adapted from [36].

quired: one sender (“S”), one receiver (“H”) and one sender/receiver (“T”) obey-
ing reciprocity relation. All transducers have to be non-directional at least in the
sense that ∂S

∂θ
|0 ≈ 0 around the direction of interest θ0 and mounted at equal

distances r = a · r0 to each other (see fig 5.19). In a first step, the current signal
IS is sent with S and recorded by T (UT ) and H (UH), giving

RH

RT

=
UH

UT

, (5.16)

with RT the – as yet unknown – receiving response of T. Combining the definition
of receiving and transmitting responses, RH = UH

pr
and SS =

pr0

IS
= pr·a

IS
, one gets

SSRH =
UHa

IS

(5.17)
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In the second step, the current signal IT is sent with T and U ′
H is recorded by H,

giving
SS

ST

=
UH

U ′
H

IT

IS

(5.18)

Combining the above formulae and employing the reciprocity relation RT = JsST ,
the receiving sensitivity of the transducer becomes

RT =

(

JS
UT U ′

Ha

UHIT

)1/2

(5.19)

and for the hydrophone H

RH =

(

JS
UHU ′

Ha

UT IT

)1/2

. (5.20)

Additional sensitivities for senders and receivers can readily be obtained. Of
particular interest is the sending response of the transducer

ST =
RT

JS

=

(

1

JS

UT U ′
Ha

UHIT

)1/2

. (5.21)

and the sender

SS =
UHIT

U ′
HIS

ST =

(

1

JS

UHUT aIT

U ′
HI2

S

)1/2

(5.22)

The reciprocal calibration of the two HTI transducers together with one of the
HTI hydrophones was performed within the scope of a project for specially gifted
students, together with P. Wopperer[62]. The devices were mounted vertically in
a horizontal equilateral triangle of 50 cm edge length placed in the large water
tank. Thus, all results were valid for θ = 90. The hydrophones were not turned
between measurements, as uniformity in φ was assumed, which was reasonably
well fulfilled for the HTI devices. As the waveform generator used did not allow
the sending of a certain current pulse but only a voltage signal, the current signal
was instead recorded during the measurement, using the voltage drop over a 1Ω
resistor in series with the sender. Also, the sender’s response S =

pr0

I
=: SC to a

current signal was replaced by its response to a voltage signal SV :=
pr0

Us
, calcu-

lated as SV = SC

Zsender
, as this was more useful for sensor calibration purposes.

Again, as in the case of the relative hydrophone calibration, different Gaussian
signals (gx20, gx40 and gx80) were used to get a complete spectrum from a
minimum number of measurements. The results for the transducer calibration
(figure 5.20) were in good agreement with both the vendor’s data sheet and the
results produced by an earlier, more simple measurement based on the relative
pair calibration. Also, the sensitivity curve gained for the HTI receiver closely
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5.3 Transducer Calibration

Figure 5.20: Sender calibration obtained via reciprocal calibration (black, solid).
The blue dash-dotted line shows the result obtained earlier from the pair calibration
method. The red dashed line is a parametrisation from a data sheet from High
Tech, Inc. The pair calibration result has been fitted to the data sheet value at
f=20 kHz, while the reciprocal result is absolute.

matched the results from earlier relative measurements. Thus, for all subsequent
calibration measurements, only the relative calibration method was used, with
parametrisation of the sender’s sensitivity gained in the reciprocity measurement
as reference.

5.3.2 Pair Calibration

Self-Reciprocity

A greatly simplified version of the reciprocity calibration, the so-called self-
reciprocity, can be employed if a single transducer is used as sender and receiver,
recording its own signal after reflection on, for example, the water surface. In
this case, RT = RH =: R and SS = ST =: S, reducing equation (5.22) to

SC =

√

aZ

Js

UR

US

=

√

ρfZr

2r2
0

T (5.23)

and, accordingly,

SV =

√

ρfr

2Zr2
0

T (5.24)

where Z is the impedance of the transducer and US and UR are the voltage signals
sent and received respectively, and T = UR/US is the total transfer function.
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The receiving response of the transducer follows from (5.23) as

R = SC · Js =

√

2rZ

ρf
T (5.25)

Although applying this method for transducer calibration was considered, it
turned out not to be directly feasible as the received voltage signals were very
weak, making a strong pre-amplifier necessary, which would then be overdriven
by strong pulse from the function generator, with an amplitude of several volts,
required to create the pressure signal in the first place. Instead, a modified ver-
sion of this method was employed which involved the two transducers from HTI:
by spacing the two a distance r apart and using one to send, the other to re-
ceive, equation (5.24) is still applicable on the assumption that the response of
the two transducers was nearly identical. The impedance measurement necessary
for this procedure was carried out as discussed in section 3.3. Figure 5.21 shows
the transfer function obtained during pair calibration and the resulting receiving
sensitivity of the transducers. The result for the sending response is given in
figure 5.20.

Figure 5.21: Left: Transfer function used for transducer pair calibration. Right:
Receiving sensitivity of the HTI transducer obtained from the pair calibration.

The validity of the result depended on the assumption that both transducers
had identical characteristics. As this turned out to be the case within about
20%, this was sufficient for most of the prototype studies. As soon as the better
result from the reciprocity method was available, it was used for all subsequent
measurements.
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5.3 Transducer Calibration

Relative Pair Calibration

Although this method in principle allows an absolute calibration, the pair calibra-
tion approach can also be applied to obtain a quick, although rather approximate,
relative calibration without the need of an impedance measurement of the trans-
ducers. The low-frequency ratio between sending and receiving sensitivity follows
from equations (5.24) and (5.25) as

SV

R
= fZ

ρ

2r0

∝ f · Z ∝ f 2, (5.26)

bearing in mind from the ECD model that below the resonances the piezo el-
ement’s impedance is predominantly capacitative. From the definition of the
transfer function (5.5), assuming a constant distance and no dissipation or ab-
sorption,

SV · R =
UR

US

· r (5.27)

⇒ SV (f) ∝ f ·
√

UR

US

. (5.28)

Using this result, from a single measurement the spectral shape of the sending
response was gained as the square root of the transfer spectrum, multiplied by the
frequency. This was then fitted to sensitivity values obtained from the calibration
plot provided by the manufacturer, giving an absolute sensitivity spectrum. The
receiving sensitivity R was then calculated according to equation (5.26).
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6 Amplifier Design

As the voltage signals from piezo elements can be very small (in the order of
µV for the expected neutrino signatures), they have to be amplified before a
transport over long cables and a subsequent digitisation is possible. For this
purposes, acoustic sensors have to be equipped with an appropriate pre-amplifier.
In the following, the amplifiers developed for the prototype studies and for the
final sensors for the ANTARES acoustic system are described.

For the ANTARES acoustic system, this was done in two steps:

• a pre-amplifier in close vicinity of the piezo element to prepare the signal
for transport over the cables. Normally built into the hydrophone. In the
self-made hydrophones and the acoustic module sensors, this included a dif-
ferential line driver to reduce the output impedance and create a symmetric
signal for better digitisation.

• a secondary amplifier and filter stage. This was included in the AcouDAQ
boards and is described in greater detail in section 7.2.4. This amplifier has
a variable gain between 1 and 562 and includes a 10-pole root raised cosine
low pass filter at 128 kHz to avoid aliasing during the 500 kHz digitisation.

As the main emphasis of the sensor design study lay on optimising the sensors’
characteristics by the geometry of the sensor and the choice of the piezoelectric
element, the primary goal for the amplifier studies performed as a part of this
work was to create an amplifier that worked well with the piezo elements and was
suited for the construction of deep sea hydrophones. Although care was taken to
create amplifiers with good noise characteristics, this was not the main intent of
this work and an optimisation in this respect is left for the future.

6.1 General Design Considerations

The main requirements for pre-amplifiers are low intrinsic noise on the one hand
and simplicity and flexibility in the design on the other. Additionally, a pre-
amplifier for an acoustic particle detector should exhibit some band pass char-
acteristics to reduce the unwanted noise signal outside the frequency range of
interest. To meet these requirements, a two-stage design using operational am-
plifiers was employed. Amplifier prototypes were built and tested on prototyping
boards to allow a quick replacement of components and optimisation of gain and
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frequency characteristics matched to each piezo element and hydrophone proto-
type design. For the final design, the amplifiers were re-built using printed circuit
boards manufactured in the local electronics workshop and fitted with SMD com-
ponents to get small overall dimensions suitable for inclusion in the hydrophones
and acoustic module sensors. In addition, a set of 3 different amplifiers (2 volt-
age amplifiers of different gain and one charge amplifier) was built in SMD on
rectangular boards for use inside a shielded metal box (called ”box amplifier” in
the following, figure 6.3).

For the amplifiers, a design using monolithic operational amplifiers (“op-amps”)
was chosen to simplify both the design process and the construction of the pre-
amplifiers. Although it is, in principle, possible to achieve better noise charac-
teristics and lower power consumption by replacing pre-built integrated circuits
such as the operational amplifiers and the line driver by customised circuits made
of individual transistors, this was not deemed necessary, as the power restrictions
were not too tough1, and the sensor self-noise achievable with low-noise opera-
tional amplifiers was sufficiently low to compete with the acoustic noise in the
sea. The pre-amplifier itself has two stages: the first stage consists of either a
low-noise high-impedance voltage amplifier or a low-impedance charge-to-voltage
converter, depending on the read-out mode for the sensor. The second stage is
an inverting amplifier with bandpass characteristics to add further gain to the
system and allow suppression of undesired high and low frequencies.

6.1.1 Voltage Amplifiers

The most basic design for a high impedance voltage amplifier using an op-amp
is shown in figure 6.1, left: The input voltage Uin is applied directly to the non-
inverting input of the op-amp, which ideally has an infinite input resistance. To
calculate the output voltage, the op-amp is assumed to be in equilibrium2. In
equilibrium, the voltage ∆U between the two inputs of the op-amp is (nearly)
zero, thus UR1

= Uin, resulting in a current I1 = Uin/R1 over the resistor. Due
to the very high input impedance of the inverting input, this current flows over
R2, resulting in a voltage U2 = I1R2 = Uin

R2

R1

. The total voltage at the output
then follows as:

Uout =
R1 + R2

R1

Uin ⇒ G = 1 +
R2

R1
. (6.1)

The gain G of the non-inverting voltage amplifier is thus always positive and
≥ 1. The maximum achievable gain is limited by the op-amp’s open loop gain.
By replacing the ohmic resistors R1 and R2 with combinations of resistors and

1about 100mA allowance per sensor, of which 30mA were eventually used
2This assumption is valid as long as the maximum output voltage of the op-amp is not exceeded

and the temporal variation of the voltage signal is small against the maximum slew rate of
the device.
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Figure 6.1: Non-inverting voltage amplifier circuits. Left: basic configuration,
right: circuit modified to provide band pass characteristics and to avoid piezo
loading.

capacitors, it is possible to limit the bandwidth of the amplifier. In this case, equa-
tion 6.1 still holds, replacing the ohmic resistances Rk by complex impedances
Zk(ω). In the circuit shown in figure 6.1, right, a simple first-order bandpass
is created as for low frequencies (f < (2πR1C1)

−1), Z1 increases and for high
frequencies (f > (2πR2C2)

−1), Z2 decreases. Although in principle possible, us-
ing inductances to create steeper passes is not practical. An additional subtlety
to be taken into account for the voltage amplifier is the input bias current of
the operational amplifier, current flow into or out of its inputs. Although this
is typically low for the FET input op-amps used in this work (of the order of
picoamps), it must not be neglected: as in the DC limit the piezo element is
essentially a capacitor with infinite ohmic resistance, current flow onto it leads
to slow charging of the piezo. This results in a steadily rising DC offset of the
input voltage, which eventually overdrives and possibly destroys the op-amp. To
prevent this effect, a DC bypass has to be added (Rin in figure 6.1, right), which
limits the bias voltage to Ubias = Rin · Ibias. This resistor, however, creates a high
pass with the piezo’s capacity and adds undesirable voltage noise to the system3.

3as the resistor is parallel to the piezo’s capacity, the total voltage noise seen by the amplifier,
integrated over all frequencies, does not depend on the value of Rin because a higher value
of Rin produces higher noise density but the frequency cut-off due to the parallel capacity is
lowered, so that the higher frequency noise density actually decreases [56]. Thus, as long as
the system includes a sufficiently steep high pass, Rin should be chosen as high as possible,
while still keeping Ubias at an acceptable value.
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6.1.2 Charge Amplifiers

The basic charge-to-voltage converter shown in figure 6.2 has the charge (or
current) signal applied to its inverting input, which is also connected to the op-
amp’s output via a feedback capacitor Cf . The non-inverting input is connected
to ground (or an internal reference). Due to the (ideally infinite) impedance of

C

U

f

out

Iin C
Piezo U

Rf

f

out

Figure 6.2: Charge-to-voltage converter circuits. Left: basic configuration,
right: circuit modified to provide pass characteristics and resonance suppression.

the inverting input, the full charge Qin is transferred to the feedback capacitor
Cf , momentarily creating a voltage UCf

= Qin/Cf at the inverting input. As the
non-inverting input is grounded, the differential input voltage ∆U is negative.
The output voltage starts to drop until, in equilibrium, Uout = −UCf

= −Qin/Cf

and ∆U is again zero. Thus, the ideal charge converter is characterised by a
single property, the feedback capacity Cf .

Again, the circuit can be modified to provide band-pass characteristics, as
shown in figure 6.2, right: the resistor Rf parallel to the feedback capacity reduces
the system’s gain for low frequencies and also constitutes a DC bypass preventing
loading of the piezo and Cf by op-amp input bias currents. Of additional interest
is the possibility of introducing a small resistor Ri between the piezo and the
amplifier’s input, which limits the current flow, leading to a reduction of high-
frequency gain for f > (2πRiCLRC)−1 – where CLRC is the equivalent capacity
of the lowest contributing resonance branch of the piezo. Furthermore, it serves
to dampen the piezo’s resonances externally by increasing the real part of the
system’s impedance and thus the energy loss.

6.1.3 Comparison

The voltage amplifier was primarily employed for the sensor prototype studies, as
it directly measured the voltage signal produced on the piezo, in the same way as
the digital oscilloscope used for the studies, and its gain and noise characteristics
were independent of the piezo element used, thereby facilitating the comparison
of results for different piezo elements. For the final design of the hydrophones
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and the Acoustic Module sensors, however, the charge amplifier was chosen, as
it did not suffer from piezo loading effects and was better suited for the high
capacity of the piezo cylinders. The latter design was also used for the sensors
for the AMADEUS-0 detector (section 9.1).

6.2 Amplifiers for the Prototype Studies

For the sensor prototype studies, as flexibility was important, no internal pre-
amplifiers were employed. Instead, the sensors were connected to an external
amplifier with suitable characteristics, which could be easily swapped between
different sensors. For this purpose, a set of amplifier boards was built that could
be used inside a shielded box in order to offer “standardised” gain and frequency
characteristics throughout the study. Figure 6.3 shows a photo of the box and one
of the amplifier boards. To prevent noise from entering the system via the power

Figure 6.3: The box amplifier (left), lacking its top cover and battery, and one
of the three exchangeable amplifier boards (right).

supply, this “box amplifier” could also be powered by a 9 V battery. The voltage
amplifier boards offered a gain of 1000 and 6500, while the charge amplifier board
had an effective capacity of 0.22 pF. To investigate the interaction between the
amplifiers and the piezo elements, as well as any other external electronics, serial
and parallel impedances were externally added to these amplifiers.

6.3 Amplifiers for the Final Sensors

In order to simplify the production of the sensors, the self-made hydrophones
and the acoustic modules for the ANTARES experiment employ the same kind
of amplifiers, with a variation only in the gain of the first stage depending on the
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type of piezo employed. The basic design of the amplifiers consists of a charge-
to-voltage converter based on an OPA-627 Di-FET operational amplifier from

Texas Instruments [63], which offers a low input voltage noise of 4.8nV/
√

(Hz)
in combination with low current noise and input bias current. The amplifier’s
capacity varies between 47 pF for the Acoustic Modules and 470 pF for the
hydrophones, matched to the respective capacity of the piezo discs and cylinders.
The second stage is an inverting voltage amplifier of fixed gain 47 and first-order
band pass characteristics between 1.6 kHz and 160 kHz, using a multi-purpose
low-noise operational amplifier from Texas Instruments, the OPA-227.

6.3.1 Additional Requirements

Compared to the amplifiers used in the prototype study, the amplifiers for the
hydrophones and acoustic modules for inclusion in ANTARES had to fulfil several
additional criteria:

• The secondary amplifier inside the AcouDAQ board (see section 7.2.4) had
a comparatively low input impedance of 200 Ω. To ensure an unhindered
coupling of the hydrophone’s output signal into this secondary amplifier, the
hydrophone amplifier’s output impedance had to be significantly below this
value. As the two-stage design discussed above created output impedances
in the order of kiloohms, an additional amplifier stage had to be added to
decrease the amplifier’s output impedance.

• The AcouDAQ board had a differential input to remove any noise coupling
into the twisted-pair cables connecting the hydrophones and the readout.
The two-stage amplifier design discussed above had only a single-ended
output similar to that of the commercial hydrophones.

• To allow a robust and compact design for the hydrophones, the amplifier
boards had to be small in size and either consist of a single piece or from
several pieces connected by a rigid structure.

6.3.2 Design of the Pre-Amplifier Boards

For the ANTARES hydrophones as well as the Acoustic Modules, the first two
requirements were met by adding a third stage based on the fully-differential line
driver AD-8138 from Analog Devices [64], which creates two differential output
signals with an output impedances of less than one ohm from a single input.
The complete schematic circuit diagram of the hydrophone amplifier is shown in
figure A.1 in the appendix.

To fulfil the third requirement, the amplifier was split into three round boards
2.5 cm in diameter (to match the dimensions of the Morgan Electroceramics
discs and the Ferroperm cylinders), which were mounted on top of each other
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and connected by pins and sockets. The second amplifier stage and the line
driver were mounted back-to-back onto the second amplifier “storey”. Figures
A.2 and A.2 in the appendix show the layout of the individual amplifier boards,
while photos of the integrated amplifiers can be found in figures 8.3 and 8.8.

6.4 Measurements and Calibration

The calibration of the amplifiers was performed in a way similar to the hy-
drophone calibration, albeit without the necessity of a reference.

6.4.1 Frequency Calibration

Again, gaussian pulses were used as calibration signals to provide a complete
spectrum from a moderate number of measurements. Here, the problem of low
power density in the low-frequency range was not an issue, as the gaussian sig-
nal could be directly applied to the amplifier without being modified by the ω2

dependence of the sending hydrophone. Thus, normally a single, high frequency
pulse was sufficient to produce a complete spectrum. Figure 6.4 shows the results
of such a calibration, with both the absolute value of the gain and the phase re-
sponse of the amplifier.

Figure 6.4: Gain (left) and phase (right) for a prototype current pre-amplifier
with a design gain of 300 (≈30 dB) and a bandwidth from 1.6 to 160 kHz.

Additionally, bipolar pulses were sent through the amplifier to allow a qualita-
tive analysis of the signal fidelity and to produce sample signals for reconstruction
studies. Figure 6.5 compares a sent and received signal for an acoustic module
prototype amplifier, applied via a 100 pF capacitor. The amplifier’s band pass
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characteristics (1.6 kHz to 160 kHz) manifests itself in the magnification of the
second (negative) peak with respect to the first peak. The equivalent capacity of
this amplifier is 2.2 pF.

Figure 6.5: Sent (black, solid) and received (red, dashed) bipolar voltage pulses
for an Acoustic Module amplifier, applied via a 100 pF capacitor. In the picture,
the sent signal is magnified by a factor of 50.

6.4.2 Noise Measurements

An important factor in amplifier design is the minimisation of unwanted noise
from the amplifier as this adds to the sensor’s total noise, thereby limiting its
signal-to-noise ratio and thus its sensitivity to acoustic signals. The noise contri-
bution of an amplifier can be separated into two main components:

• noise from the active parts of the amplifier, here the operational amplifiers.
This component is dependent on the design and type of the op-amps, and
is usually stated by the manufacturer.

• noise from the passive components, mainly thermal noise from any resistors
present in the circuit.

In both cases, the contribution to the total noise also depends on the compo-
nent’s position in the circuit and its interaction with the rest of the circuit and
the piezo element. All these contributions can, in principle, be calculated for
the circuit, using the particular values quoted for the components, or simulated
with the use of a circuit simulator. A tool employed for this purpose was De-
sign Soft’s circuit simulator software TINA, of which a basic version, sufficient
for at least partial analysis of the amplifier circuits, is freely available[65]. Par-
ticular effects due to the layout of the circuit on the board and the interaction
between different components positioned closely together on the board or with
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cables, can only be determined by direct measurement on the completed circuit.
As already stated, noise measurements proved to be difficult, as the lab environ-
ment was itself not noise-free. In particular, both acoustic and electromagnetic
background was present, and strongly variable. In contrast to the calibration
measurements, it is also impossible to reduce this noise by temporal averaging
of the output signal, as this would also affect the intrinsic noise to be measured.
To reduce the impact of the external electromagnetic noise, the amplifiers were
sealed inside shielded and grounded metal boxes, which provided some protec-
tion, at least for the sensitive input part of the amplifiers. Any noise entering
via the power lines could be suppressed by powering the amplifier from a battery
inside the box. The acoustic noise was only an issue where measurements on the
complete sensor were concerned, including the piezo element. These, however,
were important for studying the interaction between the amplifier and the piezo
element, in particular, as the noise gain of the primary op-amp depended on the
exact spectral shape of the piezo’s impedance. To overcome this acoustic noise,
two approaches were used: acoustic shielding of the piezo elements by wrapping
them into sound-absorbing foam and a complete substitution of an electrical cir-
cuit for the piezo element. For the latter, the piezo element’s equivalent circuit
diagram was assembled as an electrical circuit using resistors, capacitors and in-
ductors according to the parameters obtained by the ECD model fit (figure 6.6).
This circuit exactly mimicked the electrical behaviour of the piezo element, apart
from its (here unwanted) acoustic sensitivity. In particular, it also replicated the

Figure 6.6: Electrical LRC circuit used for amplifier noise studies, mimicking
an acoustically “dead” piezo element. For the purpose of measurements it was
put inside a shielded box.

expected thermal self-noise of the piezo element, as discussed in section 3.4.6.
Figure 6.7, left, gives a comparison of noise spectra for an amplifier connected to
a piezo element and the LRC circuit respectively. The LRC circuit’s components
were chosen to match the effective values from the ECD fit of the piezo element
as closely as possible within the limited choice of available values especially for
the inductances. All differences in the two noise spectra can thus be fully at-
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Figure 6.7: Left: Noise spectra measured for the amplifier connected to a FP-
20 piezo element (black, solid) and the corresponding LRC circuit (red, dashed).
Right: Comparison of the noise spectrum for the amplifier with the FP-20 piezo
(black, solid) and the amplifier with open input (red, dashed).

tributed to a slight mismatch in the LRC values. In particular, both the low
and high frequency limits are very well reproduced, as are the magnitude and
shape of the resonances. This good agreement proves that again the ECD model
is perfectly suitable to describe the properties of a piezo element, and no addi-
tional components have to be included to properly describe the piezo element’s
interaction with an amplifier or other electronics that might be connected to it.
On the other hand, the absence of an excess in the noise spectrum at least for an
acoustically shielded piezo element and a sufficiently long data set shows that any
acoustic noise present does not greatly influence the measurement of the system’s
noise. Thus, the piezo element and the LRC circuit are interchangeable, as long
as they are sufficiently shielded against external acoustic and electromagnetic
disturbances.

As can be seen from a comparison of noise spectra of the amplifier with a piezo
element attached and the amplifier alone, with its input left open (figure 6.7),
as long as any ohmic resistances in the circuit are kept small, the dominant con-
tribution to the system’s noise comes from a combination of the piezo element’s
intrinsic noise combined with the primary op-amp’s voltage noise.

6.5 Summary

While not the focus of the design study presented in this work, different amplifier
designs were developed, which were matched to the gain and frequency charac-
teristics envisaged for the acoustic sensors under investigation. Both voltage and
charge amplifiers were used during the design study, allowing to study the advan-
tages and disadvantages of both readout modes. After a satisfactory design had
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been found, a set of three standardised amplifier boards was built, which could
be used – inside a shielded box – as external pre-amplifiers for the design study
to ensure better comparability of measurements for different piezo types. For the
final sensor design, both for the hydrophones and for the acoustic modules, it was
decided to use a charge amplifier with an additional differential line driver stage
in order to better match the input characteristics of the ANTARES acoustic data
acquisition hardware. As noise measurements with amplifiers and piezo elements
have shown, while the amplifier is designed to be low in noise, it still constitutes
the dominant source of the system’s intrinsic noise, and thus limits the sensor’s
sensitivity to weak acoustic signals. In this respect, especially the choice of the
active components used and the basic amplifier design (using integrated circuits
such as the operational amplifiers or a design based on individual, ultra-low noise
transistors) still leave room for further improvement as the main concern for the
amplifier design in the scope of this work was not the tweaking of their individual
characteristics but the creation of reliable and easily reproducible amplifiers for
use in the sensor design studies and in the hydrophones.
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ANTARES Experiment

7.1 The ANTARES Experiment

7.1.1 Detector Design

The ANTARES experiment [19] is a neutrino telescope currently under construc-
tion, which is being developed by an international collaboration of 26 institutes
from six European countries, expected to be completed and fully operational by
2008.

Its location in the Mediterranean Sea allows it to view a large proportion of
the sky, owing to the rotation of the Earth. Only up-going neutrinos travelling
through the Earth are detected, due to the large background from down-going
atmospheric muons. In particular, the field of view includes the astronomically
interesting galactic centre. In this respect, the ANTARES experiment is comple-
mentary to the two generations of neutrino telescopes operating in the ice of the
Antarctic, AMANDA [23] and ICECUBE [5], whose location at the geographic
South Pole makes an observation of the galactic centre impossible. On the other
hand, the overlap in field of view between ANTARES and the South-Pole exper-
iments can be used to cross-check the respective results, especially as, due to the
different detection medium used, the systematics of both groups of experiments
are different.

The basic design of the ANTARES detector, shown in figure 7.1, is an array
of 12 so-called detector lines or strings, which are to be installed in 2500 metres
depth off the French Mediterranean coast, about 40 km south of Toulon. Each
of these 12 strings comprises 25 storeys on a total length of about 450 m, each
storey equipped with three optical modules housing the 10” photomultipliers for
the detection of Cherenkov photons. At the heart of the detector lies the so-called
junction box, which – connected to the coast via an electro-optical deep sea cable
– supplies the strings with electrical power and governs the data stream from
the optical modules as well as the distribution of control impulses to the various
detector components.

The 12 planned strings will be installed with an inter-string distance of between
60 and 75 metres to ensure a large detection volume with, at the same time, a
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Figure 7.1: 3D Layout of the ANTARES detector. The installation location for
the acoustic storeys is indicated in red (see text below).

Detector String Composition

The ANTARES strings, which with their optical modules represent the active
part of the optical detector, are individual mechanical structures anchored to the
sea bed by a heavy weight on the bottom string socket (BSS) and held upright by
the buoyancy of an underwater buoy attached to the top of the line (figure 7.2).
Connected by the electromechanical cable, which is responsible for both the me-
chanical structure of the line and the distribution of power and data, 25 storeys,
five of which are each combined into a so-called sector, instrument a total length
of 350 m, with a constant distance of 14.5 m between two storeys. A dead weight
contained in the BSS can be released by a remote acoustic command, allowing a
recovery of the string for maintenance.

Each individual storey consists of a mechanical structure, the optical module
frame (OMF), to which three optical modules are attached, tilted downwards by
45o with 120o between the OMs. This layout reduces the very high background
of unwanted atmospheric muons by excluding most of the upper hemisphere from
the field of view, while at the same time maximising the sensitivity in the lower
hemisphere by overlapping the field of view of the individual optical modules,
thus leading to correlations between any two or all three OMs. Also contained in
the OMF is the Local Control Module (LCM) housing the local readout and slow
control electronics. As additional components, a certain fraction of the storeys
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Figure 7.2: Schematic view of an optical ANTARES detector line.

contains positioning hydrophones, compasses and tilt-meters, or LED beacons for
the time calibration of the optical modules.

Optical Modules and Readout Electronics

The optical modules consist of a 10” photomultiplier tube (PMT), which is to-
gether with additional electronic components enclosed in a 17” Benthos glass
sphere in order to withstand the external water pressure of nearly 250 bars. The
PMTs have an effective area of about 440 cm2 and a field of view of about ±70o

around the optical axis of the PMT . The quantum efficiency of each photomul-
tipler is wavelength-dependent, optimised to the Cherenkov spectrum and the
transmission properties of sea water, which peak in the blue part of the visible
spectrum.

Photons hitting the cathode of the PMT create a so-called primary photo-
electron, which is then amplified to an analogue charge signal and read out by
an analogue ring sampler (ARS). The integrated charge information is provided
with a time stamp and transmitted for further processing. As an alternative, a so-
called waveform item can be produced by rapid sampling instead of integrating,
giving the time development of the charge amplitude.

Positioning System

For the reconstruction of events in the ANTARES detector, as well as the precise
timing information for each signal, the exact position of each detector element
has to be known. While for experiments with an immobile detector structure
this position is fixed at the time of construction, in a detector such as ANTARES
with strings which can rotate and are moved by the sea current, the motion and
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current position of the optical modules have to be constantly monitored. For this
purpose, the ANTARES detector employs a system of compasses and tilt-meters
as well as hydrophones, which use acoustic senders distributed on the sea floor
around the detector for acoustic triangulation. This system makes it possible to
determine the position and heading of each optical module to better than 10 cm
and 5o, respectively [66].

The Instrumentation Line

In addition to the twelve detector lines, the ANTARES detector contains a special
13th line, the so-called Instrumentation Line (IL). This line is designed to house a
number of instruments both to gather environmental parameters supporting the
efficient operation of the optical detector, such as water transparency and the sea
current profile, and to perform interdisciplinary studies not directly connected
to the rest of the experiment, such as a seismic monitoring of the sea floor or
measurement of the sea water’s oxygen levels. After two smaller incarnations of
this IL in the past, the so-called Mini Instrumentation Line (MIL) and the Mini
Instrumentation Line with Optical Modules (MILOM), both with three storeys
each, the current version full-scale version, awaiting deployment and connection
in summer 2007, will contain six storeys, three of which will house sensors for
acoustic particle detection (see below). On the MILOM, there had already been
a single hydrophone for acoustic studies, built by the group in Marseilles [67].

7.1.2 Physics Goals

The main physics goal for the ANTARES detector is the detection and measure-
ment of cosmic neutrinos, both from astrophysical point sources, such as Active
Galactic Nuclei or Gamma Ray Bursts (see section 2.1.2) and from diffuse fluxes,
in the energy range of a few 100 GeV up to roughly 100 TeV. Furthermore, an
investigation into phenomena outside the standard model is performed. Of par-
ticular interest is the search for signatures from neutralino annihilation inside the
sun[68], where the known direction of the resulting neutrinos will be used to sig-
nificantly cut the background. Other potential candidates are topological defects,
magnetic monopoles and nuclearites, where models exist that predict signatures
detectable in ANTARES.

In addition, the instruments on the Instrumentation Line are used for interdis-
ciplinary purposes, especially environmental studies of the deep sea environment.
For these purposes, the instruments on the IL can also be combined with the
optical data from the detector, giving for example a correlation between sea cur-
rent velocity and direction, and the bioluminescent burst rate measured in the
detector.
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7.1.3 Current Status and Time Line

After several years of studies with prototype lines of reduced size, such as the
so-called Sector Line and the MILOM, the installation of the final detector has
started with Line 1, the first full detector line, in spring 2006. At the time of
writing, the first 8 full detector lines have been deployed, as well as the Instru-
mentation Line with the first three acoustic storeys (see below). The first five
lines have already been connected and are producing data. The next sea opera-
tion for the connection of the remaining Lines is foreseen for late September 2007,
when the submarine will be available for the connection procedure. Then also
the first acoustic data is expected from the IL. The completion of the detector is
expected for the end of 2007, including the acoustic storeys on Line 12.

7.2 Acoustic Particle Detection with ANTARES

7.2.1 Design Goals for the ANTARES Acoustics

In addition to its main goal, the optical detection of cosmic neutrinos via Cher-
enkov light, the ANTARES detector also serves as a research infrastructure for
various physical and non-physical experiments Probably the largest additional
activity in this field is the installation of an acoustic detection system as a part
of the ANTARES detector, as a precursor experiment prior to a full-scale acoustic
neutrino detector.

Due to the expected high energy threshold for acoustic particle detection in
the order of 1017−1018 eV and the low fluxes of neutrinos expected in this energy
regime, an acoustic detector will necessarily be very large in size, encompassing
at least several cubic kilometres that need to be equipped with acoustic sen-
sors. As the actual threshold for such a detector depends strongly on the ability
to reject background from acoustic noise and from intrinsic sources within the
experiment, a good knowledge of the acoustic properties of the deep sea envi-
ronment is crucial for the efficient designing of an acoustic neutrino detector and
for the interpreation of the data gathered by such an experiment. In particular,
familiarity with the amount and nature of transient signals in the deep sea, as
well as the correlation properties of this noise component is necessary, as they are
most likely to be confused with true neutrino signatures. To make a detector as
large as possible, both the instrumentation density and the cost of each detector
unit have to be kept as low as possible without compromising the detector’s effi-
ciency or energy threshold. Simulation studies [10] have shown that the efficiency
of an acoustic detector does not rise significantly if the instrumentation density
exceeds 200 acoustic detection units per cubic kilometer. The predicted optimum
distance between any two detector units is thus around 200 m, with each indi-
vidual unit made up of several individual sensors with intersensor distances of
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the order of 1-2 m. A reconstruction study performed by our group [69] showed
that such a cluster of sensors can provide first information on both the amplitude
and the direction of a potential acoustic source. In this way it can both facilitate
background suppression and function as a logical trigger unit for the larger de-
tector, as the correlation windows between the individual sensors are here only of
the order of microseconds, compared to seconds for a large detector composed of
individual, evenly spaced hydrophones. Again, the findings of the simulation and
reconstruction studies strongly rely on a good knowledge both of the signal and
the background. While experiments to verify the nature of the thermo-acoustic
signals can be and already have been performed in laboratories (as described in
section 2.3.1), the exact nature of the acoustic background and its impact on
acoustic neutrino detection can be examined only by in-situ measurements, with
a detector setup designed according to the criteria stated above, which means
that it is short of a full-scale acoustic neutrino detector only in terms of size.

7.2.2 Layout of the ANTARES Acoustics

To minimise the cost and effort needed for the construction and operation of such
a detector, as much as possible of the existing and planned ANTARES infrastruc-
ture is in use: when finished, the ANTARES acoustic system will comprise a total
of six storeys, three of which have already been integrated into the Instrumenta-
tion Line at the time of writing and the other three are to replace the top sector
of Line 12. The distance between the storeys within the lines (14.5 m between
the storeys in Line 12 and on the Instrumentation Line 14.5 m between the two
lower storeys and about 110 m to the upper storey) together with the roughly
200 m separating the two lines and the separation of the sensors within a storey
(of the order of 1-2 m) offer several different length scales for background studies
and signal reconstruction. The storeys are fitted with acoustic hardware, partly
re-using and partly replacing the components employed for the optical storeys
(see above). In particular, the three optical modules and the respective read-out
cards have been removed and replaced by a total of six acoustic sensors per storey.

To compare the quality and systematics of various sensor designs, three differ-
ent kinds of acoustic sensors are used: two storeys with commercial hydrophones
and one with self-made hydrophones on the Instrumentation Line, and, on Line
12, one storey each with commercial and self-made hydrophones and one storey
equipped with Acoustic Modules (“AM”), which use two piezo sensors each in
three glass spheres to replace the optical modules.

7.2.3 Acoustic Storeys for ANTARES

On the hydrophone storeys, six hydrophones each are attached to the optical
module frame by “arms” made from pressure resistant plastic (figure 7.3), three
of the located in the upper part, the other three in the lower part of the OMF,
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where normally the optical modules are attached. The length of the arms was
chosen such that the hydrophones lie on a circle with radius 1 m around the central
axis of the OMF. The two sets of hydrophones are about 85 cm apart, forming a
tight cluster of six sensors with all inter-sensor distances of less then two metres.
Two hydrophones each, one from the upper part and the one directly below it,
are connected via a fan-out to three cables coming from the LCM container.
Inside the LCM, each hydrophone pair is connected to one of the three acoustic
data acquisition (“AcouDAQ”) boards replacing the ARS boards normally used
for the optical modules (see below). For the Acoustic Modules, the AM spheres
replace the optical modules, and the data and power connection is made via the
standard OM cables. Again, both sensors from a single AM are connected to one
of the AcouDAQ boards.

Figure 7.3: Left: Schematic layout of an OMF with six hydrophones attached.
Right: Photo of an opened LCM container with the three AcouDAQ cards in the
topmost positions.

7.2.4 The Acoustic Data Acquisition Card

The AcouDAQ cards, to be described in much more detail in [57], are based on
a modified design of the analogue ring samplers, and consist of an analogue and
a digital part for each of the two channels. The digital part contains a 16 bit
analogue-digital-converter (ADC) with a maximum sampling rate of 500 kHz,
together with a flexible field programmable gate array (FPGA), which can be
programmed to perform simple tasks such as down-sampling of the digitised signal
and time-domain filtering. The latter allows the system to vary its output data
rate while still digitising at full 500 kHz, thus avoiding aliasing effects without
having to change the filter characteristics of the analogue part. This FPGA is
programmed via a micro-controller, which is also used to adjust the settings of the
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Figure 7.4: Left: photograph of the AcouDAQ card. Right: frequency response
of the system’s analogue part for a gain setting of 10, showing the steep cut-off
at 128 kHz and the weaker high-pass around 3.5 kHz.

analogue part via remote commands from the ANTARES Slow Control. While
the default output sampling rate is planned as 250 kHz, corresponding to a data
rate of 4 Mbit/s per channel, the system’s total bandwidth can in principle be
freely distributed between the individual channels. This acoustic data is then
stored in a modified form of the standard ANTARES waveform format and sent
to the shore via the ANTARES DAQ card using the common ANTARES data
stream.

The analogue part of the acoustic card is used to prepare the signals from the
hydrophones for the subsequent digitisation. For this purpose, it consists of a
two-stage differential amplifier with a variable gain between 1 and 562 (set by
the micro-controller) and a filter stage providing a relatively flat high-pass for
suppression of the dominant low-frequency component of the acoustic noise as
well as a steep 10th order root-raised-cosine low-pass filter with a break-point
at 128 kHz (figure 7.4, right). This filter is used to prevent aliasing during the
500 kHz digitisation, suppressing the spectrum at the ADC’s Nyquist frequency
of 250 kHz by about a factor 1000 while leaving the signal region below 100 kHz
nearly unaltered.
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for ANTARES

As stated above, a decision was made to equip the 6 acoustic detector storeys
with a total of 3 acoustic modules and 30 hydrophones, 18 of them commer-
cial hydrophones and 12 hydrophones developed by the author and built within
the scope of this work. While the choice of properties of the commercial hy-
drophones was limited, the self-made sensors could be specifically designed to
meet the requirements demanded by the nature of the acoustic data of interest,
the environment of operation and the design of the acoustic readout hardware.

8.1 Requirements for the Sensor Design

To meet the first requirement, the sensor’s sensitivity and frequency character-
istics have to be designed in such a way that the sensor’s intrinsic noise is low
enough to be able to measure the acoustic noise in the sea (which is a limit-
ing factor in neutrino detection impossible to circumvent), while at the same
time providing as wide a dynamic range as possible. In particular, the amplifi-
cation, and thus the sensitivity, must not be so high that transient signals – or
even the steady random background – exceed the dynamic range of the ADC.
Thus, the design criterion for sensitivity was to amplify the expected minimum
acoustic noise (for sea state 0) to slightly above the ADC’s self-noise limited min-
imum resolution, while keeping the sensor’s intrinsic noise close to or below this
acoustic noise. As a result, all acoustic the sensors are designed to be sensitive
over a frequency range between about 5-50 kHz for the hydrophones and up to
about 80 kHz for the acoustic modules, with a mean sensitivity around -145 and
-140 dB re 1V/µPa in this frequency range, corresponding to 30 - 100 mV/Pa.
Together with the amplifier on the acoustic board, the maximum attainable sen-
sitivity range is thus between -145 and -85 dB re 1V/µPa.

The power requirements for the hydrophones were given by the total allowed
current on the 6 V power line and were limited to about 100 mA per channel. To
protect the system in the case of the failure of a hydrophone, each hydrophone’s
power supply could be individually cut off via Slow Control.

As the hydrophone pre-amplifier had to be able to drive the low input im-
pedance of the AcouDAQ cards’ differential amplifier (200 Ω), the output im-
pedance of the hydrophone had to be accordingly low, and was, ideally, to supply
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a differential signal. For this purpose, the self-made sensors were equipped with a
special differential line driver (see section 6.3). The commercial hydrophones had
only a single signal output with an output impedance only slightly lower than
the card’s input impedance, leading to an asymmetrical load at the AcouDAQ
card’s input and forfeiting the advantages of a differential readout.

For the deep sea connection to the Local Control Module, the hydrophones
had to be equipped with a deep-sea cable manufactured by Sea Con Ltd., which
was also used for the commercial hydrophones.

8.2 Hydrophones for ANTARES

8.2.1 Design Considerations

The final design of the hydrophones was based on the results from the proto-
type studies described in chapter 3. As stated there, in principle several designs
originally looked promising:

• cylindrical hydrophones, using hollow cylindrical piezo elements with end
caps. This approach was closest to the design of the commercial hy-
drophones.

• longitudinal disc hydrophones, with a piezo disc radially shielded by an
absorber material.

• transversal disc hydrophones, with a piezo disc with an acoustic absorber
mounted on the faces of the piezo element.

Prototypes in all three geometries were built and calibrated, including “pre-
production” models with internal pre-amplifiers mounted on SeaCon cables.

As – to keep the readout and data analysis as simple as possible – only one
of these designs could be used for ANTARES, a choice had to be made depend-
ing both on the performance of the different types and their usability in a deep
sea environment. The advantages of the disc type hydrophones were the higher
first resonance frequencies of the discs as compared to hollow cylinders of simi-
lar dimensions and the – at least theoretically – better signal-to-noise ratio. As
it turned out, a major disadvantage was the necessity of using some kind of
acoustic shielding to achieve favourable directional characteristics. For the pro-
totype study, this shielding was always achieved by using a soft material directly
attached to the piezo face that was to be shielded. As already discussed in sec-
tion 4.2.2, however, this soft muffling material made a pressure-resistant design
for operation in the deep sea impossible.

The cylinders, on the other hand, provided much higher capacities (7 nF per
element for the ferroperm 25x15 cylinders) and were therefore more suited for
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readout via charge amplification. In addition, it was possible to achieve good
directionality of the piezo element’s sensitivity without compromising pressure
stability by choosing suitable end caps. While the first resonance of the cylinders
available, around 40 kHz, was quite low compared to the discs and well within the
signal region, a single-cylinder design still offered sufficiently flat frequency and
directional characteristics within the frequency range of interest and reproduced
the simulated bipolar signal satisfactorily, without strong distortion by geometry
effects or resonant ringing (figure 8.1).

Figure 8.1: Bipolar signals recorded with a cylinder prototype for different di-
rections of incidence showing only weak ringing effects.

In addition, the dimensions of the cylinders and the shape of the amplifiers
developed for the hydrophones allowed a compact and mechanically very robust
hydrophone design, which was easy to build in the numbers required for the
ANTARES experiment.

8.2.2 Construction of the Hydrophones

For these reasons, the cylindrical design was chosen for the final hydrophones to
be included in ANTARES, and twelve hydrophones were built. Figure 8.2 shows
a scale drawing of the basic design for the cylindrical hydrophone. The front part
of the hydrophone (left in the picture) consists of the cylindrical piezo element
together with its end caps. Mounted onto this piezo are the two amplifier boards,
followed by the connector board with the SeaCon cable attached to it (figure 8.3,
left). The outer wall of the piezo element is connected to the internal reference
of the pre-amplifier and the copper end caps to provide efficient shielding against
electromagnetic interference and protect the sensitive inner electrode of the piezo
element and the first amplifier stage. The input resistor for the first amplifier
stage, used for resonance suppression and a reduction in high-frequency noise
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Figure 8.2: Schematic layout of a self-made hydrophone using a single cylin-
drical piezo element.

from the piezo, is completely enclosed inside the shielded interior of the piezo
cylinder (figure 8.3, right).

Figure 8.3: Piezo element and amplifier attached to the SeaCon cable (left).
Detail photograph of the resistor inside the piezo cylinder (right).

This active part of the hydrophone, together with a grounded copper net for the
electromagnetic shielding of the amplifier, is cast in hard polyurethane (Biothan
1784 + Biodur 330, mixture 1:2) to attain a rigid structure for the interior of
the hydrophone and to protect the amplifier boards from bending strain under
pressure. During this process, the formation of bubbles in the PU had to be
carefully avoided, as an enclosure of air between the amplifier boards leads to
an unbalanced force on the boards, resulting in warping and the destruction of
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the amplifier boards and their components. This effect was observed in one of
the earlier prototypes in which soft polyurethane was used, where the amplifier
was destroyed due to a large air bubble between the first and second storey of
the amplifier. This hydrophone “core” (figure 8.4, left) is already waterproof and
fully functional, and can thus be tested prior to the final outer casting.

Figure 8.4: The integrated hydrophone core cast in hard PU, ready for ap-
plication of the outer, soft PU coating (left). A finished hydrophone ready for
over-moulding of the cable interface and the subsequent pressure test (right).

In the final step of the construction, the hydrophone core is coated in soft
polyurethane (Biothan 1770 + Biodur 330, mixture 1:1) to protect it from the sea
water and mechanical forces (figure 8.4, right). This outer cast was performed
in the transparent mould as the centering of the hydrophone core during the
casting process was important to assure good φ−symmetry of the hydrophone
sensitivity. During the casting process, a small amount of hard polyurethane
was injected into the topmost part of the mould above the pre-amplifier. This
hard PU then covered the SeaCon cable inside the hydrophone and blended with
the soft PU of the hydrophone body to ensure a strong, watertight connection
between the cable and the hydrophone, as the hard PU created a much stronger
bond with the neoprene cable than the soft PU. Bonding the neoprene cable with
polyurethane in principle requires no chemical treatment. Instead, the cable
was roughened up with a file and sandpaper and freed from any fat residues
with a special cleaning fluid and cure accelerator (Cotol-240 from McNett[70])
that was applied directly prior to the casting process. Although in the pressure
tests this bond showed no signs of failure, the hydrophone-cable interface was
deemed the weakest point of the self-made hydrophones. Thus, as an additional
safety measure, the hydrophones were given a special over-moulding treatment
by the company SeaCon, who not only supplied the deep sea cables but also
performed the pressure tests (see below). During this process, a cylindrical piece
of polyurethane specially adapted for the neoprene cables was moulded over the
polyurethane “knob” at the end of the hydrophones and the first few centimetres
of the hydrophone cable. This over-moulded part was then also used for the
mechanical fixation of the hydrophones in the “arms” connecting them to the
acoustic storey’s frame.
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8.2.3 Pressure Tests and Calibration

Although the hydrophones were designed to be pressure-resistant, the ANTARES
quality regulations required all installed equipment to be individually pressure-
tested. This was also important as, especially during the final casting process
with the opaque black polyurethane coating, faults such as bubbles might occur
which compromise the hydrophone’s pressure stability while being imperceptible
during functional tests under laboratory conditions. The pressure-testing was
out-sourced to the company SeaCon Ltd. in England, which had already supplied
the cables and had a pressure setup large enough for up to six hydrophones with
cables attached. This setup was also used for the exemplary pressure-testing of
several of the High Tech, Inc. hydrophones, which had already been pressure-
tested and guaranteed by the manufacturer.

In accordance with ANTARES regulations, the pressure was ramped up at
12 bars per minute up to 310 bar, held at 310 bar for two hours and then ramped
down again at 12 bars per minute. As the hydrophones will be subjected to only
between 200-240 bars at the ANTARES site, the 310 bars provide a considerable
safety margin. Due to the relatively short duration of the pressure tests, however,
long-term effects of the high pressure, such as the accelerated ageing of the piezo
elements and of the polyurethane, cannot be reproduced and thus completely
excluded.

Due to the cost (about 600 eper test) and effort involved, these pressure tests
were only performed in the final stages of the hydrophone design and construction
and were small in number. As a result, it was not possible to test many different
designs and there was only a limited possibility of changing a design, should it
prove unsuitable. Two tests were performed with pre-production models, two
different disc hydrophones in the first test and three cylinder hydrophones in the
second. In each case, the hydrophones were fully functional after the test. How-
ever, the disc hydrophones and one of the cylinder hydrophones showed visual
de-bonding of the PU coating from the cable. Although the cylinder hydrophone
built according to the final design (with hard PU added during moulding) did
not exhibit this problem, an additional over-moulding was decided upon, as de-
scribed above. In each case the hydrophones were dissected to study the effects
of the pressure on the hydrophone’s components. None of these, including the
polyurethane, showed any signs of damage due to the high pressure.

With regard to the final hydrophones, one failed due to de-bonding problems
of the outer PU coating. As the hydrophone core is still fully functional, this hy-
drophone will be overhauled and will be used for Line 12. All other hydrophones
have successfully passed the test.

After the pressure tests , each hydrophone was calibrated following the proce-
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8.2 Hydrophones for ANTARES

dure described in section 5.2, using 15o steps in both θ and φ. From the resulting
data, sensitivity versus direction and frequency, all the properties necessary for
the analysis of acoustic data can be derived, including average sensitivity and
response to bipolar pulses (as described in section 5.2.4). It is also planned to
generate a set of model parameters for each hydrophone according to the response
fit described there in order to regain a complete complex response spectrum for
each hydrophone.

Figure 8.5: Direction calibration result after pressure testing for the self-made
hydrophone LTI-105.

In figure 8.5, the θ and φ calibration results for one of the self-made hy-
drophones (“LTI-105”) are presented. From a comparison with the commercial
hydrophones (for example in figure 5.12) it can be seen that whereas for the
self-made hydrophones the total sensitivity is higher by about a factor 2, the di-
rectional characteristics are not as uniform. This is also evident from the bipolar
calibration in figure 8.6, where especially the peak-to-peak amplitude exhibits a
stronger φ dependence than in the case of the commercial hydrophones (for exam-
ple, figure 5.18) In the direction-averaged calibration (figure 8.7), the anisotropy
manifests itself as longer error bars, corresponding to a larger variation of the dis-
tribution. Both the average spectral shape, which is the only important property
for the analysis of isotropic background, and the signal fidelity for bipolar pulses,
however, seem well-suited for both the analysis of the ambient noise spectrum
and for the detection and location of transient sources. With all hydrophones
thoroughly calibrated, the directional characteristics can be removed from any
signal as soon as its direction has been reconstructed.
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8 Construction of Acoustic Sensors for ANTARES

Figure 8.6: Bipolar signal calibration for hydrophone LTI-105, as a function of
θ (left) and φ (right). The inner, red curves correspond to the first peak height,
the outer, black curves to the signal peak-to-peak height.

Figure 8.7: Direction averaged sensitivity for hydrophone LTI-112 obtained by
the method described in section 5.2.4, for the azimuthal angle φ (red squares, done
at θ = 90o) and polar angle θ (blue circles, for φ = 0). The length of the error
bars gives the weighted rms of the distributions.

8.3 Acoustic Modules for ANTARES

In addition to the 3 storeys with commercial and the 2 storeys with self-made
hydrophones, one acoustic storey will be equipped with acoustic modules. These
use the 17” glass spheres of the optical modules as a pressure-resistant housing

132
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for the piezoelectric sensors, which are simply attached to the inside of the sphere
with an epoxy glue, in a way very similar to the sensor prototypes attached to
the outside of the aquarium. For reasons discussed in section 4.3, only a single

coaxial cables

connector

pre−amplifier

piezo disc

copper shield

Figure 8.8: Schematic view of an AM sensor (left) and a photo of a sensor
without the outer copper shield (right).

piezo element was used per sensor, to give the largest possible field of view for
each sensor. The final Acoustic Module sensors consist of a D-25x10 piezo disc,
such as that used for the first prototype studies and for AMADEUS-0 (see section
9.1), with the three-storey current amplifier mounted on the back of the piezo
on a rubber O-ring (figure 8.8). The input of the pre-amplifier is connected to
the upper electrode of the piezo, the lower electrode is connected to the internal
reference. The entire sensor is contained in a copper tube connected to the in-
ternal reference, thereby shielding the amplifier and the piezo’s upper electrode
from electromagnetic interference. To provide the sensor with a rigid structure
and at the same time dampen the resonant movement of the piezo element, this
copper tube is filled with soft polyurethane, the same mixture as that used for
the hydrophone coating. The complete sensor is glued to the inside of the glass
sphere with a 2-component epoxy glue, as was done for the prototype studies.
The connection to the readout electronics is made via four coaxial cables ending
in a small connector, with the shields connected to the internal reference. The
complementary connector is attached to the “pig-tails” from the sphere’s penetra-
tor on the other semi-sphere, so that the sensor can be detached and re-attached
for the integration procedure of the AM sphere.

Each of the three spheres houses two sensors, attached 120o apart on a great cir-
cle tilted against the “equator” of the sphere by 45o, thus lying on the horizontal
plane of the acoustic storey (as the spheres themselves look 45o downwards).

For the acoustic modules no pressure tests are required, as they are housed
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8 Construction of Acoustic Sensors for ANTARES

inside the standard, pressure-tested spheres with no external modifications com-
promising pressure-resistance. Prior to their integration into the ANTARES de-
tector, the calibration of the finished modules will be performed in the same way
as for the AM prototype, with the AM suspended in the large water tank as
shown in figure 4.14 on page 78.
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Autonomous System

In order to prove the feasibility of designing and operating a small acoustic data
taking system and to collect a first sample of acoustic data from the deep sea
prior to the completion of the full ANTARES acoustic system, the small au-
tonomous prototype system AMADEUS-0 (“Autonomous Module for Acoustic
DEtection Under the Sea (on line ZERO)”) was built, using commercial data-
taking hardware and an array of internal acoustic sensors of the type envisaged
for the acoustic modules in ANTARES. In the following, the construction and
operation of this system is described, together with some examples of data col-
lected in the sea.

The deployment of the mechanical test string “Line Zero” in March 2005 pro-
vided a unique opportunity for the operation and later recovery of an autonomous
acoustic system at the ANTARES site without the need for additional infrastruc-
ture or an expensive dedicated sea operation. This Line Zero, basically a full
detector line but without the photomultipliers and the electronic read-out, was
deployed to ensure the pressure stability of the mechanical components used for
the ANTARES lines, as an earlier prototype line had met with some problems
with its cables under pressure. To keep the experiment as simple as possible, a
decision was made to build a battery-powered system inside the pressure-resistant
titanium cylinder normally used for the ANTARES local control modules (LCM).
For the sensors, an approach was adopted that is quite similar to that of the
Acoustic Modules: piezo sensors, with pre-amplifiers attached to them, glued to
the inside of the cylinder. Placing the read-out and data storage inside the same
cylinder made external parts, such as deep sea cables, superfluous.

9.1 The AMADEUS-0 Detector

The design of AMADEUS-0 was based on a converted LCM container, attached
to the bottom string socket (BSS) of the ANTARES test string Line Zero. The
LCM container consists of a titanium cylinder of 60 cm length, 20 cm diameter
and a wall thickness of about 1.5 cm, with titanium caps on both ends, and nor-
mally houses the read-out electronics and slow control hardware for the optical
ANTARES storeys. To add as little new hardware as possible to the ANTARES

135



9 Deep Sea Noise Studies with an Autonomous System

test string, the LCM container was used as a housing for both the autonomous
read-out electronics, complete with data storage and batteries for power sup-
ply and the acoustic sensors themselves. Figure 9.1, left, shows a photo of the
partially integrated system without the titanium cylinder and the sensors. As
sensors, 5 piezo elements (all PZT-5A discs with a diameter of 25 mm, three
of them 10 mm thick, the other two 20 mm thick) together with self-made 2-
stage pre-amplifiers (figure 9.1, right), were fixed to the cylinder walls using
polyurethane glue. The amplifiers were designed to give a maximum sensitivity
of -120 dB re 1V/µPa (1 V/Pa) and a band-pass with a low-frequency cut-off
at 3.4 kHz and a high-frequency cut-off at 72 kHz. Both passes were of order
two. An additional sensor 10 mm thick was glued into the top cap of the LCM.
To enhance the dynamic range of the instrument, one of the 10 mm sensors on
the cylinder wall was equipped with an additional read-out channel after the first
stage of the pre-amplifier, reducing the sensitivity by a factor of 100. This sensor
was specifically used to monitor high-amplitude transient signals whose ampli-
tude exceeded the dynamic range of the high-gain sensors, for example the pinger
signals used by the ANTARES positioning system.

Figure 9.1: Photograph of the AMADEUS-0 hardware without titanium cylinder
and sensors (left). Top view of an AMADEUS-0 sensor consisting of a two-stage
pre-amplifier mounted on a D-25x10 disc (right).

The data acquisition was carried out by a 16 Bit ADC card (Meilhaus ME-
4650), which provided up to 32 read-out channels with a total sampling rate of
up to 500 kHz, shared by the channels read out simultaneously. This card was
connected to a PC board running a Linux operating system. For data storage, two
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separate devices were used: a 1 GB flash memory as a buffer for storage during
data taking, and an 80 GB hard disk for long-term mass storage. As the hard
disk’s operation creates unwanted acoustic noise, it was powered down during
data-taking and used only between runs, when the data from the flash card was
transferred to the hard disk. For external access and data transfer, the system
had an ethernet connection that was accessible via the LCM container’s deep sea
connector (so that the container itself did not have to be opened). The power
for the system was supplied by twelve 3.6 V lithium batteries with a capacity of
35 Ah each. For delayed operation, the system contained a custom-built timer
board that could start the system after a pre-set delay time of up to several
weeks.

9.2 Detector Operation

9.2.1 Calibration

Due to the short period of time available for the construction of the AMADEUS-0
detector and the lack of a sufficiently large water tank at that time, it was not
possible to perform a full calibration of the completed AMADEUS-0 system prior
to deployment. Instead, an approximated calibration was gained from a series of
individual measurements.

As a first step, individual piezos were attached to the inside of an aluminium
cylinder of the same dimensions as the AMADEUS-0 cylinder (the titanium cylin-
der not being available at that stage) and calibrated in an aquarium, using the
procedure described in section 5.2. For this measurement, sensors were used that
were identical in design to the final ones for AMADEUS-0. The result of this
calibration is shown in figure 9.2, composed from calibration measurements with
a 20 kHz, an 80 kHz and a 160 kHz gaussian signal. Until its first resonance, the
sensor’s sensitivity is nearly flat and featureless at -120 dB re 1V/µPa (=1V/Pa),
dropping rather steeply above 80 kHz. In a separate calibration, the transfer char-
acteristics of the digitising part of the data acquisition hardware were measured.
This combined result was used for the first preliminary analysis of AMADEUS-0
data. As the calibration was only done head-on, however, it lacked any informa-
tion about the directional characteristics of the AMADEUS-0 sensors, a situation
aggravated by possible interference between sound components travelling through
the water and through the metal cylinder. This latter effect was investigated in
a separate analysis [71] and turned out to have a strong effect for large angles
of incidence, especially on the signal shape, due to a signal component travelling
partly through the cylinder and arriving slightly earlier than the main signal from
the water.
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9 Deep Sea Noise Studies with an Autonomous System

Figure 9.2: Calibration of an AMADEUS-0 sensor, including the pre-amplifier,
inside an open aluminium cylinder (see text).

Noise Measurement

As all parts of the system, from the acoustic sensors and read-out electronics to
the battery power supply, were located inside the closed titanium cylinder, it was
well-shielded from electromagnetic interference from the outside. On the other
hand, electromagnetic interference between the individual parts inside the cylin-
der was a major source of noise in the system, as was any acoustic noise produced
by the system itself. To reduce the electromagnetic cross-talk, all sensors with
their pre-amplifiers were encased in plastic covers wrapped in a conductive foil
grounded to the titanium cylinder.

Noise measurements were performed in the laboratory and compared to a choice
of data samples taken in the deep sea that were free from transient signals, thus
representing the steady background in the sea. In figure 9.3, the deep sea data
(solid black line) shows a significant surplus compared with the noise measure-
ments taken in the laboratory in air (red dashed line) and suspended in the water
tank (blue thick line). This surplus can be attributed to acoustic noise in the
sea – due to wind and waves – that was not present in the laboratory. Above
about 100 kHz, where the acoustic sensors are no longer sensitive, the noise level
in the laboratory measurements is higher than in the deep sea data, indicating
electronic noise coupled into the system via electromagnetic interference in the
laboratory. This also explains the sharp lines visible in the spectrum taken in the
air but nearly absent in the measurement in the tank, where the system was sur-
rounded by roughly a metre of grounded fresh water. In the deep sea, due to the
shielding effect of 2400 m of salt water, no external electromagnetic interference is
to be expected, resulting in the flat spectrum in the corresponding measurement,
which is compatible with the intrinsic noise of the system’s electronics. Hence,
only below about 20 kHz the signal spectra taken in the sea (see below) can be
expected to represent true steady acoustic noise, while the system’s sensitivity
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Figure 9.3: Noise spectra for an AMADEUS-0 sensor built from a D-25x10 disc.
Black solid line: data taken in the sea, compared with measurements in the lab in
air (red, dashed) and in the water tank (blue, thick line). The lab measurements
show more high-frequency (electromagnetic) noise, while the surplus in the deep
sea measurement can be attributed to acoustic noise in the sea.

to transient signals over the whole frequency spectrum is not affected as long as
their power exceeds the intrinsic noise during the duration of the pulse.

9.2.2 First Deep Sea Data

Two sets of data were taken with the autonomous system: the first run was on
the 15th of March, 2005, during a deployment and subsequent release test of
Line Zero. Data acquisition was started manually on board the ship and ran for
a total of 4 hours and 45 minutes, first in a 100 kHz sampling mode, later in
full 500 kHz with up to five channels simultaneously. The data acquisition was
still running during the release and recovery of the line, thus providing data at
different depths. The second run was automatically started one month after the
second (and final) deployment of the line, on May 15th, and continued until the
system’s batteries were exhausted after 3 1

2
hours of net data taking.
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9 Deep Sea Noise Studies with an Autonomous System

9.3 Data Analysis

An analysis of the AMADEUS-0 data with emphasis on temporal variation of the
noise amplitudes has been published in the diploma thesis by Friederike Deffner
[72]. In the following, a few additional examples of AMADEUS-0 data are pre-
sented.

9.3.1 Exemplary Signals

Figure 9.4 is a spectrogram of two seconds of AMADEUS-0 data taken during
the first run, showing the voltage signal’s spectral density as a function of fre-
quency and time. While the data has not been calibrated, it can still be used
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Figure 9.4: Zoomed spectrogram of 2 seconds of AMADEUS-0 data, collected in
single-channel mode. The colour coding corresponds to the power spectral density
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for analysis, due to the relatively flat sensitivity spectrum of the sensors over
most of the frequency range shown here. A clearly visible feature is the band
of maximum spectral density between 10 and 20 kHz, which can be explained
by a combination of the acoustic noise rising with decreasing frequency and the
high-pass of the system cutting away the lowest-frequency components. Other
distinct features are the two maxima at t=1 s and t=1.2 s, with peak frequencies
around 10 and 15 kHz respectively. These are short-duration signals, produced
by the acoustic positioning beacons (“pingers”) used during the deployment and
recovery procedure. The corresponding waveform of the second signal is shown
in figure 9.5. These pulses can be found and reconstructed in a number of data
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samples, and are proof of the stable operation of the system. Figure 9.6 shows
such a data sample with several different pingers, together with the temporal
distribution of the power in the spectral band around the peak frequencies of
the pingers (corresponding to horizontal slices in the spectrogram). Each of the
transients in the waveform shown can be attributed to one of the pingers.
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Figure 9.5: Left: An acoustic pinger signal recorded with the AMADEUS-0
system. Right: Zoom into the signal showing the nearly monofrequent sine wave.
The signal corresponds to the second peak in the spectrogram in figure 9.4.

The pingers, however, are not the only transient signals visible in the data.
For example, close to t=1.8 s in the spectrogram a short signal can be found in
the lowest frequency bin (figure 9.7), strongly suppressed by the system’s high
pass, as well as some fainter, less well-defined signals represented as faint verti-
cal lines in the first 0.6 s of the data. While some of these signals have to be
attributed to noise from the sea operation or to electronic noise in the system,
others, especially those also found in the second data set (where the detector was
left undisturbed), are probably due to true “natural” noise sources in the deep
sea, such as marine mammals. While no intensive search for transient signals and
their interpretation has been performed for the AMADEUS-0 data, partly due to
its small inter-sensor distances providing only limited triangulation capabilities,
results published by the acoustic group of the NEMO collaboration [73] indicate
a great amount of noise produced by marine mammals in the Mediterranean,
which makes the search for such signals an important target for the full-scale
AMADEUS system in ANTARES.

Through the application of the sensor calibration performed in the aluminium
cylinder in the laboratory, a rough noise pressure spectrum can be gained from
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Figure 9.6: Time domain analysis of a sample containing several acoustic
pingers. The top-most plots shows the raw waveform, the other plots the spec-
tral density around the peak frequencies of the pingers. The x-axis scale is time
in seconds, the y-axis is volts for the signal and an arbitrary power unit for the
pinger channels.

the data (figure 9.8). While below the system’s resonance, the spectral density is
roughly in agreement with the theoretical prediction for the acoustic background
at a sea-state between 1 and 3, especially the data taken during the second
deployment exhibits a surplus in the lower frequency range, where the signal is
dominated by acoustic noise, and a steeper slope in the spectrum than expected.
An analysis of the whole data set showed a variation of the noise amplitude over
time, in correlation with changing weather conditions (wind and rain) [72].

9.3.2 Results and Interpretation

While the data gathered by the AMADEUS-0 detector already allowed some
analysis of the acoustic conditions in the deep sea, the main profit from this
experiment lies in the experience gained during the construction of the system
and its subsequent operation. In particular, several problems that had arisen
during the development and construction of the system could consequently be
avoided in the ANTARES acoustic system.

One major shortcoming of the AMADEUS-0 data-taking system turned out
to be the contamination of the signal by high-frequency electromagnetic noise
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Figure 9.7: A low frequency transient signal in the AMADEUS-0 data, peaked
around 700 Hz. This signal can be found in the spectrogram in figure 9.4 around
t=1.77 s.
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Figure 9.8: Calibrated noise pressure spectra from three different times dur-
ing data taking, compared with the theoretical curves for sea states 1, 3 and 6.
Modified from [72].

mirrored into the acoustic frequency range as a result of aliasing effects. This
can be attributed to insufficient shielding of the analogue part of the system
and the absence of efficient anti-aliasing filtering between the analogue and the
digital part of the system, the pre-amplifier’s low-pass being only of second order.
To avoid this effect in the ANTARES acoustic system, a 10th order anti-aliasing
filter was included in the AcouDAQ board (see section 7.2.2). Furthermore, as the
sensors were all mounted inside the same titanium cylinder, they were acoustically
coupled, so that their measured signals were not independent of each other. The
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limited size of the LCM container meant that all sensors had to be placed close
to each other, severely reducing the system’s direction reconstruction capabilities
and making position reconstruction for point sources impossible. The ANTARES
acoustic system, on the other hand, offers a baseline of up to 100 m for direction
and position reconstruction of point sources.

Most importantly perhaps, the results from AMADEUS-0 confirmed that the
acoustic background at the ANTARES site is in agreement with predictions, at
least in the order of magnitude, making the system’s total sensitivity of -120
dB re 1V/µPa a sensible choice for a deep sea acoustic particle detection system,
while at the same time the large number and variability of transient signals in the
acoustic data as well as an unexplained deviation in the slope of the lower part
of the measured noise spectrum underline the need for a more thorough study of
the detailed properties of this background.
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Design studies have been performed for the development of customised acoustic
sensors specifically suited for the acoustic detection of ultra-high energy neutrinos
in the deep sea, resulting in twelve hydrophones and three so-called acoustic
modules for construction and inclusion in the ANTARES acoustic system. The
study has shown that it is possible to create purpose-designed acoustic sensors
optimised for acoustic particle detection at a fraction of the cost of commercial
sensors, while ensuring comparable quality.

10.1 Recapitulation

Starting from a comprehensive description of the electromechanical properties of a
piezo element as a combination of purely electrical LRC circuits, motivated by the
similarity between mechanical and electrical oscillations, the so-called ECD model
was extended to yield predictions of sensor properties such as sensitivity spectra
and intrinsic noise. A procedure was developed for acquiring the necessary model
parameters via a model fit to the measured electrical impedance spectrum of the
piezo element. As this was possible both for free and for coupled piezo elements,
the effects of different coupling geometries on the piezo’s resonant behaviour
could be studied and thus easily included in the calculation of the resulting sensor
properties. A simple model was created to integrate the effects of extended sensor
elements by taking into account signal retardation effects resulting from a finite
sound velocity and thus different arrival times for different parts of the sensor’s
active surface. This model also allowed for partial acoustic muffling of the piezo
elements, thus simulating more complex sensor geometries.

To confirm the validity of the model, several comparison measurements were
obtained for properties of the sensors such as intrinsic noise and sensitivity, which
were in good agreement with the model’s predictions. Of particular note here is
the calculation made for the sensitivity of a single piezo element attached to an
aquarium’s outer wall, where both the shape and the magnitude of the spectrum
matched well past the system’s first resonance. An additional study concerning
the displacement of a piezo element as a reaction to an applied voltage was in
good agreement both with a finite element simulation and a direct measurement
obtained via a Fabry-Perot interferometer.

Based on the insights gained from the ECD model, together with predictions
of directional characteristics based on the sensor’s geometry, a design study was
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undertaken with a series of hydrophone prototypes, using a combination of dif-
ferent piezo geometries, sizes and muffling. The receiving characteristics of these
prototypes were determined, confirming the validity of the predictions of the ex-
tended ECD model and investigating additional effects on the sensors from the
polyurethane coating material and different amplifier types. Several of the most
promising designs were further developed into fully functional hydrophones, in-
cluding an internal pre-amplifier optimised for the type of piezo element used and
meeting the requirements for acoustic particle detection.

As part of an early prototype experiment, a total of six sensors built according
to one of the designs under investigation was included in a small autonomous
system (AMADEUS-0), which has been deployed in the deep sea and which has
recorded several hours of acoustic data. The success of this system has not only
provided a first sample of data for analysis but has also confirmed the feasibility
of the construction and operation of a deep-sea acoustic system.

From the selection of the hydrophones developed in the study, a design using
cylindrical piezo elements, which best satisfied the requirements for the operation
at the ANTARES site, was chosen and built in a series of 12 units for inclusion
in the ANTARES acoustic system. Together with the commercial hydrophones
for the ANTARES acoustics, they were pressure-tested and calibrated according
to a procedure developed in the course of this work. At the time of writing,
the first part of the ANTARES acoustic system, containing the first six of the
self-made hydrophones, has been successfully integrated and deployed. A sec-
ond, complementary design for acoustic sensors, using piezo elements inside a
pressure-resistant glass sphere has also been developed, three of which will be
included in the second ANTARES acoustic sector.

An additional hydrophone, built with the use of the disc design but with hard
polyurethane, was developed for inclusion in the South Pole Acoustic Test Setup
SPATS [40][47]. This hydrophone was designed to be complementary to the
approach used by the other SPATS sensors, piezo sensors inside a metal sphere,
and also to record acoustic data with frequency characteristics and systematics
different from the rest of the system. The integration of this hydrophone is
expected to take place during the deployment phase in the austral summer of
2007/2008 [43].

10.2 Outlook

By the end of the year 2007, all six storeys of the ANTARES acoustic system will
be in operation, recording acoustic data from the Mediterranean. This will make
a comprehensive analysis of the acoustic noise properties at that site possible,
which is a vital prerequisite for the design and construction of a full-scale acoustic

146



10.2 Outlook

detection system.
Apart from the actual production of 12 working hydrophones and three acoustic

modules, the study has provided deeper insight into various possible sensor de-
signs for a future acoustic system. In particular, a different, non-standard hy-
drophone design has been developed during the design study, using a solid piezo
disc with either the piezo’s faces or its circumference acoustically decoupled from
the surrounding polyurethane coating. This simple acoustic muffling has signifi-
cantly improved both the frequency behaviour as well as the sensor’s directional
characteristics, resulting in a sender that is almost perfectly isotropic –while us-
ing a non-isotropic sensor geometry– and has a flat frequency spectrum extend-
ing both ways to the low-frequency limit and up to the system’s first resonance.
Within the framework of this design study, however, it has not been possible to
find a way of ensuring this hydrophone’s pressure stability without compromis-
ing the signal characteristics, as the muffling depends on the use of a very soft
shielding material, which is usable only under low pressure conditions. Due to
the favourable signal properties of this hydrophone design, further development
with emphasis on a pressure-resistant design is likely to result in an acoustic sen-
sor even better suited to acoustic particle detection than available commercial
designs. This would have the advantage of being possible at only a fraction of
the cost, which could play an important part in the construction of a full-scale
acoustic detector.
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Figure A.1: Complete schematic depiction of the hydrophone amplifier.

Figure A.2: Layout of the second amplifier stage (left) and the line driver
(right). Both are mounted back-to-back on the same circuit board.
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Figure A.3: Bottom (charge-to-current converter) and top (connector) boards.

Figure A.4: Circuit diagram used for calculation of impedance curves with
TINA.
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B Prototype Hydrophones used in

the Study

In this section, a list of the most important hydrophone prototypes used in the
design study is presented.

ID piezo muffling comment

P-1 fp-10 none

P3 fp-10 front
P4 fp-20 front
P5 fp-10 side
P-15 fp-10 radial

P-16 fp-10 longitudinal

XVIII D-25×20 longitudinal +copper discs
XXX fp-10 radial +copper ring

Table B.1: Some of the disc hydrophone prototypes used in the study. The bold
ones are discussed in the text. Results on P3 to P5 can be found in [62].

ID piezo end caps comment

P1 1 x cyl 3 mm piezo front, alu back
P2 1 x cyl none filled with PU
III 1 x cyl alu discs
IV 1 x cyl 3 mm piezo discs
XVII 2 x cyl copper discs
XIX 2 x cyl copper rings + discs

XXI 1 x cyl copper rings + discs
XXIV 1 x cyl copper discs

XXVII 2 x cyl plastic caps new mould
XXXI 1 x cyl copper discs ring inside

Table B.2: Some of the cylinder hydrophone prototypes used in the study. The
bold ones are discussed in the text.
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C Additional Material

C.1 Useful Definitions for Deep Sea Acoustics

C.1.1 Acoustic units: the decibel

As they typically span several orders of magnitude, acoustic properties such as
power spectral density but also sending and receiving sensitivities of acoustic
devices are usually given in terms of decibel, a logarithmic unit defined in the
following way for properties with the dimension of energy or power:

E [dB re E0] ≡ 10 · log10

(

E

E0

)

, (C.1)

thus a difference of 10 dB corresponds to one order of magnitude (hence “deci”-
bel).

E = 10E0 ⇔ E = 10dB re E0

E = 100E0 ⇔ E = 20dB re E0 . . .

For consistency reasons, in the case of “amplitudes”, such as voltage, pressure or
velocity, the scaling factor is 20 per order of magnitude:

a [dB re a0] ≡ 20 · log10

(

a

a0

)

(C.2)

a = 10a0 ⇔ a = 20dB re a0

a = 100a0 ⇔ a = 40dB re a0 . . .

Changing an “amplitude type” property a one order of magnitude (20 dB) changes
the corresponding “energy” Ea ∝ a2 by two orders of magnitude (again, 20 dB).
Hence, the value of a property in dB is independent of whether it is defined by
the amplitude or the energy1.

As the logarithm is only defined for dimensionless arguments, dB is a relative
unit only, making a reference x0 necessary, by which the value x is divided prior
to taking the logarithm. This is expressed by “dB re x0”. An example is the
commonly used unit of receiving sensitivity, “dB re 1V/µPa”, where “0 dB. . . ”
corresponds to “1V/µPa” and “-120 dB. . . ” to “10−6V/µPa = 1µV/µPa =
1V/Pa.

1for example, for pressure power spectral densities the expressions as dB re 1Pa/
√

Hz and as
dB re 1Pa2/Hz give the same numerical values and are used interchangeably in this work
and elsewhere.
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C.1.2 The Power Spectral Density

The power spectral density, abbreviated as PSD, is a heuristically defined prop-
erty to quantify the amount of power of a signal contained within a certain
frequency interval. Several –partly contradictory– definitions exist, depending on
the context.

The definition[74] used in the following is based on the idea that for a signal
S(t) the total power content in the PSD and in the time-domain signal should
be identical, hence the integral over the PSD is equal to the square of the rms of
the time-domain signal:

Pf =
∫ ∞

0
PSDS(f)df ≡ 1

T

∫ T

0
|S(t)|2 dt (C.3)

The limitation to positive values for frequency is arbitrary and was chosen for
simplicity reasons. As the signals of interest are real-valued functions, the nega-
tive frequency part is redundant.

A useful definition for the PSD thus follows from the close similarity of (C.3)
to Parseval’s Theorem,

∫ ∞

−∞
|h(t)|2 dt =

∫ ∞

−∞
|H(f)|2 df (C.4)

by defining the PSD (for positive frequencies) of a signal in a finite time interval
of length T as two times the absolute value squared of the Fourier transform at
that frequency, divided by T :

PSD(f) :=
2

T

∣

∣

∣

∣

∣

∫ T

0
S(t) exp(2πift)dt

∣

∣

∣

∣

∣

. (C.5)

The SI unit for the PSD follows as [PSD] = 1V 2/Hz in the case of voltages,
1Pa2/Hz for pressures, and so on. As physical signals all have finite power, their
PSDs have to have to obey the relation

∫∞
−∞ PSD(f)df < ∞. This is particularly

not the case for PSD(f) = const, as true (and thus unphysical) white noise would
require.

The power spectral density is only well-defined for (quasi-)periodic or random
signals, where the value does not depend on the length of the sample analysed.
For transient signals, which are only non-zero during a finite time interval, the
resulting PSD is inversely proportional to the sample length2, as the total energy
content is constant and independent of the sample length. In this case, an “energy
spectral density” is more appropriate:

ESD(f) := 2

∣

∣

∣

∣

∣

∫ T

0
S(t) exp(2πift)dt

∣

∣

∣

∣

∣

(C.6)

The integral over the ESD is then equal to the time-domain integral of S2(t).

2if the signal is completely contained within the sample
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C.2 Signal Treatment and Error Estimation

To achieve a meaningful result, the raw data recorded in the calibration process
must first be treated to avoid a number of artefacts in the signal spectra. The
most important obstacle to calibration in comparatively small water tanks is
the presence of reflections in the recorded signal, in the worst case significantly
overlapping the primary signal. As the Fourier transform is an additive operation,
the resulting spectrum is the complex sum of the spectra of the primary signal and
the – time delayed – reflections. In the “ideal” case of an echo with 100% of the
primary’s amplitude, delayed by ∆t due to the different relative phases between
the primary and reflected signal resulting from the time delay (∆φ = ω∆t), the
result is the primary spectrum modulated by 1 + exp(i∆tω). In the case of a
less perfect echo, the result is still some kind of oscillation around the primary
spectrum with a wavelength of ∆ω = 2π/∆t, as shown in figure C.1, right. This
spectral distortion would then manifest itself in the final calibration result as
well, rendering it useless. Thus the removal of reflections in the signal is of

Figure C.1: The effect of reflections on the resulting signal spectra. Left: the
signals before (black,solid) and after (red, dashed) reflection cutting. Right: The
corresponding spectra for the untreated (thin, black) and the cut signal (thick,red).

great importance. However, this needs to be done with some care to avoid new
problems. Cutting the signal too early, as in figure C.2, can significantly alter
the spectrum by suppressing the resonance structure. In general, any kind of
“cutting” on a signal is done by multiplying the signal in the time domain by
a certain window function g(t), in the simplest case just a rectangular function
(g(t) = 1 within the acceptance region, g(t) = 0 otherwise). By the convolution
theorem (5.2), this multiplication in the time domain corresponds to a convolution
of the signal spectrum with the frequency spectrum of the window function. Thus,
a badly chosen window function, especially one cutting the function at a point
where it is not vanishing, can also contaminate a signal spectrum. This is most
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Figure C.2: The effect of premature cut-off of the signal on the spectrum (right,
blue dash-dotted line). The red, dashed curve shows the effect of a step in the
signal on the low frequency part of the spectrum resulting from cutting with a DC
offset.

frequently the case when an offset had not been removed prior to cutting, leading
to a “step” in the signal, which produces a ( sin(x)

x
)-type artefact in the spectrum

(the red, dashed line in figure C.2).
In most cases, for the signals involved in the calibration process the separation

between the primary signal and the first reflection was so clear that it sufficed
to just cut the signal directly before the first reflection was expected according
to a travel time estimate. In the few cases where the primary signal’s resonant
oscillations were strong enough to overlap the reflection – this was especially
the case for the autonomous system AMADEUS-0 (chapter 9) –, an appropriate
Gaussian window function was used to suppress the reflections at the cost of
somewhat smearing out the calibration spectrum.
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[3] P. Mêszáros, Gamma-ray bursts: Afterglow implications, progenitor clues
and prospects, Science 291 (2001) 79, astro-ph/0102255.
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