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Chapterr 2
Thee ANTARES detector
Inn this chapter, the basic principles of targe underwater neutrino telescopes are discussed.
Thee detector that is being built by the ANTARES collaboration is described. A summary
off the first results obtained with a prototype detector is presented in section 2.4.

2.11

High energy neutrino telescopes

2.1.11

Detection principle

Thee detection principle is depicted in figure 2.1. Neutrinos are detected when they interact
withh a nucleon 1 N via either charged current (ui + N —> / + X) or neutral current {vi +
NN —> V[ + X) weak interactions. Relativistic charged particles produced by the neutrino
interactionn emit Cherenkov radiation in the sea water. The detector operates by detecting
thee intensity and arrival time of this light on a three-dimensional array of PhotoMultiplier
Tubess (PMTs). From these measurements, the properties of the neutrino are inferred.
Thee experimental signature depends on the type of reaction and on the neutrino flavour
(seee figure 2.2). In general, high energy neutrino interactions result in the breakup of t h e
targett nucleon. The remnants form a hadronic shower. The Cherenkov light emitted by
thee charged particles in the shower can be detected if the interaction occurs inside or near
thee instrumented volume of the detector. In the case of a neutral current interaction,
onlyy the hadronic shower can be detected, while charged current interactions will produce
chargedd leptons that produce additional light. The electron resulting from a charged
currentt ue interaction will produce an electro-magnetic shower. Muons, resulting from v^
interactionss can travel a considerable distance before they are stopped. In vT interactions,
thee produced r-lepton travels some distance (depending on its energy) before it decays
andd produces a second shower.
Inn this thesis the focus will be on up-going muon neutrinos, which are especially interestingg for a search for point sources in the energy range between about 100 GeV and
11 PeV. In this energy range, the hadronic shower can occur outside the detector volume,
whilee the muons are energetic enough to completely traverse the detector. This gives
aa clean experimental signal which allows accurate reconstruction of the muon direction.
'Forr our purposes, cross-sections for interaction with atomic electrons are negligible, except in the
ca.see of vei which can interact via the exchange of a resonant W~ at E„r = 6.3 PeV [37].
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Figuree 2.1: Detection principle of neutrino telescopes. After having traversed the Earth,
neutrinoneutrino interactions can produce up-going nmons or electrons. The Cherenkov light they
produceproduce in the sea water is detected by an array of photomultiplier
tubes. The main
backgroundbackground consists of atmospheric muons. Up-going muons produced by atmospheric
neutrinosneutrinos also form a background.

Ass will be shown in chapter 3, the directions of the muon and the neutrino are closely
correlated,, which allows for accurate determination of the neutrino direction. Furthermore,, the long range of the muon effectively increases the volume of the detector, since
neutrinoss can be detected even when the interaction occurs several kilometres outside the
instrumentedd volume.
Airr showers induced by interactions of cosmic rays with the Earth's atmosphere producee so-called atmospheric muons and neutrinos. The atmospheric muons can penetrate
thee atmosphere and up to several kilometres of sea water. Despite the overburden of 2
kmm of water, many atmospheric down-going muons will reach the detector. As is shown
inn figure 2.3, the flux of down-going atmospheric muons exceeds the muon flux due to
neutrinoss by six orders of magnitude. Up-going muons, on the other hand, can only
bee produced by interactions of (up-going) neutrinos. Therefore neutrino telescopes must
bee sensitive to up-going muons; i.e. neutrino telescopes are 'looking downward'. Most
off the up-going muons are produced by atmospheric neutrinos that have traversed the
Earth.. These neutrinos form a largely irreducible background for the study of cosmic
muonn neutrinos.
AA diffuse flux of high energy cosmic neutrinos, which may be the combined result
off many unresolvable neutrino sources, could only be detected above the atmosphericneutrinoo background at very high energies, where the atmospheric neutrino flux is low due
too the steep energy spectrum (see [38] for a recent study of the sensitivity of ANTARES
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1) )

Figuree 2.2: Signatures of the event topologies occurring for different types of neutrino
interactions.interactions. 1) Neutral current interaction producing only a hadronic shower. 2) Charged
currentcurrent (CC) interaction of a ve, initiating an electro-magnetic and a hadronic shower. 3)
CCCC interaction of a v^ producing a long range muon. 4) CC interaction of a vT, producing
aa T that decays after some distance.

too diffuse fluxes). On the other hand, individual astrophysical objects emitting sizable
neutrinoo fluxes could show up above the background as an excess of neutrino events from
aa particular direction. The search for these 'point sources' is the subject of chapter 6
off this thesis. In contrast to diffuse neutrino fluxes, the detection of a point source will
probablyy allow for immediate identification of the (type of) source object by correlating
withh other (e.g. optical or X-ray) observations.
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Cherenkov radiation

Cherenkovv radiation is emitted by particles that travel through a transparent medium
withh a velocity that exceeds the speed of light in the medium. The radiation is emitted at
aa characteristic angle with respect to the track. This angle is called the Cherenkov angle.
6c6c and is given by
0 rr = arccos f — J ,

(2.1)

wheree 3 is the velocity of the particle expressed as a fraction of the speed of light in
vacuum,, c, and n is the index of refraction of the medium. For highly relativistic particles
{:i{:i « 1) in water. 0C is about 42.5°.
Thee number of Cherenkov photons is given by [41]
dNdNyy

_ 2na. /

1 \

wheree a is the finestructure constant, A is the wavelength of the Cherenkov photon. This
amountss to 3.5 x 10'1 photons emitted at wavelengths between 300 and 600 nm per metre
off track

2.22

The ANTARES detector

ANTARESS is an acronym for 'Astronomy with a Neutrino Telescope and Abyss environmentall RESearch\ The ANTARES collaboration is building a neutrino telescope in the
Mediterraneann Sea, at a depth of 2.4 km. The detector site is located roughly 40 km off
thee coast of the south of France at a latitude of 42°50 (see figure 2.5). The schematic
layoutt of the detector is shown in figure 2.4.
Thee basic building blocks of the detector are the Optical Modules (OMs). A schematicvieww and a photograph of an OM are shown in figure 2.6. Each OM consists of a pressure
resistantt glass sphere with a diameter of 43 cm, which houses a photomultiplier tube
(PMT)) and the electronics that provide the high voltage. The P M T is glued to one of the
hemispheress with transparent silicone rubber gel. The other hemisphere is painted black
andd houses a 'penetrator' which provides the electrical connection between the inside and
thee outside of the OM. The photomultiplier tube selected for the ANTARES detector
iss the Hamamatsu R7081-20 which has a diameter of 10 inches and has 14 amplification
stages.. The timing resolution of the PMT is one of the key parameters that determine the
angularr resolution of the detector. It is determined by the spread in the transit time. This
transitt time spread (TTS) is about 1.3 ns (RMS) for this PMT. When optimally oriented,
thee projected area of the photocathode is 440 cm 2 , which corresponds roughly to the
diameterr of 10 inches. A large part of the P M T is enclosed in a cage of high permeability
metall (//-metal), which serves to shield the Earth's magnetic field, thus optimising the
uniformityy of the P M T response. A detailed description of the ANTARES optical module
andd the assembly procedure is given in [42].
Threee OMs are grouped together to form a 'floor', which is depicted in figure 2.8. The
fieldd of view of the OMs is oriented downwards, at an angle of 45 degrees with respect to
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Figuree 2.4: Schematic layout of the ANTARES detector. Three optical modules, containinging one PMT each, together with a local control module make up a 'floor'. Each string
consistsconsists of 25 floors and is connected to the junction box. The data are sent to the shore,
wherewhere they are processed by a computer farm situated in the shore station.

thee vertical. The OMs are fixed to a titanium structure, called the optical module frame,
thatt provides the mechanical connection to the vertical cable. This structure also houses
aa container for the electronics, called the Local Control Module (LCM).
Fivee floors are grouped together to form a sector, which is a stand-alone unit as far as
thee power distribution and Data AcQuisition (DAQ) systems are concerned. Each sector
containss a Master Local Control Module (MLCM), that collects the data produced in the
floorss of a sector and sends them to shore. A prototype sector has been built and operated
inn 2003. The obtained results will be discussed in section 2.4.
AA full string will consist of five sectors (25 floors). The distance between two adjacent
floorsfloors is 14.5 m. The bottom 100 m of a string is not instrumented to allow for the
developmentt of the Cherenkov cone. Located at the bottom of the string is the bottom
stringg socket (BSS). which houses a dead weight, which keeps the string on the sea bed. To
alloww strings to be recuperated, they can be released from the BSS by issuing an acoustic
commandd from a ship on the surface. The strings are held upright by a buoy located at
thee top.
Thee full detector will consist of 12 strings, which brings the total number of OMs to
33 x 25 x 12 = 900. The position of the strings on the sea bed is shown in figure 2.7.
Eachh string will be connected to a central junction box, which provides the connection to
thee 40 km long cable to the shore station located in the village of La Seyne-sur-Mer (see
figuree 2.5). This cable was deployed in October 2001 and the junction box was connected
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Figuree 2.5: Location of the ANTARES site. The distance to the south coast of France is
roughlyroughly 40 km.
too it in December 2002.

2.33

Data acquisition and calibration

Ass was mentioned earlier, each sector has an independent Data AcQuisition (DAQ) system.. This is schematically depicted in figure 2.9. Various aspects of the DAQ system are
discussedd below.

2.3.11

Clock system

Thee reconstruction of muon tracks relies on accurate determination of the arrival times
off the Cherenkov photons. The signals from the PMTs are time-stamped by the local
electronics.. For this, a (20 MHz) master clock signal is generated on the shore station
andd is distributed through an optical fibre network to local (slave) clocks in the LCMs.
Offsetss between the local clocks are induced by differences in the optical path lengths
involvedd in the distribution of the clock signal. In order to measure this optical path
length,, a calibration signal can be sent to an LCM which is then returned via the same
opticall path. From the delays between the sent and returned signals, the relative offsets
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Figuree 2.6: Schematic view and a photograph
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off the clocks in the LCMs are determined.
Inn order to correlate the data with other observations (e.g. from satellites detecting
gammaa rays bursts), an absolute timing accuracy of the order of a millisecond is required.
Thiss is realised by linking the master clock to the Global Positioning System (GPS).

2.3.22

Hit digitisation

AA front-end chip, called the ARS (Analogue Ring Sampler) [43] is used to digitise the
analoguee P M T signal. The digitisation is triggered when the voltage crosses a certain
thresholdd (typically the equivalent of 0.3 photo-electrons).
Thee ARS produces 'hits' by time-stamping the analogue signal and by integrating
thee current on the anode over a programmable time interval (25-80 ns). This yields an
estimatee of the charge, which can be related to the number of photo-electrons (p.e.).
Thee time-stamp is provided by the local clock of the LCM. Sub-nanosecond precision is
achievedd by a time-to-voltage converter (TVC) that is used to interpolate between two
subsequentt clock pulses. The voltage provided by the TVC is digitised with an eight-bit
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Figuree 2.8: Drawing of the optical moduleule frame showing the three optical module
spheresspheres and the cylindrical container for the
electronics.electronics. The (glass) cylinder at the top
houseshouses the optical beacon (see section 2.3.4).
AA hydrophone is visible on the left-bottom of
thethe picture.

analogue-to-digitall converter. The maximal attainable timing resolution of the ARS is
thereforee (20MHz)- 1 x 256" 1 « 0.2 ns.
Thee ARS can sample a complete pulse on the P M T anode. To minimise the bandwidth
requirements,, this option is only triggered for pulses with large amplitudes or when the
signall resembles a double pulse. The ARS decides autonomously whether one of these
criteriaa is met. The pulses are sampled with a programmable frequency (up to 1 GHz).
Inn this thesis, we assume that this 'waveform mode' is permanently disabled.
T h ee digitisation procedure induces dead-time on the ARS. In order to reduce the
effectt of this dead time, each P M T is read out by two ARSs, which alternately digitise
thee analogue pulses.

2.3.33

Data transport and processing

Thee time and charge information of each hit is sent to the shore. This scheme eliminates
thee need for an off-shore trigger, but it requires a high bandwidth data link from the
detectorr to the shore as the expected average count rate of about 70 kHz per P M T results
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Figuree 2.9: Schematic drawing of the DAQ
systemsystem of a sector. The signal path from
thethe OMs to shore (and vice versa) is indicated.cated. The analogue signals of the PMTs
areare digitised by the ARS chips, processed
inin the LCM and transmitted to shore via
thethe MLCM. Also indicated is the clock system,tem, which distributes a clock signal from
thethe master clock on shore to the local (slave)
clocksclocks in the LCMs. The local clocks providevide the time to the ARSs. The numbering
schemescheme of the floors, OMs and ARSs will be
usedused in section 2.4.

inn a data rate of about 625 M b / s for each detector string.
Thee data produced by the ARS chips are formatted by the processor in the LCM and
aree then sent to the MLCM. From there, the data are transmitted to shore via a 1 Gb
opticall Ethernet link. On shore, the data are processed using a computer farm. Finally,
thee events found are written to disk for off-line analysis.

2.3.44

Calibration

T i m i n gg calibration
Ass explained in section 2.3.1, the relative delays between the slave clocks can be measured
internallyy by the clock system. This measurement does not take into account the transit
timee of the PMT, which depends on the high voltage put on the P M T and which may
changee during the operation of the detector. The transit time can be measured by flashing
aa LED located inside the optical module (see figure 2.6) which illuminates the back of the
photocathode.. Since both the LED trigger and the resulting P M T signal are recorded by
thee ARS, the transit time can be determined directly.
Inn addition to the clock system and the LED calibration, there are two systems that
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aree intended for calibration of the whole system. For this, four floors per string will be
equippedd with an "optical beacon'. This device consists of a set of pulsed LEDs which
illuminatee a number of OMs on neighbouring strings. The analysis of the resulting hit
timess provides the overall calibration of the P M T and the clock system. In addition there
willl be a similar system which employs a powerful pulsed laser located at the bottom of
aa string to illuminate a large part of the detector.
P o s i t i o nn c a l i b r a t i o n
Sincee the optical modules are mounted on flexible strings, their positions and orientations
aree influenced by currents in the sea water and must therefore be monitored. The orientationn of each optical module frame is measured by a compass and a tiltmeter located inside
thee LCM container. In addition, one in five floors will be equipped with a hydrophone
whichh records acoustic signals from transmitters located at the bottom of the strings.
Measurementss of the propagation times of these signals can be used to determine the
positionn of the hydrophones. Together, the measurements from the tiltmeters. compasses
andd the acoustic system provide a measurement of the relative position of the OMs with
ann accuracy of a few centimetres.
Thee absolute geographical position of the detector will be determined with an accuracy
off a few metres during string deployment. The absolute orientation of the detector must
bee measured with an accuracy smaller than 0.1° (i.e. smaller than the expected pointing
accuracyy of the detector). This will be accomplished by a set of additional transponders.
Theirr positions are measured with respect to the detector and with respect to a ship at the
surface.. The absolute position of the ship is determined using an on-board GPS system.
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Sector line

Inn this section, the first results obtained with a prototype sector line are presented. Becausee the sector is the basic building block of a full string, the construction, deployment
andd operation of the sector line have been important tests of the hardware and operational
methods.. The first data were obtained while the sector line was located in a dark room in
thee laboratory. As will be shown in the next section, these data could be used to verify the
timingg accuracy of the detector. The sector line was then deployed at the ANTARES site
inn December 2002. The connection to the already deployed junction box, which provides
thee connection to the shore station via the main electro-optical cable, was made on March
17,, 2003. Since then data were taken almost continuously until the recovery of the line
onn July 10, 2003, allowing a study of the optical background at the ANTARES site.
Thee DAQ and clock systems of the sector line are identical to those designed for the
finall detector. They were discussed in section 2.3. The convention we use in this section
forr numbering the floors, OMs and ARSs is given in figure 2.9.

2.55

Sector line dark room results

Figuree 2.10: Photograph of the sectortor line while it was located in the
darkdark room. The OMs were covered
withwith Rower pots. The PMTs could
bebe illuminated simultaneously by a
lightlight from a (common) laser that
waswas distributed to the bottom of
eacheach flower pot through fibres of
identicalidentical length.

Inn order to verify the functioning of the PMTs and the DAQ system and to determine
thee timing accuracy, the sector line was tested in the laboratory prior to deployment. The
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OMss were illuminated by a pulsed laser with a pulse width of about 100 ps. The light from
thee laser was distributed to the OMs through optical fibres of equal length, thus ensuring
thee simultaneous arrival of light at each OM. In order to avoid indirect illumination, the
sensitivee surfaces of the OMs were shielded by plastic pots, as is shown in figure 2.10.
AA diffuser at the bottom of the pots, ensured uniform illumination of a large fraction of
thee photocathode. Data were taken using the standard DAQ and clock systems. Below
wee describe how these data are used to calibrate the timing system and to determine the
overalll timing accuracy.

2.5.11

TVC calibration

Thee digitised hit times produced by the ARS consist of two components. The first componentt is the value of the 20 MHz clock, which is synchronised to the on-shore master clock.
Thee second component consists of a one-byte value that is obtained by the digitisation
off a time-to-voltage converter (TVC). The TVC value corresponds to an interpolation of
thee time between two consecutive clock ticks.
Inn order to minimise dead-time, each ARS chip is equipped with two TVCs. Each
T V CC must be calibrated individually. This calibration is performed using histograms of
thee output value U of the TVCs. An example of such a histogram is shown in figure 2.11a.
Ass can be seen, only part of the full dynamic range of the TVCs is used. The minimal
andd maximal values of U differ per TVC, but the design ensures that each TVC maps a
timee domain of a full clock period, which was 50 ns during the test. The relation between
T V CC value U and hit time t is given by

t=t= ([lr'UT°\

X50DS + C

(2.3)

wheree Uo and U$Q are the minimal and maximal values of the TVC respectively and C is
ann arbitrary constant.
Althoughh the TVC output in figure 2.11 shows non-statistical fluctuations that are
relatedd to the digitisation process, the distribution is uniform on a scale of several bins.
Thiss is expected as the input signals of the TVC are uncorrected with respect to the
clock.. The uniformity of the TVC output is illustrated in figure 2.11b, which shows the
cumulativee distribution, which is normalised to the known time interval of 50 ns. This
distributionn is well described by a straight line fit. From the line fit, the values of U0
andd t/50 are obtained using equation 2.3. The deviation between the straight line fit and
thee cumulative distribution of the TVC values is shown in figure 2.11c. It shows that the
slightt non-linearity of the TVC induces errors of the order of 0.1 ns.

2.5.22

Time offsets

T h ee clock signal is distributed to each floor using optical fibres of different length, which
resultss in time offsets between the local clocks in the various floors (typically 120 ns
betweenn two adjacent floors). Furthermore there are differences in the delays associated
withh the transit time of the PMTs and the electronics. The relative offset of each ARS
chipp and the timing resolution can be determined using the laser calibration system.
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Inn order to determine the relative offsets, the laser was flashed at a typical rate of
2500 Hz. The distribution of the time differences between all pairs of hits occurring in
aa 13 ms time window on two ARS chips on different PMTs is shown in figure 2.12. In
thiss plot, ARSs 1 and 6 are used, which are located on adjacent floors. The central peak
(At(At « 0 ms) is caused by pairs of hits from the same laser flash. The other peaks are
formedd by pairs of hits that are caused by different laser flashes. The observed time
differencee between the peaks (4 ms) corresponds to the rate of the laser flashes (250 Hz).
Thee offset between the two ARSs was obtained from the (fitted) mean of the central peak.
Inn figure 2.13 the offsets of the ARSs with respect to a reference ARS (no. 0) are shown.
Ass expected, the differences in the fibre lengths result in offsets of about 120 ns between
adjacentt floors. The differences in fibre length have also been measured using the internal
calibrationn mechanism of the clock system (see section 2.3.1). The offsets that remain
afterr correction for these delays are shown in figure 2.13b. They are of the order of a
feww nanoseconds. The strong correlation between offsets of ARSs connected to the same
P M TT suggests that these offsets could be largely due to differences in the transit time of
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function. function.

thee PMTs. Note that no data point is present for ARS 25; for unknown reasons, this chip
hass never functioned after the sector line was built.

2.5.33

Time resolution

Besidess the time offsets in the system, the overall time resolution of a single ARS (including
thee P M T ) can also be determined from the distributions of the time difference between
pairss of ARSs. In this case, the width of the distributions is used. If the underlying
responsee functions are Gaussian and uncorrelated, the width of such a distribution is a
quadraticc sum of the widths of the response functions. The resolution obtained with a
particularr ARS. <7;, can then be estimated from the measured widths of the distributions
off the time differences with two other ARSs which are labelled j and k:
aa

<<

=^CTu+(Jl

'jki 'jki

(2.4) )

wheree o,j is the width of the distribution of the time differences between ARSs i and j .
Equationn 2.3 has been applied for several combinations of j and k. In the ideal case,
thee value of of should be independent of the choice of j and k. A small dependence
has,, however, been observed. The reason for this is that the response of the ARSs is not
perfectlyy Gaussian. The spread in the obtained cr, is interpreted as the uncertainty on the
determinationn of the time resolution.
Thee time resolutions of the ARSs are shown in figure 2.14 for two different laser
intensities.. Unfortunately, no quantitative measurements of the laser intensity were made.
T h ee time resolution obtained with the low laser intensity is in reasonable agreement with
thee known TTS of 1.3 ns. The higher laser intensity yields a better time resolution,
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whichh is expected because the TTS is decreased when multiple photons are detected
simultaneously.. This is because the transit time is effectively determined by the photoelectronn with the smallest transit time. The spread in the arrival time of the first photoelectronn decreases if the total number of photo-electrons increases. ARS 24 exhibits a
muchh worse time resolution than all the others. The reason for this is not understood,
butt is likely to be related to the failure of ARS 25, which is connected to the same PMT.
Itt can be concluded that the time resolution achieved with the sector line in the
darkk room is in agreement with the 1.3 ns that was expected and which is used in the
simulationss in this thesis. In chapter 5 it will be shown that such a time resolution is
sufficientt to reconstruct the directions of muons with an accuracy of ~ 0.2°.
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Results from the deployed sector line

Itt was planned to measure atmospheric muons with the deployed prototype sector line.
However,, the accurate determination of the relative photon arrival times proved to be
impossiblee due to a technical problem with the distribution of the reference clock signal.
Afterr recovery of the line, the cause of the problem was found to lie in a defect in the string
cable.. When the cable is immersed, the combined effect of the defect and the high pressure
causess excessive optical attenuation in the fibre that was used for the distribution of the
clockk signal. A different cable design will be used in the future to prevent this problem.
Thee only measurements that were possible while the sector line was deployed were
measurementss of the intensity of the optical background. A typical time series of the
backgroundd rate is shown in figure 2.15. The optical background consists of a 'baseline',
whichh gives a continuous contribution to the count rate, and of bursts, which increase the
countt rate to up to several MHz over time-scales of the order of a second. The baseline
iss probably formed by a combination of light from decaying radioactive elements ( 40 K)
inn the sea water and a diffuse bioluminescence background. The 'bursts' are thought to
bee produced by organisms hitting parts of the detector, which stimulates them to emit
light.. There are both isolated bursts, seen by a single OM, as well as bursts that are seen
byy two or more OMs in the triplet. The former could be due to organisms hitting the
OMM itself, while the latter are probably due to collisions with the vertical cable. Also
inter-floorr correlations are sometimes observed.
Overall,, the data can be summarised by two quantities: the baseline rate, which is
definedd as the median of the recorded count rate in a 15 minutes interval, and the burst
fraction,, which is defined as the fraction of time the count rate exceeds the baseline rate
byy more than 20%. These two quantities were monitored over almost the full data taking
period.. The results are shown in figure 2.16. Both the baseline and the burst fraction
showw some long periods of increased activity.
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Figuree 2.15: The count rate recorded by the OMs on one of the floors as a function of
time. time.
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Figuree 2.16: The baseline rate and the burst fraction as a function of time.
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Whilee it had been foreseen that down-going muons would be reconstructed with the
prototypee sector line, this was not possible due to technical problems. However, the count
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ratee could be measured, allowing a study of the optical background at the ANTARES
site.. It turns out that this background is often higher than previously expected. For the
simulationss in this thesis, a constant background rate of 60kHz was assumed, which now
appearss to be optimistic for a large fraction of the data-taking time. The implications of
thee higher background on the physics potential of the detector remain to be studied in
detail. .
Thee preceding measurements in the laboratory have shown that the time resolution
obtainedd with the total system is roughly 1.3 ns, in accordance with expectations.
Att the moment of writing, it seems likely that the collaboration will decide to fix the
problemss that have come to light during immersion and to re-deploy the sector line in
2004.. It is planned that the full detector will be completed in 2006.
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