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KM3NeT is an underwater neutrino telescope which detects the Cherenkov radiation created
by the products of neutrino interactions. To accurately reconstruct neutrino events, a precise
determination of the position and orientation of the optical modules, which detect the Cherenkov
radiation, is required. As the detector elements sway with the deep sea currents, a continuous
tracking of the positions and orientations is necessary. A network of acoustic emitters and
receivers is used to position the optical modules. Their orientation is determined by compasses
placed in each optical module. This contribution presents the methods to perform the position and
orientation calibration of the KM3NeT telescope. The positions of the optical modules need to be
resolved with an accuracy of better than 20 cm in order to achieve the envisaged angular resolution
of the KM3NeT/ARCA telescope of 0.05 degrees. The orientations of the optical modules need
to be resolved with an accuracy of about 3 degrees in order to not compromise the quality of the
event reconstruction.
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1. Introduction

KM3NeT is an underwater neutrino telescope located at two sites in the Mediterranean sea.
Neutrinos are indirectly detected by the products of their interactions in the sea water, which produce
Cherenkov radiation. The ORCA'! detector, off the coast of Toulon, is used to measure atmospheric
neutrino oscillations, and the ARCA? detector, off the coast of Sicily, is used to search for neutrinos
from astrophysical sources.

Cherenkov radiation is measured by photo-multiplier tubes (PMTs) placed in pressure-resistant
glass spheres called Digital Optical Modules (DOMs). Each DOM houses 31 PMTs, the front-end
and readout electronics and calibration devices, which are relevant to this work [1]. Eighteen optical
modules are attached to two vertical Dyneema® ropes via a titanium collar, forming the detection
units (DUs). DUs are attached to an anchor to ensure a fixed position at the sea bed, while at the top
a buoy is placed to reduce its movement. Due to the different science goals of ARCA and ORCA,
the detectors are build to be sensitive to higher energy (TeV-PeV) and lower energy (GeV-TeV)
neutrinos, respectively. This is achieved by a different inter-DU and inter-DOM spacing, which
results in about 700 m long detection units for ARCA and 200 m for ORCA [2].

To accurately reconstruct neutrino events, a precise determination of the position and orientation
of the optical modules is required. However, the detection units tilt with the sea current, causing a
displacement of the optical modules, and twist around their vertical axis, modifying the orientation
of the PMTs. Hence, a continuous tracking of the positions and orientations of the optical modules
is necessary. The optical module positions are determined by an acoustic positioning system, while
their orientation is determined by compasses.

In this contribution we present the methods used to determine the fixed or static parameters
in the system, as well as the dynamic position and orientation calibration of the optical modules.
To achieve the envisaged angular resolution of the ARCA detector of 0.05 degrees, the positions of
the optical modules need to be resolved with an accuracy of better than 20 cm, which corresponds
to a hit time uncertainty of around 1 nanosecond in water. The optical modules orientation need
to be resolved to an accuracy of about 3 degrees, to not compromise the event reconstruction
quality [2]. The present calibration method concerns the relative positions and orientations of the
optical modules, but not the absolute position and orientation of the detector. The second has to
be determined with a different approach, as dedicated sea operations or studying the atmospheric
muons created by cosmic rays shadowed by the Moon or Sun [3].

2. Acoustic position calibration

2.1 Acoustic positioning system

Piezo-electric acoustic sensors are housed within the optical modules and external piezo sensors
are located at the base modules of the detection units. The latter are not yet used for the position
calibration. The emitters are placed in autonomous tripod structures on the sea bed, on some of
the anchors of the detection units and on some of the electrical junction boxes where the detection
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units are connected [4]. In Fig.1 the footprint of the current configuration of the ARCA and ORCA
detectors are shown, indicating the location of the detection units and the emitters.
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Figure 1: Footprint of the current (a) ARCA and (b) ORCA detector configurations. The x and y direction
correspond to easting and northing with respect the detectors reference frame. Detection units are represented
by black dots, autonomous acoustic emitters by red squares and emitters on the base modules by blue triangles.

The emitters are distributed within the detector footprint, ensuring a proper positioning of
the optical modules in the horizontal plane, as well as their height. The emission pattern of the
autonomous emitters, which are battery powered, is of the order of 10 consecutive emissions or
pings every 10 minutes. The emitters which are connected to the base modules or junction boxes,
emit continuously, approx. 1 ping every 30 seconds. Each of the emitters has an specific frequency,
which is recognised by an acoustic data filter. The filter matches the corresponding waveform of the
signal with the raw data, giving as output, among others, a time-of-arrival and an emitter identifier.

2.2 Acoustic fit

From each recorded time-of-arrival a preliminary estimation of the time-of-emission is com-
puted assuming the nominal position of the optical modules that recorded the signal. If enough
optical modules measure an emission within a certain time window, an acoustic event is triggered.
The acoustic fit takes as input a set of acoustic events and fits a model of the detector geometry to
the acoustic data. The set consists on acoustic events within a time window of 10 min, during which
detector elements are assumed to not move significantly. This ensures that pings from all emitters
are used for the fit.

The model describing the detector geometry is parameterised as a function of fixed or static
parameters and dynamic parameters, the latter fitted every 10 min. The fixed parameters consist of
the anchor position of the DUs; the height of each DOM in the DU; the piezo-sensor position in the
base module, which depends on the anchor orientation; and the emitter positions on the sea bed.
For the fit are also required two fixed mechanical model parameters describing the DU shape, which
are computed beforehand, and the sound velocity at the detector depths, which has been measured.
The dynamic parameters are 2 tilt angles and their second order corrections; a dynamical stretching
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factor, which describes the creep and stretching due to the tilt, of the Dyneema® ropes holding the
DU together; and the time-of-emission of each ping.
The equation relating the times of flight with the detector geometry is the following:

1510, j1 = to+ | Xoli] + AX[d, j] -3 | v (1)

Where 1 [7, j] is the time-of-arrival at DU i DOM j of emitter c, 7, is its time-of-emission,
Xoli] is the position of the DU anchor, AX[i, j] is a vector from the anchor of the DU to DOM j 3,
X€ is the position of emitter ¢ and v is the average speed of sound in between emitter and receiver.

The vector AX[i, j] is described as a function of the mechanical model of the detection unit and
its tilt and stretching. The mechanical model of the detection unit describes its curvature with respect
to the vertical considering the buoyancy and the drag force of all elements [5]. In the following
equation the effective height, given the nominal height of the DOM z(, the phenomenological
parameters a and b describing the curvature of the DU and a stretching factor (1 + @), is shown.

Z=(+a)zo+blog(l-a (1+a) z) 2)

The tilt is represented by a unit vector T = (T, Ty, (1 - Tf - Tyz)l/ 2), where T, and Ty are the
gradients of the x and y positions in the z’ direction. The components of the AX[i, j] vector in Eq.1
can be expressed in the following way:

Ax[i, j1 = To[i12'[i, /1 + T i (207, 1) 3)
Ayli, j] = Ty [i12'[i, ] + T [1) (2o, 1) (4)
Az[i, j1= (1 +alil)zoli, j1) Q)

where z’[i, j] is the effective height and follows Eq.2, considering the dependence of the
parameters of each DOM or DU. Second order corrections of the tilt (T)Ez), Ty(z)) are taken into
account to compute the horizontal displacement of the DOMs. These are introduced to correct
for possible features not taken into account by the mechanical model, for example, the effect of
varying sea currents. The vector component Az[i, j| is obtained by computing the length of the
DU, (1 + @)zo, as a function of the height z and inverting the equation. This is computed from the
horizontal displacements and effective height.

2.2.1 Minimisation method

The fit minimises the y2, which is the sum of differences between the measured and modelled
times of arrival normalised by an assumed resolution, chosen to be 50 s (~ 7.5 cm). Each measured
time of arrival involves 6 dynamic parameters: 2 tilt angles and their second order corrections, a
stretching factor and the time-of-emission. Given that a 10 min data set is used as input to the fit,
the number of free parameters amounts to ny = Zf‘;’  ni + SN, where M is the number of emitters,
n; the number of emissions within 10 min per emitter, and N the number of DUs. The number of
data points corresponds to n,, = Zf‘f (ni - N - 18, where 18 is the number of optical modules in a
DU. As a result, the number of degrees of freedom is very large NDF = n,, — ny, increasing with

3To ease the calculation, the third component of X [{] is set to 0 and the nominal height zq is incorporated in AX[i, j].
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each new emitter, receiver or detection unit. The fit uses a Lorentzian M-estimator to mitigate the
effect of possible outliers.

2.2.2 Determination of the fixed parameters

The values of the fixed parameters are determined after the deployment of each new detection
unit or acoustic emitter. For this, a fit of multiple fits is required, not only to determine the dynamic
parameters, but also the fixed ones. The fixed parameters amount to 4 per DU (position and initial
stretching), 1 per DOM (height) and 3 for each emitter (position). A set of static parameters is used
to fit the dynamic ones, and a conjugate gradient method is implemented to determine the fixed
parameters minimising the y2. The less constrained fixed parameters are varied first.

2.3 Dynamic calibration

The dynamic parameters are fitted every 10 min, updating the tilt and stretching of each DU,
hence, the displacement of the optical modules. In Fig.2a and 2b, the tilt (') amplitude and
orientation are shown for four months of the ORCA detector, with a configuration of six detection
units. A coherent movement between the detection units is observed in both plots. In Fig.2d and
2e, the square of the sea current speed and the direction are displayed, measured at the detector
location during the same period as the tilts. From the mechanical model of the detection units, the
square of the sea current speed should be proportional to the tilt. As can be seen, the two quantities
have a coherent behaviour, as well as the tilt orientation and sea current direction.

In Fig.3, the tilt amplitude and orientation for few days of the current ARCA detector, consisting
of 21 lines, is shown. The tilt reaches values up to 100 mrad (~ 5.7 deg), highlighting the importance
of the position calibration to achieve the envisaged angular resolution. The creep and dynamic
stretching of the detection units is shown in Fig.4, for the period of the ARCA detector with a
configuration of 6 detection units. The oldest detection unit, DU 9, shows a constant stretching,
since it had already been deployed for several months, while the other detection units show a creep
due to their adaptation to the medium.

In Fig.5, the residuals of the fit for one detection unit during two different periods of the
ARCA detector are shown. The residual distributions in Fig.5a correspond to the period shown in
Fig.3, during which extremely high tilts are fitted. The residuals expand beyond +100 us (~ 15
cm), specially for the top optical modules of the detection unit. Instead, the distributions in Fig.5b
correspond to a period with low tilts, and are well contained within a range of 100 us.

3. Orientation calibration

3.1 Compass system

A magnetometer and accelerometer are integrated in each optical module, referred to as
"compass”, which can provide the yaw, pitch and roll of the module [1]. The compass data
is continuously recorded every 10 sec and calibrated with in-lab compass measurements. To
convert the calibrated data to yaw, pitch and roll, a correction for the magnetic declination and the
meridian convergence angle needs to be applied, which is different in the two sites of the detector.
The compass data is converted to quaternions, which are a compact way to describe rotations:
Q = (cos (8/2),sin (0/2)i1), where 0 is the rotation angle around the axis .
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Figure 2: (a) Tilt amplitude for each detection unit. (b) Tilt orientation for each detection unit. (c) Twist of
the optical modules from detection unit 11. The different modules are indicated by a number corresponding
to their position along the DU; 1 for the lowest module, 18 for the top one. (d) Square of the measured sea
current velocity. (e) Measured sea current direction. All plots are for the same period, which comprises four
months of the ORCA detector with a configuration of six detection units.

3.2 Static calibration

An in-situ calibration of the optical module orientations is done, which consists of the alignment
of the modules for each detection unit. This is applied by fitting the compass data within a time
window of 10 min, to a model of the DU twist around the vertical axis. The model is a polynomial
function, where Q( represents the tilt of the DU and Q represents its twist around the vertical axis,
which depends on the height of each module z;. The model ensures a continuous change of the

twist along the DU.
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Figure 3: a) Tilt amplitude and b) tilt orientation, for a few days period of the current ARCA detector, with
a 21 detection units configuration. The different lines indicate different detection units.
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Figure 4: Stretching as a function of time for the ARCA detector, during the period it had a 6 detection units
configuration.

Q=000 ©)

Multiple fits are performed during a period in which the DUs do not move significantly. The fit
minimises the y2, defined as the square of the shortest angle between the measured and modelled
quaternion of the DOMs within a DU, normalised by an assumed resolution of 1 deg. The average
residual between the modelled and measured quaternion constitutes the alignment of the DOM.

3.3 Dynamic calibration

The orientation of the optical modules are updated every 5 min, using the continuous recording
of compass data. After applying the lab calibration and the alignment of the compasses, the data is
filtered by removing measurements that deviate more than 5 deg from a local interpolation of the
time-ordered data. In case a DOM does not record data, an interpolation with the neighbouring
DOMs measurements is applied to find its orientation. In Fig.2 the dynamic orientation of the
DOMs of the detection unit 11, during four months of the ORCA detector with a configuration of
six detection units, is shown. The DOMs move coherently among themselves as well as with the
tilt amplitude and orientation variations derived from the acoustic data.
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Figure 5: a) Residuals of the fit for a detection unit of the current ARCA detector, during the period shown
in Fig. 3. b) Residuals during a period with small values of the tilt. The colour scheme indicates the floor of
the modules; 1 for the lowest module, 18 for the top one.

4. Conclusion

Acoustic positioning and orientation methods are developed to calibrate the static and dynamic
positions and orientations of the optical modules. These are cross-checked by a muon calibration
technique, which exploits the muon track reconstruction to find the optimal orientation, position and
time reference of the optical modules. The positions are found to agree with the muon calibration
within a range of +£10 cm while the orientations show an agreement within a range of less than
+3 deg [6]. The agreement is within the required specifications to achieve the envisaged angular
resolution of the KM3NeT telescope.
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