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Abstract

:

The KM3NeT underwater neutrino telescope comprises thousands of optical modules forming 3D arrays to detect the Cherenkov light produced by particles generated after a neutrino interaction in the medium. The modules are arranged in detection units—vertical structures with 18 modules at different heights, anchored to the seabed and kept vertical by the buoyancy of the optical modules and a top buoy. The optical modules are, thus, subject to movements due to sea currents. For a correct reconstruction of events detected by the telescope, it is necessary to know the relative position and orientation of modules with 10 cm and a few degrees accuracy, respectively. For this, an Acoustic Positioning System with a piezoceramic transducer installed in each module and a long baseline of acoustic transmitters and receivers on the seabed are used. In addition, there is a system of compass and accelerometers inside the optical modules to determine their orientation. A model of mechanical equations is used to reconstruct the shape of the detection unit taking as input the information from the positioning/orientation sensors and using the sea current velocity and direction as free parameters. The mechanical equations take the buoyancy and the drag force of the elements of the detection unit into account. This work describes the full process that is implemented in KM3NeT to monitor the modules and the shape of the detection units from the measured position and orientation data.
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1. Introduction


The underwater neutrino telescope KM3NeT is under construction in the Mediterranean Sea aiming at a high-energy neutrino detector with high sensitivity. KM3NeT follows in the footsteps of ANTARES, which was the first underwater neutrino telescope in the Mediterranean Sea [1,2]. KM3NeT comprises arrays of Digital Optical Modules (DOMs) to detect the Cherenkov light generated by charged particles produced in neutrino interactions in the water [3]. A detection unit (DU) in KM3NeT is a vertical structure with a top buoy, anchored at the seabed and supporting 18 DOMs (Figure 1a).



KM3NeT is composed of two different detectors with different scientific aims (Figure 2a). The bigger is the Astroparticle Research with Cosmics in the Abyss (ARCA), located 100 km offshore from Portopalo di Capo Passero at a depth of 3500 m. ARCA is optimized for the search for high-energy cosmic neutrinos. It will be composed of two different detector blocks of 115 DUs with 690 m height. Its instrumented volume will be about one cubic kilometer [4]. The other detector of KM3NeT is Oscillation Research with Cosmics in the Abyss (ORCA), which is located 40 km offshore from Toulon at 2500 m of depth. This detector will contain 115 DUs with a height of 197 m. ORCA is optimized for the study of the properties of neutrinos [5].



Due to sea currents the DU-lines are in motion which causes the positions of the DOMs to vary. To reconstruct a neutrino interaction and its direction, it is crucial to know the DOM positions at the time of the detection with a precision of a few centimeters. Since GPS signals are not available on the ocean depth, the underwater neutrinos telescopes need a positioning system to monitor the position of DOMs in any time. For example, in the Baikal-GVD detector a Hydroacoustic Positioning System is used [6,7], and for the ANTARES detector a line shape model is used to simultaneously fit the data of the Acoustic Positioning System (APS) and the data from the compass-tiltmeter system [8].



KM3NeT positioning relies on the ANTARES line shape model, thanks to the demonstrated improvement [8]. KM3NeT uses an APS to measure the DOMs location and monitors the DOM orientations using an Attitude and Heading Reference System (AHRS). Both information systems help to monitor the location of the DOMs, but for an accurate measurement of the DOMs location data filtering and processing are necessary. This process applied to the APS and AHRS data is called “DU Line Fit”.



The DU Line Fit uses a mechanical model (MM) of mechanical equations using the information from the APS and AHRS systems to reconstruct the shape of the DU line. The aim of the DU Line Fit is to reconstruct the position of the DOMs with a precision of a few centimeters.



This article explains in detail how to obtain a good reconstruction of the shape of DUs in KM3NeT from raw position and orientation data; it justifies the filtering procedure and describes the mechanical model application.



For KM3NeT the DU Line Fit applications is validated by previous studies: the APS to location the DOMs [9], the simultaneously acquisition data by AHRS and APS [10], and the expected improvement of few centimeters in the MM implementation [11].



At this moment, ORCA has six DUs deployed and in operation. For ARCA, two DUs are deployed which currently are out of operation due to an upgrade of the seafloor network.




2. Methods


The DU Line Fit procedure is composed of three different parts: the acoustic part (APS), the compass part (AHRS), and the mechanical model part (MM). The DU Line Fit uses APS and AHRS raw data and uses the MM to analyze, process, and reconstruct the shape of the DU. In this section, all parts are explained in detail.



The instrumentation used in APS and AHRS is calibrated before deployment. For example, the acoustic emitters used in APS and the Printed Circuit Board (PCB) used in AHRS are calibrated before installation [10,12].



2.1. Acoustic Positioning System (APS)


The Acoustic Positioning System (APS) is focused on determining the position of every DOM. The APS provides the acoustic receiver position, but since its position is fixed and the orientation of DOM is also monitored, the position of the center of the DOM can be determined. The APS consists of acoustic emitters and receivers spread over the full detector. The emitters are Acoustic Beacons (ABs). Currently, ARCA and ORCA have three autonomous ABs each; the maximum distance between a DU-base and the ABs is less than 240 m. KM3NeT has two different types of acoustic receivers: a hydrophone installed on each DU-base and piezoceramics at the bottom inside every DOM. The APS uses the frequency range between 20 and 40 kHz [12].



The APS uses a triangulation method for positioning the receivers. To do this, it is necessary to know where the emitters are anchored and to know the Time of Emission (ToE). The accuracy of deployment location of the DU-bases and the ABs is about 2 m (absolute positioning system), but the accuracy of the relative APS on KM3NeT is few tens of cm [13,14].



2.1.1. Instrumentation in the APS


The ABs used by KM3NeT are autonomous, which means that the ToE is not controlled by the system. The autonomous ABs are mounted in tripods with a height of 5 m (see Figure 1c). They are programmed to emit acoustic waves for 1 min and switched off during 9 min after that. During the minute of emissions, the AB emits 1 pulse signal every 5 s. The pulse has a duration of 5 ms, it is a linear sweep-signal along 2 kHz in the frequency band of the emitter (see Figure 3). Each AB has a unique sweep signal that permits distinguishing and detecting it in the reception. The AB’s Sound Pressure Level (SPL) is around 180 dB (re 1  μ Pa/V at 1 m) in the 20–60 kHz range which allows for a good reception in the receivers [12].



Every DU-base has a hydrophone (see Figure 1d) installed at a fixed position on the anchor. The hydrophone is a Colmar DG0330. It is omnidirectional, stereo (first channel has +26 dB gain and the other channel has +46 dB gain) to avoid signal saturation, and it works in the 5–90 kHz range. Its Received Voltage Response (RVR) is around −176 dB (re 1 V/ μ Pa at 1 m) in the first channel and −156 dB (re 1 V/ μ Pa at 1 m) in the other channel [15]. This hydrophone permits the calculation of the ToE of the autonomous ABs and facilitates bioacoustic studies.



The piezoceramic sensor installed inside each DOM is an acoustic receiver basically used to monitor the position of the DOM. It is in an aluminum capsule with the pre-amplifier board (see Figure 1b) glued to the glass of the DOM facing downwards. Its RVR is −160 ± 6 dB (re 1 V/ μ Pa at 1 m) in the 10–70 kHz range [9].




2.1.2. Positioning Process


The autonomous ABs emit automatically pulsed acoustic signals which are registered by the receivers. The KM3NeT clock generation system works with an internal signal-clock of 25 MHz [16], so it controls the time-stamp of recorded acoustic signals. The receivers record at 195.3125 kHz sample frequency (25 MHz/  2   8  b i t s   − 1   ), so they can be used for receiving for signals with a frequency less than 100 kHz. The signals recorded are processed using a cross-correlation method in the frequency domain to determine the Time of Arrival (ToA) and identify its emitter. Assuming that the distance between emitter and receiver is known, and the sound speed gradient (  c  s o u n d   ) is estimated considering the environmental properties (the   c  s o u n d    along a DU is estimated between 1552.0 and 1563.8 m/s in ARCA, and between 1545.6 and 1549.0 m/s in ORCA [17]), it is possible to determine the ToE. From the ToA and the ToE values for three different emitters in the same receiver, it is possible to calculate the Time of Flight (ToF), so the distance, and do the triangulation to obtain the x, y, and z coordinates for every receiver [13,18].





2.2. Attitude and Heading Reference System (AHRS)


The Attitude and Heading Reference System (AHRS) in KM3NeT is focused on determining the orientation of every DOM. This information is important to determine where each Photomultiplier Tube (PMT) is and what its orientation is. It is provided by an accelerometer and a magnetometer in a PCB installed inside the DOMs. Combining their data, the rotation angles yaw ( ψ ), pitch ( θ ), and roll ( ϕ ) are determined and stored in the KM3NeT Data Base (DB). The boards used were designed by the KM3NeT Collaboration. The accuracy of the system is estimated to be smaller than 3.5 degrees [10].



The coordinate system of the Central Logic Board (CLB) of the DOM is defined relative to each DOM position (PCB position, see Figure 4a), so it is necessary to transform these coordinates to an absolute coordinate system for all DOMs (see Figure 4b). Once all DOM coordinates are defined relative to the same coordinate system, it will be possible to compare them and work with them as well. The following conversion matrix (obtained by the product of the three relevant rotation matrices [19]) is used to obtain the unitary z-vector of the DOM position in the new coordinate system:



The aim of this conversion is to determine the tilt ( α ) of the DOM position from the vertical of the DU-base. The tilt value ( α , represents the zenith angle in Figure 4b) provides information about the status of the sea current. In the next section (Section 2.3) the importance of this value is explained. Therefore, it is possible to calculate the tilt ( α ) value from yaw, pitch, and roll values using Equation (1).


  tan  ( α )  =     u x 2  +  u y 2     u z    



(1)




where  α  is the tilt value and   u x  ,   u y  , and   u z   are the coordinates provided by the matrix to obtain the unitary z-vector.




2.3. Mechanical Model (MM)


The mechanical model (MM) in the DU Line Fit for KM3NeT is a set of mechanical equations used to determine the position and orientation of every DOM from sea current properties and the position of the DU-base. The MM uses mechanical constants (  M  M  c o n s t .    ) calculated from the mechanical properties of all items in a DU [18].



The MM for the KM3NeT DU was designed based on the line shape model of ANTARES, where the zenith angle ( α , the tilt) at a given point of the line, is given by the ratio of the horizontal drag force Equation (3) and the vertical buoyancy forces Equation (4) summed over all line elements above the height z Equation (2) [8].


  t a n  α  =   F ( z )   W ( z )   = g  ( z )   



(2)




where  α  is the zenith angle (represents the tilts of the DOM) at height z (from start of the ropes at 1.1 m to the maximum height of the DU), that depends on the horizontal force   F ( z )   and vertical force   W ( z )  .


  F  ( z )  = f  ( z )    v 2  =    ∑  i = 1  18    f  D O M   +  f  c a b l  e i     +  f  c a b l  e  l a r g e         h − z  z   +  f  t o p  b u o y     v 2   



(3)




where   F ( z )   represents the drag force at height z of the DU (with h the maximum height). It depends on the drag parameter f of all elements and on the sea current velocity v.


  W  ( z )  =   ∑  i = 1  18    W  D O M   +  W  c a b l  e i     +  W  c a b l  e  l a r g e         h − z  z   +  W  t o p  b u o y    



(4)




where   W ( z )   represents the vertical force that is dependent on the buoyancy force W of all elements along it.



In the MM calculations, two lengths for the cable of the DU are recognized (cable and   c a b l  e  l a r g e    ) because the first part of the cable between DU-base and first DOM is considerably larger than the rest of the distances between DOMs. The sea current velocity is assumed to be the same along the entire line and the detector. By integration of   g ( z )   over z, the total displacement between the item in height z can be obtained Equation (5) [18]:


  r  ( z )  =  ∫  0  z  g  ( z )   d z = M  M  c o n s t .    ( z )  ·  v 2   



(5)




where   r ( z )   represents the vertical displacement in the height z of the line considering the sea current velocity v and the mechanical constants (  M  M  c o n s t .    ) of DU parts.



In the MM it is considered that   r ( z )   is determined by Equation (5). Therefore, by using the MM it is possible to predict the position of the DOMs along the line, given a sea current velocity value.



The ORCA location is less deep than that of ARCA. Mean values of sea current velocity for ORCA are around 5–7 cm/s, while in ARCA the values are around 2–3 cm/s. Figure 5 shows the application of MM in the reconstruction of the line shape for both cases, in intervals of sea current velocities from low to critical values.



Since the tilt value ( α ) of each DOM is proportional to the increase of displacement from its vertical position (r), it is possible to observe the biggest tilt value on of the lowest DOM in the DU (labeled Floor 1) because of   c a b l  e  l a r g e    . In Figure 6 the inclination of each DOM is shown derived from the tilt value measured at the lowest DOM.





3. The Detection Unit Line Fit


The DU Line Fit is the process that combines the data from APS and AHRS (as input parameters from the same DU) with the MM to determine the real position of the DOMs every 10 min. Once the input data is filtered from anomalous values and averaged, the shape of the DU is reconstructed using Equation (5) with the effective sea current velocity (v) as fit parameter. Then, the position and orientation of every DOM in the DU is obtained. Therefore, the line shape fit is applied for each DU, although the effective sea current direction and velocity values will be expected to be similar in all DUs of the same detector (these values will be controlled remotely). The procedure is as follows.



KM3NeT data are stored in RUN files, usually during a time window of four hours. The APS data are taken and processed every 5 s saving the value of the peak amplitude in the cross-correlation signal together with the timestamp of this maximum. The APS can distinguish if it is an AB emission or if it corresponds to noise. Then, the APS data are used to position each receiver (x, y, and z values) according to the valid time detection of the acoustic signals from the ABs. The AHRS data (yaw, pitch, and roll values) are recorded every 3 s. The DU Line Fit uses the mean values of the input parameters every 10 min (during 10 min the change in the position and orientation can be neglected since it is slow motion). In fact, the DU Line Fit will be usually applied once the RUN is finished, not as a real-time process.



The DU Line Fit takes the mean of the raw positioning and orientation values in a time window of 10 min as input. Studying the DOM positions (x, y, and z values) relative to the lowest DOM in the top view plane (bi-dimensional), it is easy to predict an effective sea current direction. Using the MM from APS and AHRS data it is possible to determine an effective sea current velocity. Then, the reconstruction of the DU shape is possible.



In summary (see Figure 7), the APS registers the ToA of AB signals in the receivers. It uses the ToA of the hydrophones (  T o  A  h y d r o s    ) and the distance between the hydrophones and the emitters (  d i s t E R  ) to estimate the ToE for each autonomous AB. With these ToEs and the sound speed gradient (  c  s o u n d   ), the ToF is calculated (  T o F = T o A − T o  E  A B    ). Once the ToF and the autonomous ABs position (  P o s _ A B s  ) are known, the acoustic detection system can position all acoustic receivers on the detector. At this point, in low sea current periods, it is possible do a first reconstruction using an interpolation function in 3D to obtain the position of the DOMs, smooth the fit and position. The AHRS saves the yaw, pitch, and roll value of each DOM. Analyzing these data it is possible to calculate the tilt value of the DOMs. Using the MM constants and equations, combining the position and tilt of the DOMs it is possible to assume effective sea current properties (v &  ω ) to reconstruct the shape of the DU.




4. Conclusions


The DU Line Fit allows for the conversion from raw data from acoustic and AHRS sensors to precisely determine the position and orientation of the DOMs in a DU. The accurate monitoring of the position ( 10 cm) and orientation (a few degrees) achieved by the mechanical model reconstruction from the input of the sensors is important for a correct reconstruction of detected events.



In this paper, we have described the systems and shown the use of the DU Line Fit system for measuring the line shape of the DUs in the KM3NeT telescope.
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	AB
	Acoustic Beacon



	AHRS
	Attitude and Heading Reference System
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	Acoustic Positioning System
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	Central Logic Board



	DB
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	Digital Optical Module



	DU
	Detection Unit



	MM
	Mechanical model
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	Printed Circuit Board
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	SPL
	Sound Pressure Level
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	Time of Arrival
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Figure 1. (a) Scheme of the detection unit in the KM3NeT detector. It is composed of a detection unit (DU)-base fixed to the anchor with a hydrophone installed among other instruments, 18 Digital Optical Modules (DOMs) (labeled Floor 1, ..., Floor 18), and the top buoy. (b) Encapsulated piezoceramic and electronic board with a pre-amplifier. It is the acoustic receiver installed at the bottom of each DOM. (c) Three autonomous Acoustic Beacons before their deployment at the Astroparticle Research with Cosmics in the Abyss (ARCA) site. (d) Hydrophone installed on the DU-bases of KM3NeT. 
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Figure 2. Footprint of KM3NeT at the sea bed. (a) The block of Oscillation Research with Cosmics in the Abyss (ORCA) has a radius of about 100 m and has 115 DUs. (b) ARCA is composed of two blocks of 115 DUs, each with a radius of about 500 m. 
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Figure 3. Pulse signal received (time scale is relative to detection time) by different DUs. The distinction of the Acoustic Beacon (AB) emitter is clearly observed in the spectrogram. (a) The AB pulse recorded by a hydrophone and its spectrogram. (b) The AB pulse recorded by a piezoceramic sensor in the lowest DOM (Floor 1 in Figure 1a) and its spectrogram. 
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Figure 4. (a) The Printed Circuit Board (PCB) axis system in each DOM and yaw ( ψ ), pitch ( θ ), and roll ( ϕ ). (b) The absolute coordinate system for a DU uses a unitary point to locate the relative position of the DOMs of the DU. 
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Figure 5. Mechanical model (MM) application to line shape in KM3NeT. (a) Line shape in ORCA for different sea currents values. (b) Line shape in ARCA for different sea current values. 
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Figure 6. Tilt value from MM application for the DOMs in a DU (labeled Floor, with Floor 1 the lowest DOM in the DU) using representative sea current values in ORCA and ARCA. (a) Tilt in ORCA for a typical sea current of 5 cm/s. (b) Tilt in ARCA for a typical sea current of 2.5 cm/s. 
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Figure 7. DU Line Fit block diagram. This scheme shows the steps in the implementation of the DU Line Fit in KM3NeT detectors. 
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