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Abstract

A module of the NESTOR underwater neutrino telescope was deployed at a depth of 3800 m in order to test the
overall detector performance and particularly that of the data acquisition systems. A prolonged period of running
under stable operating conditions made it possible to measure the cosmic ray muon flux, I, - cos*(0), as a function
of the zenith angle 0. Measured values of index o and the vertical intensity 7
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Abstract

NESTOR is a deep-sea neutrino telescope that is under construction in the Ionian Sea off the coast of Greece at a
depth of about 4000 m. This paper briefly reviews the detector structure and deployment techniques before describing in
detail the calibration and engineering run of a test detector carried out in 2003. The detector was operated for more
than 1 month and data was continuously transmitted to shore via an electro-optical cable laid on the sea floor. The
performance of the detector is discussed and analysis of the data obtained shows that the measured cosmic ray muon
flux is in good agreement with previous measurements and with phenomenological cosmic ray models.
© 2005 Published by Elsevier B.V.
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Site characteristics

- a broad plateau: 8x9 km? in area, 7.5 nautical
miles from shore

* depth: ~4000m

- transmission length: 55 + 10m at 1=460 nm

MO=cm/s

- underwater currents: <10 cm/sec
measured over the last 10 years

- optical background: ~50 kHz/OM due to K40 decay, * ** O AL
bioluminescence activity
(1% of the experiment live time)

. sedimeh‘rology tests: flat clay surface on sea floor
good anchoring ground.
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DESIGN CONSIDERATIONS

- NO BATHYSCAPHS - NO ROVs il

- NO HIGHLY SPECIALIZED SURFACE VESSELS
. ALL CONNECTIONS TO BE MADE IN THE AIR

. MINIMUM NUMBER OF CONNECTORS

- AS PASSIVE A SYSTEM AS POSSIBLE
(Triggering on the shore)

- MODULAR SYSTEM WITH BUILT IN
- REDUNDANCY
- RETRIEVABLE AND EXPANDABLE

16



EARTH IS NO LONGER TRANSPARENT TO NEUTRINOS
WITH ENERGY > A FEW HUNDREDS TeV !!!

NEUTRINOS going through

28 ONE EARTH DIAMETER
A
O
3.
¢

02

,o-...’&...;é..‘;&gl..é. -...|m

18

ENERGY in TeV



‘3Q5~. DiIAMETER




16

NESTOR TOWER

20 000 m?
Effective Area
for E>10TeV

32 m diameter floor
30 m between floors

144 PMTs
(facing up & down)

Electooptical
< cable Junction box

Sea floor

NESTOR INSTITUTE

At the center of each floor,
a titanium sphere houses the
floor electronics

325 m DIAMETER

An Optical Module (i.e. a 15"
PMT with a HV power supply,
inside the protective glass
housing)



DepcoHerT/
Tower Recovery Schematic
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NESTOR SITE

30 km ElectroOptical Cable
( 18 Fibers + Contuctor)

38 km 5 km ROPE
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The optical module for the NESTOR neutrino telescope
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Ti-Sphere Electronics

(Designed and built by . O
Lawrence Berkeley National Laboratory) House Keeping Board
\ e PMT control
e Calibration Beacon control
Floor Board . e PMT HV monitor
* PMT pulse sensing e Power Supply monitors
e Majority logic event triggering

e Environmental monitors
e Single & coincidence rate scaling \

e Waveform capture & digitization
¢ Data formatting & transmission

QMA & PLD reprogramming
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Floor Board

e PMT pulse sensing

e Majority logic event triggering

e Single & coincidence rate scaling

e Waveform capture & digitization

e Data formatting & transmission N TS " S e TS AR :
20 40 60 80 100 120

e FPGA & PLD reprogramming '
: ATWD Sam piew

PMT Signal Capture & Digitization \
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Input: 12 PMT signals
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The LED Calibration System

*20m
i
bk .
!__ | 4'0:"3 Board
Frequency
* Gain monitoring . Egh:mpnd
- Timing
- Free running Calibration Trigger
* Adjustable Trigger frequency

Adjustable LED's light output
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Bioluminescence Data from a depth of 4000 m
PMT Rates vs Time

Up-Looking PMTs
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Data from a depth of 4000 m
PMT Pulse Height Distribution
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Bioluminescence Data from a depth of 4000 m
PMT Rates vs Time

Up-Looking PMTs
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Fraction of Events

Froction of Events

Fraction of Events

Data from a depth of 4000 m
Number of Collected P.E.s

'I' During Bioluminescence Activity

Trigger: 4fold Coincidence
——— Bioluminescence Activity Excluded
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Time {h}

Max {min} of Biorate {per hour)

Bioluminescence Rate vs Underwater Currents
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Trigger Rate (Hz)

Data from a depth of 4000 m
Trigger Rates

® During Bioluminescence Activity

O  Bioluminescence Activity Excluded
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Data from a depth of 4000 m

Bioluminescence Contribution to the Total Trigger Rates

Bioluminescence Occurs for the 1.1% + 0.1% of the Active Experimental Time
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Data from a depth of 4000 m
Trigger Studies

Rretiminay

e Experimental Points

Data Collected with
4fold Majority Coincidence

Trigger — M.C. Estimation {Atmospheric muons + K% )
Thresholds at Thresholds at
30 mV 120 mV ;:n'i‘
g’ Thresholds at 30mV
Measured = . (1’4 P.E.)
Total Trigger | 3.91+0.08Hz 0.39 +0.01Hz %
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equal to 4fold) R e B e T =
M.C. - - Coincidence Level
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e 10 i
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Data from a depth of 4000 m
Calibration Run
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Time Correction (g )
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Data from a depth of 4000 m
Calibration Run

Pulse Timing Carrections
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Figure 7: The pull distribution of the reconstructed zenith angles of Monte Carlo produced tracks.
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Run: &1 72 Event: 23

Track Number | Number of Zenith Azimuth 2 -InL,,
Candidate | of Hits | of Used | Degrees Angle Angle
Hits Fre:;om (Degrees) | (Degrees)
1 0 7 2 35 172 3.8 35.5
(£12) | (89)
2 7 7 2 126 181 2.0 28.4
(+28) | (+34)
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Ko 68 37 Event 396
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Determination of Cosmic Muon Flux

Contribution to the Systematic Errors
(% of the estimation)
Source
| I, o
Selection criteria 2% 2%
Reweighting and binnining ~0% ~0%
Energy dependance of the zenith angle 3% 4%
distribution
Functional parametrization of the muon flux ~0% ~0%
N B
d\ = J” e cosh
deQ . dt.dS

a=4.710.5(star)£0.2(syst)

[ =9.0-107 £0.7-10"(stat)£0.4-10” (syst)em ™ -5~ -
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Figure 6: Distribution of the estimated errors of the reconstructed zenith angles. The solid points
and the histogram correspond to the data and Monte Carlo tracks, respectively.
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Track Fit

Using the Pulse Arrival Time

_d, 4,  (L+d-tand,)

o ¢ (c¢/m) c
L =cos¢-sin0-(x—V, ) +sin@-sin@-(y -V, ) +cos0-(z - V,) > texp=f(9,(|),VX,Vy,VZ)

d= J[(X—Vx)—L-cosq; sin@] + [(y —V,)—L-sing -sin()]2 +|@- Vz)*L'cosO]2
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wr®
ws®
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Track Parameters

0: zenith angle

Q: azimuth angle

(Vx,Vy,Vz): pseudo-vertex coordinates
(VoV,V)

pseudo-vertex



e Track Fit & background photons (showers) reduction

For sea water the
refraction index is
n=1.355

so the cherenkov
angle is

Oc =42 .4°

and

0=47.6°

Vo (Vo sVoy Vo, ) :vertex of the neutrino interaction where the muon is created

X

0,0 :zenith and azimuthal angle of muon track

The above five parameters of the track are estimated by minimizing the

following chi-square function.
2

: -
2 =+ 2
A Z thr‘r £ rexpected (V 05 99 ¢’ Vhi:) / O pir

hit

t,.. is the time of each hit as it is estimated from data analysis, and oy is the
estimated time uncertainty for each hit. :
texpected 1S the expected time of arrival of the cherenkov photon, i.e. is the time
that PMT h was hit, given that at time 0 the muon was at vertex v, ,i.e. is the
time for the muon to travel from v, to A (where the photon was emitted) plus
the time for the photon to travel from A to the PMT

vy, is the position vector of the PMT with the corresponding hit



Track Selection Ac‘cording to the Charge-Likelihood

Na
Charge-Likelihood Lch — H Pi Q exp°? Qmeas )
i=1

Pi(Qexp9Qmeas) is the probability the pulse 5"' -
height of the i'* PMT to be Q_, ., while the g |
expected mean pulse height is equal to Q. , g :

- -
(Qexpr ’ -Ri(Qm.ea»s;m) "'"

Pi (Qexp9Qmeas) - i
n=1

n!

Where R,(Q;n) is the (normalizéd to unity) pulse height

distribution of the i* PMT which corresponds to n 0 @ ™ W @™ H
Hugetfra Logarihm of bhe Shoge—Llel hood
photo-electrons

—— M.C. Prediction (atmospheric muons)

® Data Points



Detector Preparation
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Can we detect high energy v
In coincidence with
Gamma-Ray-Bursts?

« Predict 1 km? detector will see more than 20 v per
year with E , ~ 10'4eV in coincidence with GRB

(Waxman, E. and Bahcall, J. 1997, Phys. Rev. Lett. 78, 2292)

two key concepts for simple detector:
104 eV => sparse detector and time signature

Coincidence with GRB => v in time window of burst



Exploiting the v Energy

1014 eV v:

forv—opu the u Range in water > 5km
the u is highly radiative, leading to
shower with an average of >20 times
the Ck light of single particle
all along track

forv—o e the shower is short but intense



Exploit Coincidence with GRB

« GRB lasts few seconds to ~100
seconds

e v can appear anywhere within this time
window



Sparse Detector

Use 4 strings of detectors surrounding NESTOR,
each string ~300m from tower

Each string is >400m long with 2 independent
detector nodes per string separated by ~300m

Each node consists of 2 clusters of 8 optical modules
each with separate battery, LED, and control spheres

All strings independent - primary data recovery
through string recovery - priority data sent
acoustically to NESTOR



Battery Powered Strings

» Each cluster has 3 power supplies:
— one for the optical modules
— one for the electronics
— one for the acoustic system

* Power is sufficient for 1 year of
operation at depth




Optical Modules

15” Hamamatsu PMTs
Cockroft-Walton HV for base
<40mw per OM

All in 177 Benthos spheres



Cluster Controller Sphere

8 OM inputs
Majority logic trigger

 Eliminate 4°K and bioluminescence backgrounds

« Stable to 1 part in 10"
Time stamp for each event

Data storage for >1 years worth (100 GB)
Priority events sent to acoustic readout
<0.5W average power use



Time and Amplitude digitizing

8 channels of input for each cluster

3 discriminators per input channel with
thresholds at 1/4 pe, 2.5 pe, and 5 pe

« Each discriminator feeds separate FIFO
TDCs with 5ns sensitivity and 1.6 us
range



LED sphere

Located ~10m below lower cluster or above
upper cluster in each node

Firing sequence controlled by cluster
controller

Light intensity variable with sufficient range to
illuminate local and remote nodes and
NESTOR

For clock synchronization and position
verification



Coupling to NESTOR

 Acoustic transceiver In each cluster

communicates with NESTOR tower
base unit

« NESTOR unit converts to full duplex
floer communication to shore



Signal analysis

Offline analysis

Coincidence within node give low
energy tracks for calibration

coincidence between strings and
NESTOR give high energy tracks

Coincidence between 2 or more strings

with NES
tracks

OR give highest energy



Conclusions

« Can deploy strings in a series of tests to build
up to 4 string array have >2km? effective area
with NESTOR at center

* Timing comparison with satellites from
detected GRB

« Rudimentary pointing accuracy from strings,
excellent pointing from NESTOR, to verify
GRB coincidence
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