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Abstract

The future deep-sea neutrino telescope of multi cubic-kam, {M3NeT, has been designed for dficéent search for high energy
neutrinos originating from galactic and extragalacticrses. The detection principle relies on the measurementhefé&hkov
light emitted from relativistic charged secondary paetictaused by the interaction of neutrinos with matter insidairrounding
the active detection volume. In order to provide a homogesgoton acceptance and to reduce the environmental macidyr
by local coincidences between neighbouring photo sensoBigital Optical Module (DOM) containing an array of 31 n
diameter photomultiplier tubes (PMTs) has been designqatim@m performance requires sensitivity to single-phdezteons,
high collection &iciency at low dark noise, homogeneous photo-cathode resomd excellent timing properties. We have studied
the response to single photo electrons of a newly developedtBdiameter PMT from ET Enterprises Ltd. A 2D-scanning
system with a picosecond laser illuminating various posgion the photo-cathode surface was employed to studyntiregtiand
homogeneity of the PMT. Results of these investigationgatd good photo-cathode homogeneity, low dark noise osubekHz
level, and an average transit-time spread below 2 ns. Siionindicate a significantly improved signal-to-backgrd ratio in
the multi-PMT DOM as compared to a triplet of optical modudesh housing a single 10-inch PMT.
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1. Introduction In addition to Cherenkov photons originating from charged
) , ) tracks or hadronic showers caused by neutrinos, a DOM is ex-
_The future deep-sea neutrino telescope of multi cubic-km,qeq tg 4 random optical background which is due to the decay
size, KM3NeT [1], has been designed for dhaent search for ¢ 1o jigactive isotopes and biological processes in seanat
high energy neutrinos originating from galactic and extfag- ~ ANTARES, each photo sensor of 10-inch diameter measures
tic sources. The detection of cosmic neutrinos may prOVid‘?ypically a pulse rate of 60 - 100 kHz, mostly single photaele

us with ygt concealed information abqut non—therma_tl PrSESS {100 produced b§PK decay &40 kHz) and by the biolumines-
in the Universe. Based on the experience of the pilot preject..nce from the deep-sea fauna causing a constant corgributi

ANTARES  [2], NEMO [3] and NESTOR [4] the KM3NeT \ith gccasional bursts of much higher intensity. These tmeco

consortium plan_s to equip an activ_e detection volur_n_e atdbe_b lated signals are suppressed by requiring local coincieirc
tom of the Mediterranean Sea with an array of digital optical,eary photo sensors on each floor of the detector array and
modules (DOMs), i.. only digital information will be semdim 5 cortain minimum number of photon hits on several floors.
a DOM to shore for further analysis. The detection princigle |, order to improve the local optical-background rejectian
lies on the measurement of Cherenkov light emitted from secs, ,iti-PMT DOM (Fig. 1) housing 31 3-inch PMTs has been
ondary relativistic charged particles caused by the ictaa developed and proposed in the KM3NeT Technical Design Re-
of neutrinos with matter inside or surrounding the activeede port [5]. The multi-PMT DOM has a number of advantages
tion volume. MU(_)n neutrinos may create muon trac_ks t_hrou9|?;ompared to an optical module (OM) housing a single large
charggd-current mteract!ons, while neutral-cgrrentngq IN-" PMT, such as a smaller transit time spread, a longer life,time
teractions cause hadronic showers and provide sensivdlf 5,4 5 petter two-photon separation [6] in addition to a sim-
neutrino flavours. The direction and energy of neutrinosti&N  jiseq charge determination by counting the number of fired
inferred from a precise determination of DOM position,ati  py\11s. small PMTs do not require magnetic shielding, since
time and total detected charge. For the identification ofpoi they are much less sensitive to the Earth’s magnetic fieldeMo
like neutrino sources an angular resolution better tha@hdan over a multi-PMT DOM has a higher reliability compared to a

be provided for neutrino energies above 10 TeV. single-PMT OM, since failure of one small PMT has a limited
effect on its total performance. The use of multi-PMT DOMs

*Corresponding author will significantly improve the reconstruction of neutrineeats
Hasgm;dfﬁ)“ﬁ q.dorosti.hasankiadeh@rug.nl (Q. Dorosti in KM3NeT. In section 3.4 the expected performance of a multi
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Figure 2: Orientation of the PMT in the measurement setup. TiXis
Figure 1: Prototype of the multi-PMT DOM with 31 3-inch PMTsamged in  defined along the dynode edge and the Y-axis runs across tioelesurface.
a 17-inch diameter pressure glass sphere. Insert top rigatptiotograph of
the ET Enterprises Ltd. D783FL 3-inch diameter PMT.

attenuate the laser light to the single photo-electronl leve
PMT DOM in the presence of optical background is addressedPPlied a variable ”e“tfa' density filter. The light was shon
perpendicularly to the window of the PMT with a spot diameter
of 1.4 mm at the centre of the window. In order to study the
homogeneity of the photo-cathode sensitivity, we emploged
2. Instrumentation remotely controlled 2D-scanning system which consistsvof t
linear stages. The stages, equipped with stepper motons wit
2.1 Tested samples a position precision of 1..xm, allow scanning in horizontal
Based on the successful use of 17-inch diameter glass preand vertical directions. As shown in Fig. 2, we oriented the
sure spheres in ANTARES, an optimised geometrical layout oPMTs such that the horizontal direction (X) was aligned glon
31 3-inch diameter PMTs has been developed within this enthe dynode edge and the vertical direction (Y) was crossiag t
velope. This spatial distribution of PMTs maximises photo-dynode surface. The centre of the PMT window is defined as
cathode homogeneity over the range of Cherenkov photon athe origin of the coordinate system. The PMT performance was
rival directions. According to the design criteria [5] ddtshed  compared at dierent values of supply voltage, one value pro-
for the KM3NeT application, ET Enterprises Ltd. (ETEL) has viding the nominal gain, at the nominal voltage according to
developed a new type of 3-inch diameter PMT, model D783FLmanufacture specification, of abouk6L.(P and the others pro-
(Fig. 1, the top right picture). The D783FL PMT has a length ofviding either a 10 times lower or 10 times higher gain. PMT
about 10 cm with a curved photo cathode and a photo-cathodsignals were read out with a custom low noise, low heat dissip
window matching the curvature of the 17-inch diameter glassion amplifier developed for the Multi-PMT DOM at NIKHEF.
sphere of the DOM. The 10-stage linear-box electron migtipl The current-voltage amplifier has a gain factor of 138 With
provides a fast timing response. The main characteristitt®o respect to a load resistor of §8 and is adapted to the 10 dyn-

D783FL PMT are summarised in Table 1. ode PMTs that can be fitted inside the 17-inch sphere. The
amplifier output signals are sampled by a fast sampling Asqir
Table 1: Characteristics of the D783FL PMT. system [8] with a sampling rate of 8 GHz and input impedance
of 50Q.
Window material borosilicate
Photocathode green-enhanced bialkali
Multiplier structure 10-stage-linear box 3. Results and Discussion
Quantum éiciency
at470 nm > 20%

ot 404 nm 3% 3.1. Gain and dark-noise rate measurements
> 0

The gain of the PMTs was derived from the measured charge
spectrum. Figure 3 shows a typical charge spectrum reveal-
22 Test bench ing the electronic noise and the single (SPE) and doubleophot
_Ielectron peaks. The peaks are fitted by the sum of two Gaus-
sians. The electronic noise can be separated by a threshold a
83 SPE. Theain of the PMT can be determined as follows:

Several performance parameters of a number of ETEL PM
prototypes have been studied, such as gain, dark-noisg ra
relative collection &iciency, timing characteristics, and after-
pulse probability. The individual PMTs were installed itesia . SPE[pC]
light-tight box (dark box) in front of a multi-mode quartztdp gain = apC] x 155 Yy
cal fiber guiding light from an external light source to the en
trance window of the PMT. The applied external light sousce i where e is the charge of the electron and 155 is the pre-
a picosecond laser [7] with wavelength= 405 nm and a time amplification factor. Figure 4 shows the gain as function of
jitter between trigger and pulse of less than 70 ps. In omer tthe applied voltages for five PMT samples. A fairly linear be-
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Figure 4: Gain as function of the applied voltage for 5 PMT sksip The
data points on the double-log scale are fitted by a lineartitimc The slope is

Figure 3: Typical charge spectrum measured at a PMT gairdof &0 with a ) )
determined by equation 2.

pre-amplification factor 155. The peaks are fitted by the sutwofGaussians.
The positions of the single photo-electron peak (SPE) aedtfeshold at 0.3
SPE are marked.

120

haviour is observed with rather similar slope parametegaof 100

versus supply voltage (HV) defined as

@
o

Alog(gain)
Alog(HV[V])

To determine the dark-noise rate, we applied a 10 kHz randor
trigger and measured the charge spectrum without laserdfgh
ter the PMT was kept for one day in the dark box. We searche
for dark pulses in time windows of 2@s. The dark-noise rate o - - - 20 30 40
was determined by analysing typically 60k events, counting Rimml
the number of hits with an amplitude above the noise level of 5. Tvoical o rela loctioia Cnction of th
0.3 SPE, and diding by the deattime corrected measuremefidie . D nedssoo ane coectommeney oo Lo o e
time. The determined dark-noise rates for 5 PMT prototypes a with circle markers) and the Y (red (gray) dashed line withrigle markers)
summarised in Table 2 containing values measured at a tempetirections, as defined in Fig. 2. The horizontal lines intlidhe range where
ature of 22+ 1° C. The dark rates are expected to decrease bghe _coIIe_ction ficiency remains within:10% from that at the centre, and the
about a factor 2 at the average deep-sea temperature 6£13.6 Ve"tica! lines mark theféective photo-cathode area.
Table 2 compiles results of measurements at tii@idint gains
of other performance parameters such as peak-to-vall@y ratby the lower horizontal line). The obtained data on the nedat
(P/V, with laser at SPE intensity and without laser), transiteti  collection eficiency for a number of D783FL PMTSs resultin an
spread ) at the centre of PMTs, and after-pulse probabilitieseffective photo-cathode radius of 2®.4 mm. The uncertainty
in a 400 ns time window. The typical after-pulse probability  is estimated from the quadratic sum of the approximatelyssau
a 3us time window is 6% and considered satisafctory. sian laser-spot width and the error in determining the shfpe
the collection ficiency at the photo-cathode edge.

slope = (2)

IN
<)

Relative Collection Efficiency [%]
N (2]
o o

3.2. Photo-cathode homogeneity

The photo-cathode surfaces of several PMTs were scannéd3. Timing characteristics
by shining laser light with a spot diameter of 1.4 mm on var- For every scanned position we also recorded the time-after-
ious positions of the entrance window across the X and Y dilaser-trigger and from the corresponding distributionseach
rections (Fig. 2). For every position we measured the ctbc position we deduced the standard deviatien Typical mea-
charge by integrating the charge spectrum above the 0.3 SPired values of-[ng] as a function of the position on the PMT
threshold. Figure 5 shows a typical distribution of the mea-entrance window at the gain of % 1(° are shown in Fig. 6.
sured relative collectionficiency as a function of position on The vertical lines mark thefiective photo-cathode area. The
the PMT entrance window. The measured charge values at vapbtained data indicate that the transit time spread (TTi8yfa
ious positions are normalised to the charge value at theecentlies below 2 ns except the region near the edge of ffectve
of the photo cathode E:100% collection éiciency). The ver-  photo-cathode area. Outside this region the TTS appeaesto d
tical lines in Fig. 5 indicate theffective photo-cathode range, crease which is due to favourable angles of incidence wheen th
defined as the range of radii where the relative collectifin e laser spot moves away from the cathode edge, however, typica
ciency stays above 90% relative to that at the centre (markecbunt rates in this region are about 1% of the central region.
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Figure 6: Typical timing characteristics at a gain oka0P. The curves show Figure 7: Distributions of time residualaf = treconstructed — texpected, Of hits
the transit time spread as a function of the position on the PMT entrance from simulated showers in the G1 detector (black solid lime)the G2 detector
window, scanned in the X (black solid line with circle marReasd Y (red (red (gray) dashed line) and the random optical backgrobhat (gray) filled
(gray) dashed line with rectangular markers) directionsjefined in Fig. 2.  area). For the signal-to-background ratio the time resichtelval -10 ns<
The vertical lines mark thefiective photo-cathode area. Typical error bars for At < 30 ns was selected.

three diterent regions are shown on top of the graph.

4, Summary

3.4. Expected performance of the multi-PMT DOM ) )
The envisaged multi-PMT DOM of the future deep-sea neu-

As mentioned in the introduction, a multi-PMT DOM can trino telescope KM3NeT puts strong requirements on the PMT

provide a better background rejection by requiring locace ~ 9€sign  [5]. Several samples of a newly developed 3-inch di-
dences between neighboring PMTs. Here, we investigate tHdMeter PMT have been evaluated. Results of the gain ligearit
expected performance of a multi-PMT DOM housing PMTsPhoto-cathode homogeneity, dark-noise rates, afteeprsb-
with the timing characteristics of the D783FL and compate it 2Pilities, and transit time spread across the PMT surfaee ar
a triplet of 10-inch single-PMT OMs as applied in ANTARES. satisfactory and according to rgquwements .[9]. The e\ta.ma.
For comparison, we simulated shower events in KM3NeT fortYP€ of PMT appears to be suitable for the implementation in
two different geometries G1 and G2: G1 has string geometryn® multi-PMT DOM of KM3NeT. Accordingly, we have sim-
consists of 310 strings with 130 m distance between them anglated the expected performance of a multi-PMT DOM with
20 floors with 40 m distance between the floors while each floof€ timing performance of the ETEL PMTs and compared it
is equipped with one DOM housing 31 3-inch PMTs [5]. Gzto_a detector (_:on_talmng 10-inch _smgle-PMT OMs. 'I_'he ob-
has the same number of strings and floors, but each floor @lned result_s indicate that the rejection of th.e randonm.apt
equipped with a triplet of 10-inch OMs (ANTARES like detec- t[))acg:ll:/lground is better by a factor of about 9.4 in the multi-PMT
tor [2]). "

We included a typical optical background noise of 60 This work was supported through the EU-funded FP6
kHz/PMT for G2, as measured for ANTARES, and, corre-KMsNeT Design Study Contract No. 011937.
sponding to the about 12 times smaller cathode area, a back-
ground noise of 5.2 kHPMT for G1. Furthermore, we chose 5. References
coincidence hits appearing in a coincidence window of 20
ns for both geometries, as this time window is established%} :;AJ Pé?rtczé|’|\;u?\|1'u|35t|rﬁ§ngft|\:éﬁhegztsgzo?zggésg)-fé
as "L1” trigger in ANTARES requiring local coincidences in  [3] A’ Capone etal., Nucl. Instr. & Meth. A 602 (2009) 47-53.
a single floor. Figure 7 shows the distributions of the dif- [4] P.A. Rapidis, Nucl. Instr. & Meth. A 602 (2009) 54-57.
ference between the reconstructed and expected time of hitd>] P Bagley etal., KM3NeT Technical Design Report, 20BN 978-90-
A = e ~ orems, 01 o 10 shower simulationsin ) S#%50%% 5 MpvrAmnecogTORTORGNCTpdt
the G1 (black solid line) and the G2 (red (gray) dashed line) ~ doi:10.1016.nima.2011.09.062
geometry and for the random optical background (blue (gray)[7] Hamamatsu PLP10-40 laser diode head (wavelength 405 nnf) wit
filled area). The power of background rejection in the G2 de- [8] ;E-\:cloi:izeD(C:ZOZrE]St;o(ljlfri-tizerWith 10 bit resolution and 8 GSsampling rate
teCtor is _compared to_ that _in the G1 detector by selectirg hit [9] O.?(alekin. Statug of the PMT development for KM3NeT. VﬁVM%/ork-.
peaking in a time residual interval efLl0 ns< At < 30 ns and shop, Erlangen, Germany, 12-14 Oct 2011.
by calculating the signal to optical-background ratio ia thvo
shower simulations. The results indicate that the G1 detect
with the multi-PMT DOMs yields an about 9.4 times higher
signal-to-background ratio compared to the G2 detector.



Table 2: Measured performance parameters of D783FL PMTs

PMT Nominal supply Gain @ N PN o (TTS) Darkrate Afterpulses

serial voltage [V] voltage [V]  supply (nolaser) (laser) anter [kHz] (400 ns window)

number (Gainx 5 x 10°) voltage [ns] [%]

SN172 970 970 Bx10° 2.0 25 1.7 0.9 0.7
700 54 x 10° 2.8 25 0.9

SN174 1170 1170 fx 10° 2.9 3.3 14 1.1 3.2
850 57 x 10° 2.8 1.9 1.1

SN175 985 985 @ x10° 2.8 3.6 1.7 1.7 6.2
750 8x 10° 25 2.2 1.0

SN185 1310 1310 B8x 10 25 3.2 1.3 1.3 3.0
900 48x 10° 31 1.8 0.7

SN189 1230 1230 6x10° 2.8 3.8 14 1.1 6.0
900 57 x 10° 2.3 1.8 0.8




