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Introduction
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KM3NeT FASE 1 PMTs

97 22 TIAMEN

o JIMAX

[Photomultipliers for the KM3NeT optical modules - KM3NeT
Collaboration Nucl.Instrum.Meth. A695 (2012) 313-316]

SEMI_FLXBLE LEADS

Lol
P34 203

Hamamatsu R12199-02

* 3inch bialkali photocathode

* 10 Dynode stages (Gain 3 x 10°)

* Nominal operation voltage: -900 + -1300V
e TTS (Transit Time Spread FWHM) = 3 ns

e Dark Counts = 500 cps
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The DarkBox

output equal distance power black
""""" optical fiber splitte meter probe wooden box
| |
laser l
| _ / ~7000 PMTs tested at Napoli Using the
 rigger | u uu J i «DarkBox» facility
IN ltiqyz___i}Lé_\_J\}zQﬂ_J * 62 PMTs tested in parallel
equal distance e 2 test d
N \ PMT base cables €sts per day
T 1 Opal diffusing FC/PC Panel
g white rabbit HV tunlng disk Connector
« @ switch @ Dark count measurement
oo — * Spurious pulses

board 2

[C. M. Mollo et al., JINST 11 (08), T08002 (2016)] 4
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The DarkBox: optics

Laser source Optical splitter Power meter
—

QAD NewpOrt » Powsr Metar * Mode 1934 C

Le)
Newport Mod. 2936-C
Full-Scale Current 2.5nA-25mA
PiLas Mod. EIG2000DX Output Power distribution
* Resolution 10 fA

Repetition rate (internal trigger) 50 Hz— 1 MHz
s o
Repetition rate (external trigger) Single shot — 1 MHz ACCUI‘EC\/ 0.2%
External trigger input TTL & VAR upt 120 MHz " SNR 100 dB
External trigger pulse width Typ.2 4 ns 2 X
Y Bandwidth 1.2 Hz — 400 kHz
Synchronization output pulse typ. 2 4 ns for external triggering H "
i S dlnigy @yl o e 3 Minimum Power Resolution 11 fW
oscillator 5
-E 8
Typical jitter between typ. <4 ps 2
synchronization s — -
trigger output and optical signal N ewport MOd' 918D SL 0D3
Warm-up time < 5 minutes ‘
LASER head Wavelength 405 +/- 10 nm, : Material Silicon
spectral width < 7 nm, pulse - III
width (FWHM) typ < 45 ps o Spectral Range 400 to 1100 nm
0 o1 02 ©3 04 Os 06 47 08 09 1 13 12 13 14 15 16 17 18 19 2 21 22

Output power %

NEP (detector noise equivalent power) 0.55 pW/VHz

[C. M. Mollo et al., JINST 11 (08), T08002 (2016)] 5
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The DarkBox: electronics

S Designed at Nikhef
WA 3 inch PMTs |
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[P. Timmer, “Very low power, high voltage base for a PhotoMultiplier Tube for the KM3NeT deep 31 x3.3mW=102.3 mW com pared to31 x50 mW=1.55W
sea neutrino telescope”, Proceeding to the TWEPP, Aachen (2010)]
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The DarkBox: electronics

S | % ! 20x PMT controlled impedance track PMT
e . PRt R Y | ol ewmo :
L | s,
1 ] \._
i i 20x I*C ehannel ; 4 + 12C
: : ),
i ' /
20]( i - Backplane
: :ll"{:—sla\l' [ connector
: Clock enable Coolrunner 2
1 CPLD XC2C128
connections E EPF2002 on, | ¥
Current | pauLT FLAG
4 limit
switch
PMT - — N
L : D‘\}]:I PMT19[ . ¢ v3
The Octopus V4 boards acts as a hub inside the DOM. It merges all the PMT signal " aor comronen ava
connections, controls the power supply and re-directs the 1°C communication. ' GND

At one side the Octopus V4 board is connected to the PMT’s and the piezo element. It
distributes the power, clock enable and I°C communication to the PMT’s and piezo
element. It acts as in input for the differential signal from the PMT’s and piezo
element.

At the other side the Octopus V4 board is connected to the CLB. The power and de
12C bus are delivered from the CLB to the Octopus V4 board. The differential signal is
delivered to the CLB.

block diagram octopus large
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The DarkBox: electronics

The CLB main components:

* Xilinx Kintex-7 FPGA (XC7K160TBG676) is the core of the board, used
to measure the arrival time and the pulse width of the 31 PMT
discriminated signals with 1ns resolution

* Tunable oscillators (20 MHz and 25 MHz base frequencies) for White
Rabbit PTP core

* 512 Mbit Quad SPI Flash Eprom

: : * PMT interface (31 x) through Octopus boards connectors
i..-n:v_’f.“; Tevm W e  SFP laser module housing with heatsink
: =S * Temperature & Humidity sensor

* Compass & Tilt meter

* NanoBeacon (calibration LED Flasher) Interface

* Acoustic AES interfaces for Hydrophone and Piezoelectric acoustic sensors

* Expansion industry standard FMC High Pin Count connector

* Debugging: Serial to USB converter (2 x), Standard Header 20 pin
connector, High density connector for batch production testing, Dip-
Switches & LEDS

In the FPGA two microprocessor systems based on LM32 soft processor are
implemented:

* White Rabbit Precision Time Protocol engine: implement 1ns time
synchronization and transfer data to shore station;

CLB power consumption: <4.5W * Configuration and slow control: handles all the devices inside the DOM,

Total DOM power consumption about 7.5 W manage housekeeping data and implement debug ports.

[P. Musico, “The central logic board for the optical module of the KM3NeT detector,” Proceedings of TIPP, Amsterdam, 2014]
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The DarkBox: electronics

White Rabbit PTP core for IP/UDP (ethernet) packet Creation High-Speed TDCs
time Synchronization and Multiple streams LVDS inputs from PMTs
Ethernet over optical fibres. (PMTs, acoustic, monitoring) Hit time and ToT. 800ps/V12 ) )
resolution The CLB integrates the White
F e T I I TTTT e n e n : Rabbit Protocol (White Rabbit is a
1 k ff H 1
’ i i i i IP/UDP Packet Buffer i gL : o
: White Rabbit U Stream Selector | =1 | 31TDC_ i i fully deterministic Ethernet-based
TP phy ]+ [Endpoint J——| Fabric o 5 : B H —[TC0 |t
— e | e I\ Redirector (PMUX) |} o i€ — [ — network for general purpose data
' : LS P 5 = o
E ‘\m Ml J‘:@,’ (—'—hh—‘:' transfer and synchronization),
— | [zt ]—|3 R S [ Management & Control] | | which allows to synchronize all
R e M B [rorn] 2
Oscillators '—:—_5" SoftPll |«— § «—| Mini - NIC | } i = R A . T : 1 1
i [reen |3 . | & Acoustic | i [ the KM3NeT DOMs within 1 ns
: E RX E ; «—| Decoder ; §8 H 1
: I i v |~ Lok { Decoder J—=12 3 resolution. The data provided by
1 Latt Dual Port |i E = el E Management & Control | } 1
i Mo 32 \ UM — . Lo ttemel the PMT bases are collected and
1 R e onfi E L . .
: . SO . .= =11 distributed to the CLB by the
: Multiboot T T e .
: '[ Management & Control |«-—>| Wishbone BUS | : § OCtOpUS BOa rdS. It a|SO COntaInS
P | i I E i i
: EPGA [& < L L Eo—i-|i8 the electronic and photonic
RAM Mico 32 . .
 _Kintex7Xilmx oo [ [ _/ \ 7/ _{ : components for an optical serial
o s | o] [ T link to the shore. All necessary DC
Multiboot system - = compess | Loy power is provided by the Power
Fail-safe reprogramming I12C communication Board.

HV and thresholds, Compass/tiltmeter, Led Flasher
Temperature/Humidity

[D. Real, “The electronics readout and data acquisition system of the KM3NeT neutrino telescope node,” Proceedings of the VLVnT, Stockholm, 2013]
[White Rabbit Project: https://www.ohwr.org/projects/white-rabbit/wiki/Wiki]
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The DarkBox: electronics

, P
I
I

Lf“‘gr*"’l" & o 585w N Vout / Iout DOM Vout Settings
L BT & o o POL Switcher Specifications (resistor programmable)
On/Oft ’l s 10 » V7 5Vto30V, SmA
V7 |
12C pEOSTRIIng —» V1l 0.591Vt05.5V, 3Amax 1V (FPGA)
(to FPGA) V1s VI remote sense
- . g » V2 0.'591\/ to 5.5V, 3Amax 3.3V
- 11\11;%(') e converters [\ V2s V2 remote sense
measrement »V3  0.900V o055V, IAmax 1.8V
» V4  0.900Vto 5.5V, IAmax 2.5V
VS 0900VtoS5.5V, 1Amax 5V
Vinﬂi— Fiter |10 I——’ Power Good (open collector)
ﬁz golrﬂr,’al) = »V6 0.800V to3.6V, 3Amax 3.3V(PMT)
L——1— PMT Power Good (open collector)
P V8 11Vito 14V

The PB rail voltages were specified at 1V, 1.8V, 2.5V, 3.3V, 3.3V(PMT) and 5V with expected loads ranging from 1W to 2.3W. They are derived
from the 12V bus using step-down switching regulators. Due to the low noise and ripple requirement in driving the electronics of the PMTs, the
3.3V(PMT) rail is derived from a linear regulator (TI TPS74401) driven by a switching regulator that converts the 12V bus to an intermediate
3.8V rail in order to minimize the dropout voltage and heating of the 3.3V linear regulator.

[KM3NeT Coll. (A. Belias et al.), “Design and development of the Power Converter Board within the Digital
Optical Module in KM3NeT”, PoS TIPP2014 (2014) 188 ]
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First round of test

6960 PMTs tested

TRIAGE RESULT

B GREEN  YELLOW mRED

TRIAGE

a ACTIONS )

. o .

Ready for the To be tested To be tested

\ infegration again again /

11
Carlos Maximiliano Mollo — Test and Calibration of a large 3” Hamamatsu PMT sample — NEPTUNE Workshop — July 19th 2018 — Napoli, IT



Second round of test

6960 PMTs tested

TRIAGE RESULT

B GREEN  YELLOW mRED

TRIAGE

a ACTIONS )

. o .

Ready for the To be tested To be tested

\ infegration again again /

,07%

6,90%

RED PMTs recovered: 53,03%
YELLOW PMTs recovered: 96,87%

12
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Final results

Dark counts @ 20°C and 0.3 spe threshold
Dark rates ALL

Dark Rate
Dark Rate

I
-

10°

85% < 1070 cps
89% < 1490 cps

N ' 95% < 2630 cps
g - 98% < 5460 cps
i - 99% < 9130 cps
10—2:—
U : = i i Z
Dark rates GREEN  parkRate Dark Rate
107 — 1?
- - 85% < 850 cps
- e 90% < 1030 cps
ol - 95% < 1360 cps
- e 98% < 1680 cps
i - 99% < 1840 cps
1= 10—32—
- BT E— e
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Final results

ToT ALL

ToT

ToT
2000 —
= =
1800 — O
1600 — r
= 08—
1400 N
ol ool ToT: 27.1+0.5ns
1000 — C -
so0— - NO. NAME VALUE ERROR SIZE DERIVATIVE
= 0'4__ 1 Constant 1.95545e+03 3.31033e+01 2.36070e-01 6.42487e-06
eo0E" L 2 Mean 2.71566e+01 6.59424e-03 6.03524e-05 -1.76085e-02
400 02 L 3 Sigma 4.,99883e-01 5.54941e-03 2.07381e-05 1.03240e-01
200— C
[5:""2'5""2'6""2'7""2'8'"'2'9"";0""3'1""32 == i ATEN AT INI AT SN AN AN S AT AT S AN AT S A SO
ns by 32
ns
ToT GREEN
ToT ToT
1800 — 1
1600 N
o s ToT: 27.1 £ 0.5 ns
1200 - * * - *
1000:— 0'6__ NO. NAME VALUE ERROR SIZE DERIVATIVE
E - 1 Constant 1.71977e+03 3.09572e+01 2.01156e-01 1.38358e-06
800— 0_4__ 2 Mean 2.71399e+01 7.01510e-03 5.84667e-05 -3.08259e-03
ﬁnu:_ C 3 Sigma 4.99847e-01 5.87814e-03 2.03997e-05 1.25413e-02
-muf— 02—
200 -
E - - L J o AR PR U U B R B R
Pre 25 % I2ITI = '2|a' BT 30 3 32 7 25 26 T 28 29 30 3 32
ns ns
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Final results

Prepulses between -60 ns and -10 ns:

Prepulses ALL L o780
Prepulses Prepulses 1.5% max. (98,8%)

oy

e 85% < 0.16 %
91% < 0.24 %
95% < 0.42 %
°E 98% < 0.82 %
02E- 99% < 1.20 %
Prepulses GREEN
Prepulses Prepulses
i3 oo, 85% < 0.12 %
: N 91% < 0.18 %
E 95% < 0.30 %
: 98% < 0.48 %
F N3 99% < 0.66 %
é_ 1 L e '1{:_1 ; Dl]: I ID.IEI I Il].lﬁfI I I[J.lﬁI I Il].|3I = ‘Il — I1.I2I I I‘1.I4I I I1.|6I I I1.|BI I |%2 15
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Final results

Delayed pulses between 15 ns and 60 ns (i.e. pulse arriving late with no pulse at correct time):

Delayed Pulses ALL © 35%typ. (73,5 %)
. 5.5 % max. (98,5 %)
Delayed Delayed
g oo
woF- F Delayed pulses: 3.2+ 0.3 %
4002— 0_2:_
Delayed Pulses GREEN
Delayed Delayed
1800 — 1—
1aunf— i
14unf— u.s:—
0E F Delayed pulses: 3.1+ 0.3 %
1000 N
Bnuf— B
BDUf— M
-muf— 0_2:_
200 C
ok "-'4"" O I P R S
1 2 3 6 05 2 3 4 5 6
* % 16
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Final results

Afterpulses ALL

Afterpulses

250

200

150

100

50

10 15 20 25 30

Afterpulses

0.8

(1]

0.4

02

Late after-pulses between 100 ns and 10 us:
. 10 % typ. (71,4 %)
. 15 % max. (92,4 %)

Afterpulses: 7.1+ 2.4 %

o 25 20
Afterpulses GREEN
Afterpulses Afterpulses
250— a—
ZDﬂf— 0-3:_
e s Afterpulses: 7.1+ 2.9 %
503— 0_2:_
D_ B — 1|D E— 1|5 E— 2ID —— 2|5 — 30 D_ — 30
% 4% 17
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Final results

TTS ALL TTS GREEN

Transit Time Spread (FWHM) Transit Time Spread (FWHM)

5000

4000

3000

1000

wn IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

2.5 3 6 7
ns na
NO NAME VALUE ERROR SIZE DERIVATIVE
1 Constant 4.26268¢+03 7.78017e+01 2.70070e-02 4.80071e-07 NO NAME VALUE ERROR SIZE DERIVATIVE
3 Sigma 4.28361e-01  8.68543e-03 1.41196e-05 -1.24344e-02
18

Carlos Maximiliano Mollo — Test and Calibration of a large 3” Hamamatsu PMT sample — NEPTUNE Workshop — July 19th 2018 — Napoli, IT



First hits distribution

st 02
£ Enies 751472
g 10° Mean 11.25
5 RMS 11.15
5
£ 10°
=
10° pY
'r 4
1P y

—

WA ey

—100 0 100 200 300 400
hit time (ns)

We can have a distribution that contains info from all PMTs

average of all normalized and shifted distributions

19
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First hits distribution by channel (tray 0)

13

19

25

Channel 11 not used.
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First hits distribution by chann
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Channel 10 not used.
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First hits distribution for all channels

Average histogram of all 6960 PMTs

_ Entries 1.007583e+10
E — N Mean 0.ED04
E B - - RMS 5.606
0=
Fo: .
102 T
1[]—3 E_ Bl __
104 = - £
= - e
: - : _—____—_ T-‘F"'-'-‘-...____M
T S
= | I | | | I | | | I | | | | | | | | | | | I | |
—20 0 20 40 60 80

it first hit(ns)
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After pulses identification

afterpulse source

duration (typ.)

luminous reactions 20to 100 ns

ionization of residual gases:

- in the electron-optical input system H,: 0.3 us
He*: 0.4 ps
CH,':1ps

- in the electron multiplier

1 to several ps,

e.g. 3 ps for Cs*

0 o o e im0
0 1000 2000 3000 4000 5000

tt_first_hit(ns)

Carlos Maximiliano Mollo — Test and Calibration of a large 3” Hamamatsu PMT sample — NEPTUNE Workshop — July 19th 2018 — Napoli, IT

23



After pulses identification

ﬁ‘zﬁﬂ s afterpulse source duration (typ.)
-_E..- luminous reactions 20to 100 ns
_E o ionization of residual gases:
S - in the electron-optical input system H," 0.3 ps
2[“] # 53' He*: 0.4 ps
CH,':1ps
- in the electron multiplier 1 to several ps,

e.g. 3 ps for Cs*

100

1} e R Tat g i B i e e i "
0% 1000 2000 3000 4000 5000 0
tt_first_hit(ns)
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Performances monitoring

Dark counts VS nTest Afterpulses counts VS nTest i TTS(FWHM) VS nTest
o _ < 50¢ @- 35 -
a - = E u
12000/ ®E 3 "
r 40;_ iT& llll l IHIIIII IL'|||$|| 1
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8000 — oL 2% P |ﬂ. 1 e J
- 25~ - | |
6000+— E - 1_5__ |
E 20 -
40003 B l:—
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220 R T T T N[ TR R T
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= 14_ § L
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N 3 3
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0Lt ot o b g o oo o o Lo Lo b a1y |‘ 0 ::::. '5' :." aiaditug : , i ; i itk ” H ..": l"ih “i:"';. A
0 40 60 80 100 120 140 160 180 200 220 0 20 40 60 80 100 120 140 160 180 200 220
nTest nTest 25
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Performances monitoring

Dark counts VS nTest Afterpulses counts VS nTest is TTS(FWHM) VS nTest
o e 2 50¢ 2
fal L F & [~
12000} 455 F 3:_ | | #
L “oF ?F | ||J.ll.l'lllrlll 'llHII'I ILll' llall i
r E L | gl Lot ol g
10000 — 35 o #H || ||Iﬁk |' I‘;I":.IHWTWH?T .|,|#'|I|'.. e Iw ':T : frm
L E | TR J ' 1 |
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Conclusions

* All 6960 PMTs tested, RED and YELLOW PMTs re-tested: 93% of all PMTs are GREEN the
other 7% was sent to Hamamatsu to be replaced.
* Two years to test all PMTs (improvements and maintenance included)

* After these tests we got precious info for the calibration.

* typical prepulses: 0.2%

* typical delayed pulses: 3.1 % * Typical first hit distribution

 typical Afterpulses: 7.1 % z T — oase
. =] B RMS 5.606
e typical Dark Rates: 250 cps Sio L
o E - -
e typical TTS: 2.5 ns - -
102 T
10—3 E_ o - ___
104 = o __'+_+
5 - R
B - ‘%‘”’-'----.,_—_“____‘__‘_m_mw
™ e
10—5 4:—_ | | | 1 1 | 1 1 | | | 1 1 | 1 1 1 | | 1 1 | 1 I
—20 0 20 40 60 80
tt_first_hit(ns)
[KM3NeT Coll., “Characterisation of the Hamamatsu photomultipliers for the KM3NeT Neutrino Telescope”, 2018 JINST 13 P0O5035] 27
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