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Cryo-liquid experiments 

• Noble liquids used as detection 
medium for 0ν2β, dark matter and in 
HEP experiments 

• The search for suitable light detector 
is a significant part of the R&D 

• Problems all experiments share:

• VUV light

•  low temperature

• radiopurity 
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DarkSide-50DUNE EXPERIMENT

Key DUNE features:

•  High-intensity wide-band neutrino beam originating at FNAL
–  1.2 MW proton beam upgradable to 2.4 MW

•  Highly capable near detector to measure the neutrino flux
•  A ~40 kt fiducial mass liquid argon far detector
–  Located 1300 km baseline at SURF’s 4850 ft level (2,300 mwe)
–  Staged construction of four ~10 kt detector modules. First module installation 
starting in 2021.
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Noble - liquid scintillators
• wavelength from 80 to 170 nm  

• LAr is the cheapest and LXe 
is the heaviest target

• direct detection down to120 
nm possible

• scintillation light converted to 
visible with TPB
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A ρ [kg/l] T [K] X0 [cm] λ [nm]

He 4 0.125 4 756 80

Ne 20 1.2 27 24 80

Ar 40 1.39 87 14 128

Kr 84 2.41 120 4.5 148

Xe 131 2.94 165 2.9 170
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Detectors for LAr temperature

• 8” PMTs Hamamatsu and ETL 

• Metal housing PMT’s from Hamamatsu 

• 3” and 1” version are used practically by all low background 
experiments  

•  SiPMs from several manufacturers 

• The only experiment with large SiPM arrays in LAr is GERDA
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Detection of LAr scintillation light

Design:

• low-background photo-multipliers (9
top, 7 bottom)

• wave-length-shifting fibers read-out by
SiPMs

• wave-length-shifting nylon mini-shroud

Matteo Agostini (TU Munich) 25

R8520-XXXR11065-XX SiPMs
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GERDA LAr veto
• “Deployed together with the 

HPGe detectors

• Limited in diameter and length

• Number of electronic channels 
is limited

• Can be replaced/repaired with 
each cooling cycle

• Operational since Nov.2014

• In Φ=1m around the HPGe 
array allowed activity <100 
µBq 
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LAr - veto

6
                 GERDA Meeting Munich July  2013Manuel Walter           Wavelength shifting coatings of reflector foils for liquid Ar 2

Installation and Production 

Installation test of coated Tetratex by 
stitching with a 100 µm thick Nylon wire 
into a prototype Cu shroud was 
successfully performed.

Close-up of stitches.

3” low-background PMT 
Hamamatsu R11065-20

Copper “shroud” with 
Tetratex reflector coated 

with TPB Fiber “shroud” 
800 m WLS 
fibre coated 

with TPB

SiPMs 
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LAr - veto, PMTs
Hamamatsu R11065-20 MOD (3-inch)

• QE at 420 nm: ~40% 
• operation gain: 2-5·106

• average peak-to-valley:  4.3
• low activity:    

•  228Th <1.94 mBq/PMT
•  226Ra <1.7 mBq/PMT
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•  discovered flashing issue due to 
discharges inside the PMTs at cryogenic 
temperature

•  problem has been greatly improved in 
close cooperation with manufacturer

• ~approx. 1/10 PMTs still flashing 
occasionally

PMT rates in test stand
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LAr-veto, Fibers

• ~800 m BCF-91A square WLS fiber, total surface: ~3 m2 

• coated with TPB, vacuum deposition 

• Total activity of the fibers ~80 µBq

• Low background SiPMs packaging done at TUM, 
SiPMs in die from Ketek GmbH.  

8
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• Good mach for the size of the WLS fiber

• Small & Silicon = Low background

• High QE, Works at cryogenic temperatures

• Relevant activity for GERDA < 10 μBq 

• 1 m2 SiPM would have < 10 mBq activity
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Element Conc. Activity Bq/kg Activity Bq/piece Background in 
GERDA

cts/(keV kg Yr)Th < 0.25 ppb < 1x10-3 < 2x10-8     ~10-6

U < 0.25 ppb < 3x10-3 < 6x10-8     ~10-7

 ICPMS done at LNGS: SiPMs

LAr - veto, SiPMs
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Ketek SiPMs

• Radio-purity of the SiPM is given by the 
packaging … 

• Ketek GmbH the only company to sell 
SiPMs in die

• Self made packaging from radio-pure 
materials (Cuflon)

• 3x3 mm2, 50 µm  and 100 µm pixel size

• 90 SiPMs to 15 read-out channels

• Total sensitive surface in GERDA       
8.1 cm2 

10
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SiPM packaging
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Chips in waffle package 

Wedge bonding 
 (flat bonds) 

transparent epoxy 

Arrays of 6 SiPM 
Cuflon PCB 
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SiPM Dark Rate
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• Measured with Hamamatsu  MPPC 50 μm pixel  10-2 Hz/mm2  in LN

• Ketek 3x3 mm, 50 μm, ~ 1 Hz = 10-1 Hz/mm2 

• 100 cm2 SiPM array would have ~1 kHz DR in LAr 

• In LXe the DR is 10 kHz or 100 kHz ? 

• How does the DR depend on SiPM design, production process, wafer quality?

➡     Systematic study needed 
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Spice model of the SiPM
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• See for example: NIM A 572 (2007) 416–418

• Model tuned for Ketek SiPMs in LN

• Quenching resistor ~10x larger in LN 
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Ketek SiPM: Charge integral

In LN with CA

Fast component

Recharge of the pixel



Ketek 100 µm SiPM: Fast pulse

• Fast component: low gain

• Depends on the pixel size (capacity), here 100 μm.

• Single photon (pixel) resolution preserved
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• 6, 3x3 mm2 SiPM in paralel: no electronics in LAr!

• 20 m, 50 Ω cable to the amplifier ⟹ no fast pulses

• Read-out from the ‘high voltage’ side ⟹ signal and bias is the 
same cable 

• Aiming to detect 1 p.e. in 5 µs 

16

GERDA SiPM read-out

~20 mT ≅ 90 K
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LAr - veto
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LAr veto commissioning

• “Photo-electron” peaks recognisable in 
the amplitude spectrum  - in both 
SiPMs and PMTs spectra

• Veto on one photo-electron in any 
channel 

• After single channels calibrated and 
summed up: light yield: 50 - 60 p.e./ 
MeV - with 228Th source

• Count rate dominated by 39Ar 

• LAr -veto Suppression Factor tested 
with one detector string with 228Th and 
226Ra sources

18
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LAr veto commissioning

Suppression
of:

Ge Anti-
Coincidence LAr-veto PSD LAr + PSD Acceptance

228Th 1.26 ± 0.01 97.9 ± 3.7 2.19 ± 0.01 344.6 ± 24.5 86.8%

 226Ra 1.26 ± 0.01 5.7 ± 0.2 2.98 ± 0.06 29.4 ± 2.5 89.9%

Th-228
Ra-226
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Array of SiPMs

Plastic Scintillator 

APPLICATION NOTE

Readout Methods for Arrays of SiPM

SensL © 2014 1

Readout Methods for Arrays of Silicon Photomultipliers

1:1 (INDEPENDENT) CHANNEL READOUT

The most obvious way to readout a multichannel sensor is to read each channel out independently, with one 
amplification and data acquisition channel per sensor, hence 1:1 readout. This results in a total of NxM readout 
channels, where N is the number of array pixels in the X direction and M is the number of array pixels in the Y 
direction. 

The benefits of such an arrangement are the ability to distinguish multiple interactions or scatter in the sensor 
array, correct for non-uniformities in the image and have greater bias control if required. Since each signal is 
acquired independently, the signal-to-noise is maximized and gives the best spatial resolution and image quality. 
Independent channel readout also allows for the highest count rates without system pile up. 

Such a 1:1 readout scheme is practical for low channel count systems with discrete electronics, or for high 
channel count systems when using an ASIC. Either way, 1:1 readout will provide the highest levels of sensor 
performance, and has been successfully implemented in commercial applications. 

MULTIPLEXING METHODS

There are many practical reasons why it may not be possible to implement 1:1 readout, and in those cases, some 
multiplexing is employed to reduce the channel count. There are a number of different readout architectures that 
can be used to achieve the desired multiplexing, depending on the application.

Silicon Photomultiplier (SiPM) technology is rapidly becoming the primary 
choice of photosensor in a wide range of applications, such as medical 
imaging and hazard and threat detection. These sensors have many 
advantages over other types of photodetector, such as low bias, uniformity, 
compactness, ruggedness and insensitivity to magnetic fields. SiPMs also 
have the benefit of allowing a great deal of flexibility in the creation of 2D 
arrays of the sensors for imaging applications.

SensL produces a range of SiPM sensors in compact surface mount 
packages that are suitable for reflow soldering. Creating large arrays with 
minimal deadspace on PCB is now a well developed process that makes 
custom arrays easily available to a wide range of users. There is a Tech 
Note available that describes how to use these packages to create large 
area arrays.

The challenge in many imaging applications is how to readout and process 
the data from arrays that may contain a large number of pixels.  This document describes a number of the ways 
in which the readout of a large number of pixels can be achieved and presents some case studies where users 
have employed these techniques. 

• WLS fibers with SiPM read-out: continuation of the Gerda 
concept 

• Max. 14% trapping efficiency, total efficiency up to ~5%

• 2D WLS ‘fiber’: WLS plates with SiPMs on the edges

• trapping efficiency up to 30% possible at

•  10% overall detection efficiency 

• combination of large SiPM array + WLS technology, 
surface increases ~(Nb. of SiPMs)2

• Highest possible p.d.e. ⇒ large SiPM array 

•  40 - 60 % p.d.e. possible
• Pure Si detector = lowest possible background
• Need to develop ASIC to reduce number of channels
• Low background packaging at industrial scale 

SiPM

Future of light detectors 
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Conclusions

• UV sensitive, low temperature photosensor are a 
common problem of many experiments

• For future low background experiments PMTs are not 
an option

• GERDA operates (probably) the largest SiPM array in 
cryo-liquid 

• With SiPM + WLS fibers the design goal 
achieved: background & performance OK

• Future of light detection in noble liquids : SiPMs

21


