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Barrel Calorimeter - BCAL 
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BCAL – University of Regina 
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BCAL Photodetector 

• 4x4 array of 3x3 mm2 SiPM cells 
• 50 µm microcells 
• 57,600 microcells per array 
• Photon Detection Efficiency (PDE) > 20% 

• Gain ~ 106 

• Immune to strong magnetic fields 
• Noise = 24 MHz per array 
• Total SiPMs needed = 3,840 
• 48 modules x 40 SiPMs x 2 sides 
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Hamamatsu SiPM array (S12045(X)) 
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Hamamatsu SiPM array 

3x3 mm2 cell 

6x6 mm2 tile 

4 cells 
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Requirement of SiPM for BCAL 

 Major requirements: 

 Gain: (0.5 ~ 2.0)×106 

 Photon detection efficiency: > 19 % 

 Dark rate: < 100 MHz 

 Gain and PDE variation in array: < 7.5% 

 Average gain variation among samples: < 7.5% 

 Other requirements: 

 Geometry, size of active area 

 Pulse width: < 100 ns 

 Sensitivity to magnetic field (exception 1) 

 Sensitivity to radiation (exception 2)  
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Requirement of SiPM for BCAL 

 Major requirements: 

 Gain: 0.5 ~ 2.0×106 

 Photon detection efficiency: > 19 % 

 Dark rate: < 100 MHz 

 Gain and PDE variation in array: < 7.5% 

 Average gain variation among samples: < 7.5% 

 Other requirements: 

 Geometry, size of active area 

 Pulse width: < 100 ns 

 Sensitivity to magnetic field (exception 1) 

 Sensitivity to radiation (exception 2)  

 Literature supports immunity to high magnetic fields 

 Test of whole readout system needed as final check 
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Requirement of SiPM for BCAL 

 Major requirements: 

 Gain: 0.5 ~ 2.0×106 

 Photon detection efficiency: > 19 % 

 Dark rate: < 100 MHz 

 Gain and PDE variation in array: < 7.5% 

 Average gain variation among samples: < 7.5% 

 Other requirements: 

 Geometry, size of active area 

 Pulse width: < 100 ns 

 Sensitivity to magnetic field (exception 1) 

 Sensitivity to radiation (exception 2)  

 Return to this issue later in talk 
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SiPM First Article Test 

 March 2011 

 Received 80 samples from Hamamatsu 

 Test key characteristics of all samples before 
acceptance of full order (4000 units) 

 Gain, PDE, Dark Rate (Current), Response 
Uniformity, Crosstalk (+ afterpulses) 

 Radiation sensitivity (neutrons) 

 Magnetic field sensitivity – in progress 

 September 2011 

 Arrival of first production batch (500) of SiPMs 

 Need to characterize 16 at a time (256 elements) 
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JLAB Workstation – Gain, PDE, Dark Rate, Crosstalk 

Neutral Density Filters 
0,0.1%,1%,10%,100% 
20%,40%,60%,80% 

MPPC Array 
16 channels 

Diffuser 

Onboard 
preamp 
(x64/chn) 

Pulse 
Generator 

Gate V792 32ch 
QDC 

USB/VME 
DAQ 
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Temperature      SiPM Bias 
Narrow Band Filter 

470±10 nm 

Collimating 
Lens 

Can also acquire waveforms for 
further analysis 

dark rate, crosstalk, delayed pulses  



JLAB Workstation – Light Source Calibration 

N

Narrow Band Filter 
470 ± 10 nm 

Neutral Density Filters 
0,100%,10%,1%,0.1% 
20%,40%,60%,80% 

Liquid Light Guide 

Blue LED 

Hamamatsu S2281 
Calibrated diode 

(100 mm2) 

Diffuser 

Collimating Lens 

Photons 
mm2 

Pico 
Ammeter 

Pulse 
Generator 
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SiPM and Preamplifer 

 4x4 array of 3x3 mm SiPM 

 50 m pixel: 57600 

 16 outputs 

 4 power inputs 

 Preamplifier for the test 

 16 individual  

    amplification 

    and outputs 

 High gain mode 

   (×67) 
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PC – LabView, Kmax 

      VME crate 
VM-USB controller 
      V792 32chn QDC 

Pulse 
generator 

trigger 

LED pulser 

Diffuse LED 
Light source 

16 chn 
output 

SiPM 
array 

Gate 

DC power 
amp + bias 

USB 

Initial DAQ Setup 

Labview 
Acquire data 
Monitor temperature 
Control SiPM bias 

Labview  Kmax 
Histograms 
Maintain database 
Feed to ROOT/PAW 

Monitor 
temperature 

Control bias 
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Data Analysis 

 Fit individual QDC spectra 

 

 

 G: Gauss distribution 

 P: Poisson distribution 

 a: gain 

 µ: number of primary fired pixels 

 µ: probability of cross talk + afterpulse in gate (1 
µs) 

 : width of individual pixel peaks 

o(N) = (ped
2 + N sig

2)-1/2  

 

 

1

( ( ( , ) ( , )), ( ))
N n m N

G a P n P m n N  


  

   

Slide 17 



At Nominal Gain 

7.5 x 105 

PDE = 26% 

Slide 18 

Photon Detection Efficiency 
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Gain 
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Dark Rate 

At Nominal Gain 

7.5 x 105 

DR = 24 MHz 

Factor x4 LESS 

than original 

prototypes 
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Cross Talk + After Pulse in 1 µs 



Radiation Tolerance - Gamma 

40 Gy 

For GlueX => < 2 Gy/10 yrs 
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Irradiation with Cs-137 source to 20 Gy 

No discernible 
effect 

Renorm dark current vs T 
and apply to Irrad Data 
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Dark Current (20C) 



Neutron Irradiations 

 Literature shows high energy neutrons can be ~ x10 worse 
in their damage on silicon device vs photons 

 Inhouse JLAB simulations shows ~ > 108 cm-2 (1 Mev eqv) 
neutrons per year 

 Variety of initial neutron irradiations at JLAB – both 
uncontrolled (Hall A background) and with controlled AmBe 
source 

 PDE and Gain don’t seem affected 

 Dark noise rises linearly with dose  

 Dose rate – can anneal out some damage to residual level 

 Anneal rate strongly temperature sensitive 
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Dose rate 

dependent 
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This step depends 

on temperature 

~ 1 day @ 40°C 
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Radiation Damage 

 Two first article samples were irradiated by AmBe 
neutron source (provided by JLAB RadCon group) 

 Total dose: 43.3 rem (~ 5 years high luminosity 
running on LH2 target in Hall D). 

 Both samples were then annealed at 40oC 
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How to Extend the Lifetime? 

• Expected Running efficiency  1/3 

• Run SiPMs at lower temperature 

– 5°C with 1/3 Dark Noise 

• During Beam downtimes – run at elevated temperature 
(~40°C) to rapidly anneal to residual level 

• Cool down to 5°C for Beam On and continue 

• With this prescription, expect: 

–  for H2 target  8-10 years 

–  for He target  5-7 years 

• OK- but need further R&D work on rad-hardening of 
SiPMs – DOE/EIC grant to pursue this now 
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SiPM Readout includes Temperature Control 

 SiPMs will be cooled to 5°C 
 This will reduce dark noise and minimize effects of neutron irradiation 

 Downtime  SiPMs will be heated to ~40°C 
 Achieve post-irradiation anneal to residual level 
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Summary and To-do List 

 First article of SiPM from Hamamatsu showed very 
good performance and has been approved 

 Much lower dark rate with new samples 

 Increase of dark rate due to radiation damage 
unchanged 

 To-do list 

 Preparation for the production test 

o 4000 units – 1/3 @ JLAB, 2/3 USM (Chile) 

o Test 16 or 32 SiPM arrays at a time – all channels 

 Development of full readout/cooling setup 

o Temperature dependence test 

o Test of readout module sensitivity to magnetic field 
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Example Devices for Initial Studies 



Original SiPM Array Prototypes 

Hamamatsu MPPC SensL SiPM4 



Linear Response of Array 



Implication for Temperature Stability 

Vop 

±56 mV 1°C -> 56 mV 
in Vbr 

≈ 10% change 
in amplitude 

Hamamatsu 



Temperature & Stability 

Dark Rate dependent upon Overbias 

Dark Rate decreases rapidly with decreasing Temperature 

Dark Rate can be improved with Temperature Control 

At Constant Overbias  Gain independent of Temperature 

 Same goes for PDE 

Gain varies rapidly with Overbias (1-4 volts) 

 Output Response strongly dependent upon Temperature 

 Temperature should be stable for Stable Output 
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Test Setup 

PC 

DAQ 

Electronics 
& Dark  
Cabinet  
for SiPM 
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DAQ 

 HP8116A pulse generator 

 Drive LED with 5ns wide pulse 

 Send trigger signal to DAQ 

 Wiener VM-USB VME controller 

 USB interface 

 LabVIEW driver 

 Produce 1 s gate to QDC 

 CAEN V792 QDC 

 12 bit 

 32 channels 

 Low noise 
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LabVIEW Control and Logging 

 Controls 

 Bias Voltage 

 Pulse frequency 

 DAQ parameters:  

oGate 

oDelay … 

 Records 

 QDC readings 

 Temperature 

 Bias Voltage 

 Draw current 
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Temperature and Voltage Correction 

 The operational bias voltage of SiPM array 
specified by Hamamatsu is for 25oC 

 Corrections are applied to the extracted quantities 
to get values at 25oC and specified bias voltage 

 Correction coefficients are obtained from previous 
measurement or Hamamatsu spec sheet 
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Dark Noise and PDE 

 Five filter settings: dark, 1%, 2%, 4% and 6% 

 The LED light intensity was calibrated using a 
Hamamatsu calibrated photodiode 

Intercept: Dark 
Noise 

Slope: 
PDE 

Dark 

1% 

2% 

4% 

6% 
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Photon Detection Efficiency 

 

 Variation among samples: 3.6 % 

 Uniformity in an array: 4.0% 

 Overall uniformity: 5.5% 
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Gain and Its Uniformity 

 

 Variation among samples: 1.7 % 

 Uniformity in an array: 4.5% 

 Overall uniformity: 4.9% 
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Dark Rate 

 

 Variation among samples: 8.8 % 

 Uniformity in an array: 6.4% 

 Overall uniformity: 11.3% 

 4 times lower than previous samples! 
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Cross Talk + After Pulse in 1 µs 

 

 Variation among samples: 6.1 % 

 Uniformity in an array: 10.6% 

 Overall uniformity: 12.4% 
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Total Amplitude:  gain × PDE × (1+X-talk) 

 Nominal amplitude: 1.38×105 e/ 

 Variation among samples: 5.7 % 

 Uniformity in an array: 9.5% 

 Overall uniformity: 11.2% 
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Bias Voltage Dependence 
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Typical Uniformites of an Array 



Minimal Effect from γ Irradiation 

Monitor Pulse 
Height to 2 krad 

1% drop 

Good to 2 krads 
(20 Gy) 



53 
SiPM Neutron Radiation Test 

 Test condition 
 Two irradiations with AmBe: 4.3 and 5.2 rem. 

 Recovered at 0, 25, 40 and 60oC. 

 Conclusion 
 Higher temperature brings faster recovery: 

o t ~ 5 days for 25oC 

o t < 1 day for 40 and 60oC 

 Damage independent on previous radiation dose or 
recovery condition. 

 Recovered dark current goes linearly with the radiation 
dose. 

 

 

 



Irradiation Setup 



Irradiation Setup 
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Prototype to test cooling concept 

Exit: Holes for exiting 
dry gas and 

thermocouple feed 
through’s 

Inlet:  Pluming for gas, 
may need mass flow 

meter 

Internal membrane to 
maintain pressure/even 

flow simulating ring  

Lexan plate allows 
practice gluing 

Light guide assembly 
machined as a 

monolith? 

Have chiller/flow 
meter/thermocouples 
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Temperature Test 

 A coolling box is being built for such a test 

Heat 
Sink 

Peltier 
Cooler 

(hidden) Cooling 
Plate 

SiPM & Socket 

Preamplifier 

Black box 

Styrofoam 
insulation 
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Large-scale testing of SiPMs at USM  
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