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Outline
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• The T3B detector

• Active Elements

• Data Acquisition

• Analysis, calibration and performance

!

• A high time-resolution detector for Beast2: CLAWS

• Detector design

• Improvements and optimizations over T3B
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T3B Detector

3

• Installed downstream of CALICE calorimeters: 
W-AHCAL (5 λ), SDHCAL (6 λ)


• With W-AHCAL: Synchronization of data 
streams possible (and demonstrated): Allows for 
event-by-event identification of shower start


• Optimized to study the time structure of 
hadronic showers with a small number of 
detector cells 

• 15 readout channel:


• each consisting of 30x30x5 mm scintillating 
tiles coupled with a SiPM sensor


• Readout: 4 x USB picoscopes®: 1.25 GHz, 3000 
sample (2.4 μs) per trigger 


• 15 channels + 1 sync channel

viii Abstract
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Active Elements
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• Plastic scintillators (BC420) directly coupled to 
Hamamatsu MPPC50 SiPMs


• fiberless coupling - improved time 
resolution, reduced mechanical complexity


• scintillator geometry optimized for uniform 
response

• SiPM: Silicon Photomultiplier 
array of avalanche 
photodiodes operating in 
geiger mode


• Each pixel has a on/off 
response, the array output is 
a superposition of all pixels. 
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T3B Data Acquisition
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• Key requirements:


• Fast sampling to allow for single photon 
resolution → ≥ 1 GHz


• Long acquisition window → ≥ 2 µs 


• Fast trigger rate: faster than the CALICE 
HCAL → ≥ a few kHz

• Adopted solution for T3B: Picoscope 6403


• 1.25 GHz sampling for 4 channels per unit


• 1GS buffer memory (shared between channels)


• Burst trigger mode: maximum rate determined by 
window length → ≥ 100 kHz for 2.4 µs tested and used


• 8 bit vertical resolution


• Control & Readout via USB 2.0
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T3B Readout Scheme
• Based on a test beam environment: Data taking during a “spill”, then readout 

during off-spill time
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Figure 4.10: Sketch of the spill delivery sequence to the CALICE/T3B experimental
area for one supercycle of the PS and SPS at CERN. During the extraction (green) the
machine delivers particles to the experiments followed by a waiting time (red) in which
other experimental areas are served.

decrease of the speed of light within the medium. Since all particles within the beam
have the same momentum after the wobbling, heavier particles have a lower velocity
and vice versa. Now the pressure of the gas can be adjusted such that the speed of
light is slightly higher than the velocity of e.g. the protons within the beam. Therefore,
the protons cannot induce Cerenkov radiation whereas all lighter particles can. If one
adjusts the pressure of a second Cerenkov counter such that all particles lighter than
pions create light, one can e�ciently identify pions. The pion identification signature
would be: Cerenkov A: On, Cherenkov B O↵. Note that the gas pressures necessary
to identify e.g. pions varies with the beam momentum. If the required pressures are
out of the operation range of the used Cerenkov counter, the particle ID can only be
determined with low e�ciency or not at all.

In case the Cerenkov counters cannot provide a reliable particle ID, the CALICE
calorimeters have further options. In the o✏ine analysis, one can cut all events that
do not start a shower before the last active layer of the calorimeter. This removes
all non-interacting hadrons - so-called punch-throughs - but also all muons from the
analyzed data set. The radiation length of electrons or positrons is significantly smaller
than the nuclear interaction length of hadrons (see Section 3.1). Therefore, one can
cut events that deposit a large fraction of their energy within the first few layers of the
calorimeter to e�ciently reject pure electromagnetic showers.

Very long and dense shutters are located along the beam line to stop the beam if
access to the test beam area is required. The only measurable particles that traverse
all obstacles with high probability are muons. By closing all shutters and defocussing
the beam one can irradiate the calorimeter almost exclusively with minimum ionizing
particles. Such muon runs are very valuable for the calibration procedure of the T3B
and CALICE AHCAL cells and have been carried out at all test beam phases (see
Chapter 5).

Figure 4.10 (left) shows the supercycle of the PS and SPS as experienced by the T3B
experiment during its test beam phases. The PS delivered up to three spills of particles

• Typical operation mode:


• Up to 10k triggers per spill - data volume:

• 3000 samples/ev, 8 bit per sample: 240 Mbit/ch/spill => ~ 1 Gbit / picoscope/spill


• with four scopes: 500 MB/spill - read out over USB2


‣ requires parallel readout over four controllers to read in less than 30s

!

‣ Summary: Record 10k events with high rate, then read out for ~ 30s, record again… 
(NB: The number of recorded events before readout can be higher by x 5, then readout takes longer)
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Data Analysis
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• For robustness: Use only the first hit in each cell in an event - avoids uncertainties 
from hit separation, afterpulsing, … High granularity ensures multiple real hits are 
rare (at the %-level)


• Main observable: “Time of first hit” - Timing given by the second reconstructed 
photon (SiPM)

JINST 8 P12001 (2013)

• Subtract the average response of a 
single SiPM pixel from the 
recorded signal, until no signal left:


‣ Histogram with the time of arrival 
of each photon on the SiPM


• For this plastic/SiPM combination 
1 MIP ~20 photons i.e. 820 keV in 
the scintillator
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Calibration
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2013 JINST 8 P12001

waveform integral [C]
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-1210×

#
 w

a
ve

fo
rm

s

1

10

210

310 SiPM gain extraction:

data
Gaussian fit: 1 p.e.
Gaussian fit: 2 p.e.

 C]-12SiPM avalanche charge [10

0.155 0.16 0.165 0.17 0.175

#
 T

3
B

 c
e
lls

0

1

2

3

4

5 mean SiPM avalanche charge: 

 C-12 10× 0.0039 ±0.1667 

Figure 3. Left: extraction of the SiPM gain using random thermal SiPM noise acquired in the intermediate
run mode. The SiPM avalanche charge value (= SiPM gain⇥ e) is extracted by fitting the 1- and 2-pixel
peaks of the waveform integral distribution and by extracting the difference of the maxima. Right: distribu-
tion of SiPM avalanche charge extracted from the fits of the waveform integral distribution for the batch of
15 T3B cells. The average charge of all 15 cells corresponds to a SiPM gain of 1.04⇥106.

are then averaged sample by sample. A typical resulting average waveform is shown in the inset in
figure 2. The small dip observed at a time of 30 ns is due to an electronic reflection in the system.
Since this reflection also occurs in physics data taking, it is included in the templates used for the
decomposition algorithm. To obtain representative averages for the 1 p.e. waveform, at least 500
waveforms are required. Thus, also an averaged 1 p.e. waveform can be determined for every few
minutes of data taking.

The waveform decomposition algorithm uses this averaged 1 p.e. waveform to determine the
arrival time of each photon on the photon sensor. This is done by an iterative subtraction of this
1 p.e. signal from the physics waveform. First, the global maximum of the physics waveform
is identified. The time position of the maximum of the 1 p.e. waveform is matched to the time
bin of the global maximum, and the 1 p.e. waveform is subtracted from the physics waveform.
The time position of the global maximum is taken as the time of the photon candidate. Then, the
procedure is iteratively repeated for the resulting waveform after the subtraction until no significant
signal remains. This is the case when no maximum higher than half of the peak amplitude of the
1 p.e. waveform is found, or the found maxima have a FWHM width which is smaller than 30%
of the FWHM width of the 1 p.e. waveform, which can occur from artefacts introduced during
the decomposition procedure. These exit conditions were tuned to achieve a high efficiency for
identifying all firing pixels, while avoiding the false identification of to many 1 p.e. signals. This
waveform decomposition algorithm is well suited for an accurate determination of the time of
arrival of photons on the light sensor. The result of the waveform decomposition is a time resolved
1 p.e. hit histogram which replaces the analog waveform, shown in blue in figure 2. The accuracy
of the waveform decomposition is verified by reconstructing an analog waveform from the 1 p.e.
hit histogram by placing an averaged 1 p.e. signal at the time position of each identified photon
candidate. The resulting waveform, shown in black in figure 2, is then compared to the original
waveform shown by the red filled histogram. The accuracy of the waveform decomposition is

– 7 –
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Figure 7. Validation of the calibration to the MIP scale with muon data for the central T3B cell and an
integration window of 9.6ns. The calibration procedure eliminates the temperature dependence of the MIP
MPV and results in an average amplitude ratio between muons and electrons of 0.82, consistent with the
difference in energy loss of electrons from the 90Sr source used in the laboratory to develop the calibration
and of high-energy muons.

at the same time. Due to the large temperature variations in a typical test beam environment this is
a crucial step in the calibration of the data of the T3B experiment. This procedure makes use of the
constantly updated gain values available during the analysis, as described in section 3.1.

A large muon data set recorded during one of the T3B test beam phases is used to validate the
performance of this calibration procedure. The data set consists of 13.4 million muon events that
were acquired over a period of 40 hours without interruption. The data was split into 30 sets in
which the most probable value of the particle signals and the mean temperature was identified. The
temperature varied in a range of⇠ 2�C due to day-night temperature variations in the experimental
hall. Figure 7 shows the amplitude-temperature dependence of the central T3B cell for the whole
data set. It is characterized by an average MPV drop of �3% per Kelvin. Following the correction
based on the laboratory measurements discussed above for a time integration window of 9.6ns,
the temperature dependence of the signal amplitude is eliminated, as shown by the temperature
corrected data points in figure 7. Since the calibration procedure is developed on laboratory data
using a 90Sr radioactive source, it determines the calibration factors relative to the most probable
energy loss of an electron from the 90Sr source which traverses the full tile. This energy loss,
is higher than the energy loss of close-to-minimum-ionizing muons, thus the signal amplitude
after calibration is given by an electron-to-muon scale factor Ce�,µ� of 0.82. This experimentally
measured factor is consistent with predictions by GEANT4 simulations of the laboratory setup
discussed in [12], which yields a most probable energy loss of 90Sr electrons of approximately
980 keV and of relativistic muons of approximately 805 keV. This scale factor is used throughout
the analysis of the T3B data.

– 12 –

• Real-time gain calibration, using 
dark noise taken between physics 
spills


• Temperature monitoring to correct 
for temperature effects
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Performance
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Figure 6. Left: distribution of the signal amplitude for 90Sr electrons for two different integration times.
Due to the occurrence of afterpulses, the choice of the integration time strongly influences the most probable
value of the signal for single particles. Right: dependence of the MPV of the energy distribution on the
SiPM avalanche charge (= SiPM gain⇥ e) for discrete time integration windows.

The laboratory measurements are performed with a 90Sr source positioned above the T3B cell
under study. A second T3B cell is located underneath, used as an additional trigger. The whole
setup is located in a climate chamber to ensure a stable temperature during all measurements. The
emitted electrons are collimated by a tungsten casing with a circular opening of 1mm in diameter
and point at the center of the tile under study. The trigger settings of the T3B DAQ are adjusted such
that a signal > 3 p.e. has to be detected for both cells simultaneously. This coincidence requirement
ensures the selection of events in which the electron traverses the cell under study completely and
thus minimizes the acquisition of thermal SiPM noise. The signals of 20 000 electrons are recorded
and reconstructed by the waveform decomposition routine explained above. Then, the energy
distribution in terms of photon equivalents is determined for different time integration windows in
the range from 9.6ns up to 182.4ns. The obtained distributions are fitted with the convolution of
a Landau and a Gaussian function to extract the most probable value (MPV) of the distribution, as
shown in figure 6 (left) for two different integration times. The increase in the extracted MPV for
longer integration times originates primarily from the increasing number of afterpulses which are
integrated in addition to the photon signal generated by the tile-traversing particle.

This procedure is carried out for all 15 cells, and was performed for one reference cell for
several bias voltage settings in the range of±500 mV around the standard operating voltage. Since
temperature changes result in a change of the breakdown voltage of the SiPM, the bias voltage scan
is equivalent to a temperature scan. From the bias voltage scan, the dependence of the MPV on
the SiPM gain is determined, and was found to be well described by a second order polynomial.
Figure 6 (right) shows this dependence, and illustrates the influence of the integration time. For
short integration times, the dependence of the amplitude on the device gain is linear, while the
increasing influence of afterpulsing for larger integration windows results in a parabolic behaviour.

The parameters determined from fits of the dependence of the amplitude on the gain are used to
calibrate energy depositions to the MIP scale while eliminating the dependence on gain variations

– 11 –

Time resolution of complete system (including CALICE trigger) < 800 ps

Reconstructed amplitude for particle signals depends 
on integration time (afterpulsing of photon sensor)
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CLAWS !
(sCintillation Light And Waveform Sensors)
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Use the experience accumulated with T3B and the developments in scintillator 
design and SiPMs to build a sub-ns long time-baseline detector for BEAST2
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CLAWS !
(sCintillation Light And Waveform Sensors)
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Dimple design 

• Dimple geometry 
– MC studies suggest an optimal design among various dome sizes 

 
 
 

 
 

 
• SiPM candidate 

– Thin package required 
• Fully placed inside the dimple 

– Hamamatsu SMD MPPC(1×1 mm² with 25µm pitch) chosen 
• Nominal thickness: 0.85 mm (with 0.15 mm tolerance) 

 
16.09.2014 4 Yong Liu, CALICE Collaboration Meeting at CIEMAT 

BC408 BC408 BC408 

Dome height 1.5 mm 
Dome diameter 6.0 mm 

Dome height 1.5 mm 
Dome diameter 5.0 mm 

Dome height 2.4 mm 
Dome diameter 10.0 mm 

Hitherto optimal 

Simulation in Geant4: standard Mainz dimple 
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BC408 scintillator 
SiPM type: MPPC S12571-025P  
SiPM thickness: 1mm 
Hole in the foil: 4mm (diameter) 
3M DF2000MA reflective foil 
Cosmic rays: 1~3 GeV muons 

• Mean response: 20.6 p.e. 
• Response uniformity 

– Over 99% area within 10% deviation 

Simulation in Geant4: standard Mainz dimple 
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BC408 scintillator 
SiPM type: MPPC S12571-025P  
SiPM thickness: 1mm 
Hole in the foil: 4mm (diameter) 
3M DF2000MA reflective foil 
Cosmic rays: 1~3 GeV muons 

• Mean response: 20.6 p.e. 
• Response uniformity 

– Over 99% area within 10% deviation 

• Scintillator tiles optimised for SMD SiPMs, directly 
mounted on a PCB


- Designed at Mainz, inspired by MPP studies


• New generation of SMD SiPMs with better noise 
levels, lower afterpulsing and crosstalk

Cosmic-ray measurement at Mainz (reminder) 

27.06.2014 Yong Liu, CALICE Collaboration Meeting at CIEMAT 14 

PMT Trigger Tile 

PMT Trigger Tile 

Dimpled Tile 
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Trigger 

Dark box 

Top Trigger 

Bottom Trigger 

Muons 

SMD-SiPM on PCB 

AND 
Module 

PreAmp 

• Test different scintillator materials, dimple shapes, 
SiPMs, wrapping 

• One hitherto optimal design 
‒ SiPM package fully inside dimple 
‒ Fairly high enough response to one MIP (>23 p.e.) 
‒ SiPM: enough dynamic range (many tens of MIPs) 

• Cosmic-ray test stand 
– Response to muons (MIPs) 

Cosmic rays 
Landau+Gaussian 

SMD-SiPM on PCB 

MPPC S12571-025P 
1×1mm², 25µm (1600 pixels) 

Dark counts 

Cosmic-ray measurement at Mainz (reminder) 
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Improvements - SiPMs
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   Dark rate measurement:
new MPPC
standard MPPC

~ 0.2‰ crosstalk

~ 20% crosstalk

• Current SiPMs: 12571 series from 
Hamamatsu - still with high noise rates 
due to interpixel cross talk


• New generation (not yet officially available) 
eliminates this problem - plan to use for 
CLAWS


• The challenge: Also eliminates our 
calibration strategy - need to find a new 
solution, for example based on LEDs
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Improvements - DAQ
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• New generation of oscilloscopes from 
Picotech (6404D)


‣ 2GS buffer


‣ USB3.0


‣ continuos data taking until full buffer 
i.e. ≥ 100 milliseconds windows 
sampled at 1.25GHz (800 ps resolution)


‣ or continuos 150 MS/s until computer 
memory full
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Optimizations
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• There is a set of tunable parameters that depend greatly on the goals of the 
measurement:


‣ SiPM pixel density


‣ SiPM active area (up to 3x3 mm2)


‣ Scintillator material and thickness

that will impact on the resolution, range and material budget of the device

!
We need a clear set of requirements regarding what CLAWS should measure in 
BEAST2:


‣ what is the energy range it should be able to detect?


‣ what time resolution is needed?


‣ what energy resolution is needed? 
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Conclusions
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• We propose a high time resolution detector:


‣ Can reach sub-nanosecond precision


‣ capable of continuously recording for very long time windows


• Detector and DAQ are well tested and have withstand hundreds of hours of runs in 
our lab as well as several testbeam data taking campaigns at CERN PS and SPS


• New developments in SiPM noise rate and oscilloscope readout can push the 
boundaries even further

• Need to know:


‣ What exactly we want measure with this system?


‣ What are the expected energies?


‣ What are the expected rates?


• We need input from your side to optimize the detector and customize it to your 
needs


