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Silicon photomultipliers (SiPM) have a wide range of applications in high energy and medi-
cal detector physics. Their excellent timing properties and compactness make them particularly
interesting for time of flight positron emission tomography (TOF-PET). This study aims at de-
termining the optimum detector conditions for highest time resolution in a TOF-PET system.
The measurements are based on the time over threshold method in a coincidence setup using the
ultra-fast amplifier-discriminator NINO and a fast oscilloscope. We compare commercial SiPMs
of different SPAD types (Hamamatsu MPPC S10931-025P, S10931-050P and S10931-100P) and
production batches. To explore the intrinsic timing capabilities of the SiPM, we coupled short,
i.e. 2x2x5mm?, Ca-co-doped LSO:Ce crystals to the different MPPCs and obtained best results
for the S0um type of 1424+4ps FWHM CTR. This performance makes SiPMs ideal candidates
for photodetectors in high resolution TOF-PET systems. The results will be discussed in terms of
SiPM dark noise and photon detection efficiency (PDE).
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1. Introduction

Silicon photomultipliers (SiPMs) or multipixel photon counters (MPPCs) are interesting where
timing issues are of importance. They are promising candidates for time of flight positron emission
tomography (TOF-PET) [1, 2]. With 10mm long crystals, such detectors can achieve coincidence
time resolutions (CTR) of about 200ps FWHM [3]. They are thus comparable and even better than
the best values achieved with PMTs [4]. The travel jitter within the crystal is not a neglectable factor
[5, 6]. One can ommit its influence on the overall time resolution by using crystals of length smaller
or equal to Smm. In such conditions and for LSO:Ce a CTR of about 140ps FWHM is achievable
with SiPMs [7]. The research performed so far highlights the strong advantages of SiPMs in terms
of timing. Potential drawbacks are the high dark count, high temperature dependence and the need
for very good electronics to amplify and read out the small signals generated by one pixel. This
paper discusses the limits of different SiPMs from the producer Hamamatsu in terms of timing. We
used only LSO:Ce codoped Ca crystals with a length of Smm, and electronics developed at CERN.

2. Setup

We chose crystals of 2x2x5mm?> to minimise the influence of time travel jitter due to different
light paths in the crystal, and to be only limited by the scintillation mechanisms. The crystals
were wrapped in Teflon and coupled with optical grease (Rhodorsil 47V) to the photodetector. The
different SiPMs used are shown in Tab.1. For the 50u SPAD size type, we compare 2 different
batches produced at different times and one selected MPPC with lower DCR (dark count rate).

Type: SPAD  Number Fill  break
S10931 size of Factor down
(um?) Cells (%) (V)
-100P (received June 2010) 100x100 900 78.5 69.3
-050P (received June 2010) 50x50 3’600 61.5 70.5
-050P (received May 2011) 50x50 3’600 61.5 70.9
-050P (impr. DCR, Jan. 2012)  50x50 3’600 61.5 70.6
-025P (received June 2010) 25x25 14’400 30.8 69.2

Table 1: Properties of the different photodetectors, HAMAMATSU with 3x3mm? active area

We characterize the timing properties with the standard coincidence measurement [8] as seen
in Fig.1,a. The SiPM signals are fed into the CERN developed NINO chip [9]. NINO is an ultrafast
discriminator amplifier employing the “time over threshold” technique. It produces a squared out-
put pulse with the leading edge determining the time information (leading edge discrimination) and
the width being a function of the pulse charge and thus delivering energy information, see Fig.1,b.
NINO uses a differential readout of the SiPM signals [10] and hence can actively suppress common
ground noise and pick-up.

The entire setup was housed in a thermally insulated dark box. The temperature was held
stable at 204-0.1°C. This should avoid temperature induced gain fluctuations during a single CTR
measurement.
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Figure 1: Test setup using NINO, (a) schematic of the coincidence time measurement and (b) generation of
the NINO output signal from the SiPM input

The data acquisition was performed with a high sampling rate oscillocope, LeCroy DDA 735Zi
(40GS/s). The dual pulse widths from the NINO outputs of each branch of the coincidence setup,
plus their delay, were always recorded on disk [3]. In the offline data analysis the time delay
histogram is plotted taking only delay events lying in the two photopeaks into account, Fig.2. This
offline analysis could be done in real time by just selecting events with pulse widths belonging to
energies in the photopeaks.
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Figure 2: In the analysis we select (a) for both sides only delay events lying in both photopeaks of the NINO
output pulses which is leading to (b) the time delay histogram from which we derive the CTR

It is also possible to define a reference detector with this setup. For that purpose we modify one
branch of the setup. We glued a 2x2x5mm? LSO:Ce:Ca crystal fully wrapped in Teflon on a Hama-
matsu 5S0um MPPC and always operated it at the same bias and threshold voltage. The reference
was determined to have a time resolution of 107ps FWHM. By measuring a SiPM plus crystal under
test versus this reference we obtain CTR™. Aplying the formula CTR = \/ (CTR™)2 — 1072 %2
one can calculate the CTR of the SiPM plus crystal under test.
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3. Results for different SPAD sizes

We made a series of systematic measurements changing the SiPM bias and NINO threshold
voltage. We always used the same type of scintillator, i.e. LSO:Ce with 0.4% Ca codoping and
2x2x5mm? in dimensions, ensuring to investigate only the timing behaviour of the different SiPMs
tested. Fig.3 to Fig.5 show bias and threshold voltage scans made with different SiPMs of 25um,
50um and 100um SPAD size, all from the June 2010 batch. For every case we provided a stair-
case plot that shows the DCR over NINO threshold. The staircase plots give important information
not only of the DCR value but also of the transition threshold between the 1 and 2" SPADs firing.
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Figure 3: 25um SPAD size: (a) bias voltage scan, (b) NINO threshold voltage scan, (¢) DCR scan
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Figure 4: 50um SPAD size: (a) bias voltage scan, (b) NINO threshold voltage scan, (¢) DCR scan

All SiPMs have a minimum CTR seen in the bias voltage scans. This is due to the PDE being a
product of geometrical fill factor, quantum efficiency and the probability of triggering an avalanche.
With increasing bias voltage the avalanche triggering probability becomes higher, thus increasing
the PDE. An increased PDE allows to detect more photons of the scintillation process and thus
improves timing by improving statistics. Dark count rate is increasing with bias overvoltage as
well. Above a certain bias overvoltage the PDE levels off and dark count begins to deteriorate the
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time resolution, giving rise to the observed minimum.

With decreasing NINO threshold, time resolution becomes better as a consequence of trigger-
ing at lower ranks of the scintillation’s Poisson process. The fact that we do not see an increase in
CTR at very low threshold levels implies a very low electronic noise level of NINO.

For the 100um type and high bias voltage values we see an increase in CTR if going to lower
threshold values, Fig.5,b. This can be explained by the very high DCR of this device adding base-
line shifts and subsequently deteriorating the CTR.
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Figure 5: 100um SPAD size: (a) bias voltage scan, (b) NINO threshold voltage scan, (c) DCR scan

Comparing the 3 different types (25um, 50um and 100um) in Tab.2 and Fig.6,a the 50u gives
best results with CTR values of 142ps FWHM at the minimum. Despite its good fill factor of 78.5%
the 100um type is only slightly better than the 25um type. Obviously the 100um type cannot be
operated at optimum bias voltage because of its rapid increase in DCR, Fig.6,b. The 25um type
shows a CTR of 202ps FWHM and is thus about a factor v/2 worse than the 50um type. This factor
could be explained by photon-statistics, because of its fill factor being 30.8% and thus half of the

50um type.
Type: SPAD Fill  Break down NINO Bias DCR at Best CTR
S10931 size Factor voltage threshold Voltage bias voltage = FWHM
(um®) (%) V) (mV) V) (Mcps) (ps)
-025p 25x25 30.8 69.2 40 73.0 4.55 20244
-050P 50x50 61.5 70.5 40 72.2 0.88 14244
-100P  100x100  78.5 69.3 40 70.3 5.85 19248

Table 2: Minimal CTR achieved for different HAMAMATSU MPPCs with 3x3mm? active area coupled to
2x2x5mm? LSO:Ce:Ca. Temperature at 20°C for all measurements.
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CTR vs bias overvoltage

Dark Count rate vs. Bias overvoltage
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Figure 6: Summary of all 3 investigated SiPMs (a) bias voltage scan at same NINO threshold of 40mV and
(b) DCR versus bias over-voltage

4. Differences between production batches

Variation of the timing behaviour between different production batches is an important con-
sideration. We investigated 3 different production batches of the 50um type received in June 2010,
May 2011 and January 2012. One special selected device with a lower DCR allowed to investigate
the influence of DCR on the CTR at fixed temperature.
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Figure 7: Measurements of 3 different batches: (a) CTR vs. bias overvoltage and (b) according DCR vs.
bias overvoltage

We observed that the different production batches yielded the same timing behaviour when
coupled to a LSO:Ce:Ca scintillation crystal with Smm length, Fig.7. In our setup we did not see
any improvement of time resolution despite reducing the DCR by about a factor 2. This leads to
the assumption that for the SO0um type other factors have a higher influence on time resolution.
However it should be noticed that for the 50um type the DCR is already very low, even at high
overvoltages, suggesting a more refined production process compared to the 25um and 100pum

type.
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5. Summary and Conclusion

We investigated the timing resolution achievable with different types of SiPMs with different
SPAD sizes and production batches. The 50um SPAD size type gives best results among the
different SPAD size types tested. Different production batches lead to same results in CTR, and
dark count seems to play an inferior role if below a certain threshold.
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