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A

: Silicon photomultipliers (SiPMs) replace photomultiplier tubes (PMTs) for the detection of light in many applications, particularly in high energy physics and medical imaging. We describe a flexible implementation of a SiPM model for the GATE Monte Carlo simulation platform, which is based on the SiPM noise description proposed by Rosado and Hidalgo, and describe an easy and effective method to determine and instantiate the SiPM noise model with simple measurements. We also simulate the micro-cell Single Photon Time Resolution (SPTR) and describe its measurement.

Introduction

Silicon photomultipliers (SiPMs) replace photomultiplier tubes (PMTs) for the detection of light in many applications, particularly in high energy physics and medical imaging [START_REF] Lewellen | Recent developments in PET detector technology[END_REF] [2] [START_REF] Kovaltchouk | Comparison of a silicon photomultiplier to a traditional vacuum photomultiplier[END_REF]. A SiPM is composed of thousands of micro avalanche photodiodes [START_REF] Renker | Advances in solid state photon detectors[END_REF]. Their sizes vary from one to tens of millimeters depending on the SiPM model. The detection of an optical photon by one micro avalanche photodiode (also called micro-cell) induces an electric signal (pulse). The SiPM signal corresponds to the sum of all the pulses issued by the micro-cells. This signal is very sensitive to temperature and over-voltage [START_REF] Nepomuk | Characterization of Three High Efficiency and Blue Sensitive Silicon Photomultipliers[END_REF]. This involves various sources of noise, which basically consist in dark counts (a random firing of a micro-cell due to thermic excitation), crosstalks (micro-cells that fire due to infrared excitation resulting from the avalanche of another neighbor micro-cell), after-pulses (a micro-cell that fires again a few nanoseconds after the bulk interaction resulting from a first avalanche within the micro-cell), delayed-crosstalks (a micro-cell that fires a few nanoseconds after the bulk interaction resulting from a first avalanche in another micro-cell) and white noise.

Two types of SiPMs are currently available on the market, digital SiPMs (dSiPMs) and analog SiPMs (aSiPMs). The main difference between dSiPMs and a SiPMs is that dSiPMs include a signal digitizing part whereas aSiPMs do not. While dSiPMs have already been modelled in GATE [START_REF] Salvadori | Monte Carlo simulation of digital photon counting PET[END_REF], aSiPMs have only been modelled with GEANT4 [START_REF] Niggemann | G4SiPM: A novel silicon photomultiplier simulation package for Geant4[END_REF].

We present a flexible implementation of aSiPM in GATE [START_REF] Jan | GATE: a simulation toolkit for PET and SPECT[END_REF] [9] instantiating all the SiPM noise sources described above. For this, we implement the noise description proposed by Rosado and Hidalgo in [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF] and use an easy and effective method to determine and instantiate SiPM noise soures with simple measurements. We also simulate the micro-cell Single Photon Time Resolution (SPTR) and describe its measurement.

Collecting SiPM properties for their simulation with GATE

As it will be described in Section 3, the Monte Carlo simulation of SiPM with GATE requires to instantiate a number of SiPM specifications. Some of them are provided by the manufacturer, e.g., the number of micro-cells or the SiPM size, and some are not and need to be determined experimentally. Following [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF], we describe a method to measure the micro-cell pulse shape and recovery time constant, the SiPM Dark Count Rate (DCR) and crosstalk probabilities, and the afterpulse and delayed-crosstalk time distributions by acquiring the signal of the SiPM placed in the dark. The micro-cell SPTR is determined by illuminating the SiPM with an attenuated picosecond laser. The method is exemplified with an SiPM HPK MPPC S13360-3050.

Shape of the micro-cell signal

The pulse generated at 0 by a micro-cell can be described by a double exponential characterized by a rising time constant rise , a falloff time constant fall and an amplitude amp as expressed by Eq. 2.1, where ℎ ( -0 ) is the Heaviside function. To determine those constants, micro-cell pulses must be acquired with the SiPM placed in the dark (Figure 1).

= amp × ℎ ( -0 ) × 1 - - -0 rise × - -0 fall (2.1)
Since the amplitude amp can vary from one micro-cell to another and from one pulse to another, it is important to analyze several pulses corresponding to the detection of one photon (i.e., generating only one micro-cell pulse) and to determine the standard deviation on the estimation of amp . For the SiPM placed in the dark, we measured amp = 5.01 ± 0.29 mV.

For simulations aiming to study the time resolution of an SiPM, the approximation of a microcell pulse by a double exponential function is not enough accurate. One should rather proceed to a signal sampling with an appropriate sampling period given the time resolution of the spectrometric chain (i.e., < 50 ps for a typical SiPM SPTR of 100 ps).

White noise

White noise is characterized by its standard deviation, which is determined on the SiPM signal in absence of pulse. For the SiPM, we measure a standard deviation of 0.377 mV. . Time frame of a typical signal originated from the SiPM placed in the dark comprising a dark count (the first pulse called primary), one after-pulse (the second pulse) and probably one delayed-crosstalk (the last pulse). Pulses starting times are indicated with vertical lines and corresponding amplitudes are presented in the legend.

Recovery time constant and noise distributions

Using time frames of the SiPM signal acquired in the dark, one can notice that some pulses are correlated. For example, in Figure 2, three pulses are visible. Presumably, the first pulse is a dark count and the two other pulses following it are correlated with it. By measuring the amplitudes and the time delays from the first pulse, which is called primary, we can infer that the second pulse is an after-pulse because its amplitude is lower than the amplitude of the primary, i.e., the micro-cell has not restored completely at the time of the second pulse, and the third pulse is a delayed-crosstalk because its amplitude is similar to the amplitude of the primary. The steps of the method proposed by Rosado and Hidalgo [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF] to determine the micro-cell recovery time constant, the SiPM DCR and crosstalk probabilities, and the after-pulse and delayed-crosstalk time distributions are listed below:

1. Measuring SiPM signal frames in dark conditions.

2. Deconvolve the signal shape given by Eq. 2.1 from the SiPM signal frames sampled in the dark.

3. Using the deconvolved signal, find pulses with an amplitude at least three times higher than the white noise standard deviation.

4. Using signal frames, determine the amplitudes using the "peakdet" function available in python [START_REF] Billauer | Peak detection in python[END_REF] with a threshold three times higher than the white noise standard deviation and compute the amplitude from the minimum to the maximum value of the leading edge.

5. Whenever no pulse is observed in the signal frame for 500 ns, the next pulse with an amplitude higher than amp -3× amp is considered as a primary pulse with amp the standard deviation of amp .

6. Using signal frames, determine the time delays from the primary pulse of pulses following it within 500 ns, which are thus considered as correlated.

7. For these correlated pulses, plot a 2D histogram of amplitudes versus time delays from the primaries.

Figure 3 presents a 2D histogram of amplitudes versus time delays from the primaries obtained by analyzing 1000 signal frames from the SiPM with a duration of 3.2 ms. The SiPM was placed in the dark at a temperature of 21 °C and was biased with an over-voltage of 3 V ( = br + 3 where br is the micro-cell breakdown voltage). Its signal was amplified by a gain of 21.

Recovery time constant

When a micro-cell fires, it takes a few nanoseconds to recover. Hence, when a micro-cell fires, and then again a few nanoseconds later with a time delay from the primary, i.e., corresponding to the occurrence of an after-pulse, the amplitude of the micro-cell signal amp ( ) follows Eq. 2.2 where rec is the recovery time constant of the micro-cell. It is then estimated by fitting with Eq. 2.2 the rising part of the lower branch of the 2D histogram (Figure 4).

For this, time delay slices of 1 ns were projected on the amplitude axis. A gaussian fit was then performed on every amplitude profile and a fit of Eq. 2.2 on their mean weighted by their standard deviation as a function of the time delay returns the recovery time constant rec with its error. In our case, rec amounts to 28.5 ± 0.5 ns.

# of counts

amp ( )

= amp × 1 --rec (2.2)

Crosstalk probabilities

Pulses occurring between 100 and 500 ns after the primaries were selected and projected on the amplitude axis (Figure 5 left). In those conditions, only few after-pulses remain and their impact on the estimation of the probability of crosstalk is negligible. Several peaks are visible on the amplitude projection (Figure 5 right), which correspond to pulses with 0, 1, 2, 3 or 4 crosstalks. Gaussian fits were performed on each peak, whose integrals estimate the number of events observed with 0 up to 4 crosstalks. The crosstalk probabilities (up to 4 crosstalks) listed in Table 1 are obtained by dividing the integral of the gaussian fits by the number of events measured between 100 ns and 500 ns. The amplitudes recorded below 5 mV correspond to uncorrelated afterpulses, mostly correlated to dark counts which appear during the 500 ns time delay.

The crosstalk probability , i.e., the probability to have at least one crosstalk, is defined as one minus the probability to have no crosstalks and amounts to 5.4%. 

0 [%] 1 [%] 2 [‰] 3 [ ] 4
[ ] 94.6 ± 1.3 4.9 ± 0.1 3.9 ± 0.2 3.7 ± 0.3 0.5 ± 0.1

Dark Count Rate (DCR)

In the 2D histogram, pulses occurring 200 ns after the primary are considered as uncorrelated. Pulses are projected onto the time delay axis, re-binned within 1 ns time delay intervals and divided by the number of primaries (1 193 132). The DCR is computed as the mean value of bins (Figure 6). A DCR of 498 ± 2.9 kHz was obtained.

After-pulse time distribution

In [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF], Rosado and Hidalgo model the after-pulse time distribution AP ( ) with the equation:

AP ( ) = AP × 1 --rec × × - bulk × ( ) (2.3)
where represents the time delay from the primary. AP is a constant which corresponds to the probability that an after-pulse occurs at = 0. bulk is the minority carrier lifetime in the silicon substrate, which is also called bulk lifetime. The function ( ) allows to estimate the number of pulses that are not detected because their amplitude is smaller than the amplitude of the electric Hence, we used pulses selected so that ( ) = 1 with amplitudes smaller than 4.1 mV that appear at least 20 ns after the primary to fit the after-pulse time distribution (Figure 7) with the function: The amplitude AP of the after-pulse time distribution is then obtained by dividing by the number of primaries (1 193 132) and by the probability to have no crosstalks 1 -. The estimations of bulk and AP are bulk = 11.4 ± 1.2 ns and AP = 0.30 ± 0.02, which are in concordance with the values presented by Rosado and Hidalgo in [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF].

× 1 --rec × 1 × - bulk (2.

Delayed-crosstalk time distribution

In [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF], Rosado and Hidalgo model the delayed-crosstalk time distribution CT ( ) with the equation:

CT ( ) = CT × × - bulk (2.5)
where, represents the time delay from the primary, and CT is a constant expressed in unit of [time] -1/2 . The factor is an ad hoc factor set by the authors to reproduce the measured distribution with = -1/2.

We used pulses with amplitudes between 4.2 mV and 6 mV to fit the delayed-crosstalk time distribution (Figure 8) with the function:

× 1 √ × - bulk + DCR × (# primaries) (2.6)
where bulk is set to 11.4 ns. Indeed, dark counts are also present and must be taken into account by an offset in the fit given by DCR × (# primaries). A few delayed-pulses are also present in this region, but their contribution to the delayed-crosstalk time distribution was considered negligible. The amplitude CT of the delayed-crosstalk time distribution is then obtained by dividing by the number of primaries (1 193 132) and by the probability to have no crosstalks 1 -. It amounts to 7.9 ± 1.2 ms -1/2 .

Single Photon Time Resolution (SPTR)

To measure the SPTR, we used the amplification electronic setup proposed by Cates et al. [12][13]. This setup allows to get a very good signal to noise ratio owing to the differential measurement of the SiPM signal and the use of an inductance with a ratio 1 : 1 that provides a passive amplification of the signal.

The SiPM was biased with an over-voltage of 9 V and illuminated with a laser pulse of 20 ps FWHM. The fiber output was placed 50 cm away from the SiPM face and we used an attenuating iris followed by a diverging lens to shape the light pulse so as that only one photon impinges onto the surface of the SiPM (Figure 9). An oscilloscope sampled the signal at 40 GHz during 300 ns each time the signal was triggered above a fixed amplitude over noise. Figure 10 shows the histogram of the time difference between the laser pulse and the trigger. As described by E. Grushka et al. in [START_REF] Grushka | Characterization of exponentially modified Gaussian peaks in chromatography[END_REF], we used a convolution between a gaussian distribution and an exponential decay distribution given by the expression:

( ; , , ) = 1 √ 2 × - ( -) 2 2 2 * - (2.7) 
to fit this histogram. The standard deviation of the gaussian distribution amounts to measured = 136 ± 20 ps FWHM. Note that this value is in concordance with the measurement of Cates . performed in similar conditions (SiPM type, over-voltage, amplification circuit, and fit function) [START_REF] Cates | Improved single photon time resolution for analog SiPMs with front end readout that reduces influence of electronic noise[END_REF]. It also comprises the resolutions of the oscilloscope trigger, the laser ( laser = 20 ps FWHM), and the electronic noise. To estimate the resolution of the trigger, a sharp signal was duplicated and measured simultaneously on two different channels of the oscilloscope. The histogram of the time difference between the two trigger signals allowed to estimate the resolution of the oscilloscope trigger, which amounts to trigger = (31 ± 0.6)/ √ 2 = 21.9 ± 0.4 ps FWHM. The electronic noise contribution can be estimated by measuring the FWHM of the white noise divided by the SiPM signal slope at the trigger position. It amounts to elec = 43.4 ± 0.3 ps FWHM.

The SPTR of the SiPM is then expressed by: SPTR = at ov = 9 V and is in agreement with other measurements available in the literature [START_REF] Acerbi | Understanding and simulating SiPMs[END_REF]. As propsed by Acerbi et al. in [START_REF] Acerbi | Understanding and simulating SiPMs[END_REF], the micro-cell SPTR is modeled in GATE by adding to the pulse start time 0 a randomized time following a gaussian distribution centered on 0.

Setting up the SiPM simulation in GATE

Three files need to be modified or created in order to simulate an SiPM in GATE:

• The file SiPM.XML for the parameters of the SiPM signal generation.

• A file for simulation with the extension .mac, which contains the macros allowing to provide the SiPM geometry.

• The file Surfaces.XML for the SiPM surface and Photon Detection Efficiency (PDE) definitions.

The SiPM.XML file

Many types of SiPMs with different properties can be defined in this file. An example is presented in Appendix A in which one can find:

• deadTime: Mean dead time of a micro-cell

• tauRecovery: Mean recovery time of a micro-cell ( rec )

• SPTR: Single Photon Time Resolution

• tauBulk: Bulk lifetime ( bulk )

• Cap, Cct, a and b are the constants AP , CT , and of Eq 2.3 and 2.5 used to describe the time distributions of after-pulses and delayed-crosstalks, respectively

• signalDeconvolvedAmplitude: Mean amplitude of a pulse

• durationPulse: Desired time duration of a generated pulse (more than 3 × fall is recommended)

• signalDeconvolvedAmplitudeSigma: Pulse amplitude standard deviation

• whiteNoiseSigma: White noise standard deviation

• DCR: Dark Count Rate
• Dimensions: Dimensions of one micro-cell

• CROSSTALK: Probabilities of the number of crosstalks (0, 1, 2, etc.)

• CROSSTALK DISPERSION: Spatial dispersion of crosstalks and delayed-crosstalks (the first line represents the probablity that the closest micro-cells fire, the second line represents the probability that micro-cells at a double distance fire, and so forth)

• Pulse: Mean signal sampled for one firing micro-cell (its duration must be superior or equal to durationPulse)

The Surfaces.XML instantiating

This file contains the reflectance and PDE of the SiPM. Explanations about each part of this xml file can be found in reference [START_REF]GATE users guide[END_REF]. Many types of surfaces can be described. As an illustration, we chose to create one type with the name SiPM in Appendix B. In this example, the SiPM surface is polished. Therefore, the values of SPECULARLOBECONSTANT, SPECULARSPIKECONSTANT, BACKSCATTERCONSTANT and sigmaalpha are set to zero. The SiPM micro-cells are placed behind an optical coating (epoxy, glass, etc.). The SiPM surface is then defined as polished and composed by a dielectric material with the reflectance of silicon (REFLECTIVITY) measured by Green and Keevers in [START_REF] Green | Optical properties of intrinsic silicon at 300 K[END_REF]. Last but not least, EFFICIENCY stores the PDE of the SiPM provided by the manufacturer.

Writing macros

A new parallelepiped object named SiPM with its dimensions and composition is created in the file with the extension .mac as follows: where setVolume sets the parameters of sipm to the parameters registered with the name SiPM_params in the file SiPM.xml. In this example, the signal duration amounts to 3 s and contains one value every 0.2 ns. The orientation of the SiPM detection surface is set within the (y,z) plane. When the SiPM is defined directly in the «world», the type of surface encountered by photons coming from the world that are impinging onto the SiPM surface and vice versa are defined by: which makes sipm ready for the simulation. The results are stored in numpy format, which is readable by the numpy python module [START_REF]Python Software Foundation. Python Language Reference, version 3[END_REF]. The signals and pulses generated by sipm are contained in the files signal.npy and pulse.npy, respectively.

/
/

Validation of the SiPM signal generation

To verify the correct instantiating of the SiPM parameters and signal generation, we have simulated prompt micro-cell discharges that mimic the DCR generated by an SiPM placed in the dark (i.e., in absence of light or radioactive sources). The SiPM parameters that are instantiated in the simulation are those measured in Section 2. The 2D histogram of amplitudes versus time delays from primaries obtained for simulated data is displayed in Figure 11. This histogram is indeed quite similar to the measurements presented in the Figure 3, though it is noticeably less noisy because the measured noise is not a pure white noise in contrary to the noise simulated with GATE. The Tables 2 and3 present a comparison of the parameters estimated on the measured and simulated data following the methodology described in Section 2. The measured parameters and their estimations on simulated data all agree within their uncertainties, which validates both the implementation of the SiPM model and the methodology used to estimate these parameters.

Relative uncertainties on the probabilities of the number of crosstalks amounts to 0.5%, 1.6%, 7.8%, 25.5% and 40% for 0 to 4 crosstalks, respectively. Indeed, these relative errors become rather large above 2 crosstalks, but the sum of their probabilities can almost be neglected and amounts to 12.5 , i.e., 1.5% of the probability to have one or two crosstalks. [ns] measurement 0.30 ± 0.02 7.9 ± 1.2 498 ± 2.9 28.5 ± 0. 

Conclusion

A Monte Carlo model of SiPM based on the noise description proposed by Rosado and Hidalgo in [START_REF] Rosado | Characterization and modeling of crosstalk and afterpulsing in Hamamatsu silicon photomultipliers[END_REF] was developed for GATE. It implements the generation of dark counts, crosstalks, after-pulses, delayed-crosstalks and white noise with parameters instantiated from dedicated xml files. These SiPM parameters need to be defined for a specific gain, temperature and over voltage, and can be determined experimentally by using a laser pulse to estimate the micro-cell SPTR and by recording dark counts with the SiPM placed in the dark. The GATE implementation of the noise model described by Rosado and Hidalgo was verified by simulating prompt micro-cell discharges that mimic the DCR generated by an SiPM placed in the dark and by comparing the parameters estimated on the simulated data following the methodology presented in Section 2. The agreement between the parameters instantiated in GATE and their estimations on simulated data validates both the implementation of the SiPM model and the methodology used to estimate these parameters.

In a further work, we will present a comparison of the measured and simulated data from a scintillation crystal read out by an SiPM and study the impact of the various SiPM sources of noise on the time and energy resolutions of this spectrometric chain.
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A SiPM.XML <?xml version="1. " encoding="utf-8"?> <sipms> <sipm name="SiPM"> <propertiestable> <property name="tauRecovery" value="28.5" unit="nanosecond"/> <property name="tauBulk" value="11.4" unit="nanosecond"/> <property name="sptr" value="125.4" unit="picosecond"/> <property name="Cap" value=" . 3 "/> <property name="Cct" value=" . 79"/> <property name="t " value=" ." unit="nanosecond"/> <property name="a" value="-1."/> <property name="b" value="-.5"/> <property name="signalDeconvolvedAmplitude" value=" . 48" unit="volt"/> <property name="durationPulse" value="3 " unit="nanosecond"/> <!--Duration of one pulse generated by one micro-cell--> <property name="signalDeconvolvedAmplitudeSigma" value=" .

25" unit="volt"/> <property name="whiteNoiseSigma" value="3.77E-4" unit="volt"/> <property name="DCR" value="498" unit="kilohertz"/> <propertyvector name="DIMENSIONS" unit="micrometer"> 

Figure 1 .

 1 Figure 1. A 6.5 s time frame of the signal originated from the SiPM placed in the dark. Pulses of equal amplitudes correspond to individual micro-cell dark counts.

Figure 2

 2 Figure 2. Time frame of a typical signal originated from the SiPM placed in the dark comprising a dark count (the first pulse called primary), one after-pulse (the second pulse) and probably one delayed-crosstalk (the last pulse). Pulses starting times are indicated with vertical lines and corresponding amplitudes are presented in the legend.

Figure 3 .

 3 Figure 3. 2D histogram of amplitudes versus time delays from primaries measured for the SiPM placed in the dark.

Figure 4 .

 4 Figure 4. 2D histogram of amplitudes versus time delays from primaries measured for the SiPM placed in the dark with (in blue) the mean amplitudes and standard deviations fitted on amplitude profiles binned within 1 ns time slices.

Figure 5 .

 5 Figure 5. (left) 2D histogram of amplitudes versus time delays from primaries measured for the SiPM placed in the dark and (right) its amplitude projection with (in red) gaussian fits on peaks centred approximately on 5, 10, 15, 20 and 25 mV corresponding to pulses with 0, 1, 2, 3 and 4 crosstalks, respectively.

Figure 6 .

 6 Figure 6. Time delay projection of pulses binned within 1 ns time intervals

Figure 7 .

 7 Figure 7. (left) 2D histogram of amplitudes versus time delays from primaries measured for the SiPM placed in the dark and (right) its time delay projection (in orange) used to fit (in blue) Eq. 2.4 to estimate bulk and AP .

2 Figure 8 .

 28 Figure 8. (left) 2D histogram of amplitudes versus time delays from primaries measured for the SiPM placed in the dark and (right) its time delay projection (in orange) used to fit (in blue) Eq. 2.6 in order to estimate CT .

Figure 9 .

 9 Figure 9. Picture of the experimental setup used to measure the SPTR.

Figure 10 .

 10 Figure 10. Histogram of the time difference between the laser pulse and the trigger with (in red) the result of the fit of Eq. 2.7.

Figure 11 .

 11 Figure 11. 2D histogram of amplitudes versus time delays from primaries simulated for the SiPM placed in the dark. Table 3. Comparison between the measured probabilities of the number of crosstalks defined in SiPM.XML (see Appendix A) and their estimations on simulated data. 0 [%] 1 [%] 2 [‰] 3 [‰] 4 [ ] measurement 91.0 ± 0.5 7.9 ± 0.1 9.0 ± 0.7 1.1 ± 0.3 1.5 ± 0.6 simulation 91.0 ± 0.5 8.2 ± 0.2 9.9 ± 0.7 1.3 ± 0.4 1.8 ± 0.8

<ve value=" 5 .

 5 "></ve> <ve value="5 ."></ve> </propertyvector> <!--Dimentions of one micro-cell--> <propertyvector name="CROSSTALK"> <ve value="9.1e-1"></ve> <ve value="7.9 e-2"></ve> <ve value="9. e-3"></ve> <ve value="1.1 -3"></ve> <ve value="1.46e-4"></ve> </propertyvector> <propertyvector name="CROSSTALK_DISPERSION"> <ve value="1"></ve> </propertyvector> <!--Set to 1 means that all micro-cells at a distance from center to center of the firing micro-cell equal to 5 micrometers have the same probability to create a crosstalk. Then, each new line in the vector is a circle of bigger radius (5 micrometers) where we can define the probability of crosstalk for all the microcells that it passes through. The sum of the vector is equal to 1.--> <propertyvector name="PULSE" unit="nanosecond"> <ve time=" . " value=" . 11675983255"></ve> <ve time=" . 5" value=" . 14392492543"

Table 1 .

 1 Probability of the number of crosstalks ( )

  Epoxy sets the composition of the SiPM surface, which leads to use the refraction index of Epoxy for optical photon tracking in the Monte Carlo simulation. Then, digitizer named sipm of type SiPM is inserted as follows:

	gate/world/daughters/name SiPM	
	/gate/world/daughters/insert box	
	/gate/SiPM/geometry/setXLength 1.2 mm	
	/gate//geometry/setYLength 3.4 mm	
	/gate/SiPM/geometry/setZLength 3.4 mm	
	/gate/SiPM/setMaterial Epoxy	
	/gate/digitizer/Singles/insert sipm	
	/gate/digitizer/Singles/sipm/setVolume SiPM_params
	/gate/digitizer/Singles/sipm/type SiPM	
	/gate/digitizer/Singles/sipm/setStartSignal	s
	/gate/digitizer/Singles/sipm/setDurationSignal 3 s
	/gate/digitizer/Singles/sipm/setStepSignal .2 ns
	/gate/digitizer/Singles/sipm/surface YZ	
	/gate/digitizer/Singles/sipm/initialize	
	.	

. where

Table 2 .

 2 Comparison between the measured noise parameters defined in SiPM.XML (see Appendix A) and their estimations on simulated data.

	AP	CT	DCR	rec	bulk
		[ms -1/2 ]	[kHz]	[ns]	
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