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Highlights
Main finding

e Lightreadout from scintillators by means of SiPM can or cannot give rise to non-linearity at high
energy, depending on the light decay time and on the number of SiPM microcells.

Implication

e  Careful choice of scintillator and SiPM can prevent or minimize non-linear behavior at high
deposited energy.

Abstract

During the last two decades relevant progress has been achieved in silicon photomultiplier (SiPM)
technology, so that in an increasing number of radiation detection applications they are proposed as
a viable alternative to traditional photomultiplier tubes (PMT). Applications where the light from
tiny scintillating crystals is detected by a single SiPM raise the question of the possible non-linearity
of the response due to saturation of the number of microcells involved. In other cases where larger
scintillators subtend arrays of SiPMs the same question could hold. This work tries to disentangle
such a question with a realistic numerical approach and a few tests, showing that possible saturation
effects depend on the interplay between the features of the scintillator and of the SiPM (array). The
quantitative results of this analysis can likely be used to better plan future radiation detection systems
and to highlight their linearity boundaries.

Keywords: silicon photomultiplier; scintillator; non-linearity.

1. Introduction

The detection of gamma rays is one of the most widespread applications in radiation physics
worldwide. Whenever high spectroscopic precision is required, in order to identify the emitting
radioisotopes, the gold standard of detectors is the germanium semiconductor [1]. In most other cases
much less expensive and more practical detectors based on scintillators are exploited. A scintillator
detector is based on special organic or inorganic materials exhibiting the notable feature of producing
tiny flashes of light when hit by radiation. We will not go into details of how such a light is produced
at molecular level, but we just remind here that the produced visible photons are emitted isotropically
according to an exponential time distribution with a decay constant pi characteristic of each material.
Organic scintillators are typically faster, with p values even down to 1-2 ns, whereas inorganic
crystals span a wide range from tens of nanoseconds even up to milliseconds [2,3].

Throughout several decades the light readout of scintillators has mainly been performed by
means of photomultiplier tubes (PMT), until more recently a new kind of solid state photodetector
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has come onto the playground, namely the silicon photomultiplier (5iPM). Such a device, suggested
many years ago but only recently industrially produced because of relevant technological advances,
operates according to a quasi-digital scheme. Indeed, it consists of an array of semiconductor
microcells kept in a quiescent state slightly above the breakdown voltage. When a visible photon
interacts with one such microcell it triggers a discharge, limited by a built-in quenching resistor, that
gives rise to a signal consisting of the electrical charge stored in the microcell itself. Being all
microcells identical, each one produces the same signal when hit by a visible photon and then a light
pulse consisting of n photons should produce a signal n times as large as the single photon does.
Of course this ideal scheme has several limitations in real sensors:

1.  Only a fraction of the photons hitting the SiPM produces signals, because of its photon detection
efficiency (PDE) that is far from 100%;

2. When two or more photons interact with the same microcell the produced signal is the same
(this is the so called problem of the multiple hit);

3. Eachmicrocell has a recharging dead time, i.e., a short time interval after being triggered, during
which it is inactive because its voltage is being restored to the operating value;

4. As the microcells are kept above breakdown, every now and then they can spontaneously
discharge for thermal reason, giving rise to an overall poissonian dark noise mainly consisting
of single microcell signals plus rarer double, triple and higher order spurious coincidences.
However, the main limitation of SiPMs is their maximum size, that for the currently available

devices is 6 mm x 6 mm. Such a small size can also be seen as an advantage, should one be interested
to set up a miniature gamma ray detector. Due to the decreasing cost of these photosensors, the size
limitation is currently being overcome by arranging arrays of SiPMs for the readout of larger
scintillators. Details on the features and operation of SiPMs can be found in [4-7] and in the copious
list of references therein.

One of the questions arising from the above mentioned operational limitations is the linearity of
the response, in particular when detecting gamma rays of the order of 1-2 MeV [8-11]. In this work
we examine the behavior of two different models of SiPM, when coupled to five popular scintillators,
as a function of the energy deposited by gamma rays. In Section 2 we describe the algorithm
developed to evaluate the behavior of a SiPM illuminated by scintillation light, and in Section 3 we
show the results obtained with the several examined combinations of scintillator + SiPM along with
the experimental results obtained in two particular real cases. Finally, in Section 4 we discuss the
relevant take-home messages arising from our results.

2. Materials and Methods

2.1. Detecting Gamma Rays

The interaction of gamma rays with matter occurs according to three main processes:

e  Photoelectric effect, dominating at low energy, when the gamma disappears transferring all of
its energy to an electron;

e  Compton scattering, dominating at intermediate energy, with the gamma scattering off an
electron and imparting it some kinetic energy;

e  ete- pair creation close to a nucleus, exploiting 1.022 MeV of the incoming gamma thus being
the dominating effect at very high energy.

For the low to medium energy range considered here, namely up to = 2 MeV, only photoelectric
effect and Compton scattering are relevant. The energetic electron thus produced interacts with other
electrons and gives rise to a so called shower, i.e., a cloud of energetic electrons whose total kinetic
energy is equal to the energy released by the initial gamma interaction. The scintillation light in
scintillators is produced by the interaction of these energetic electrons with "color centers’, i.e.,
typically dopants in the material capable to reach an excited level by collision which deexcites by
emitting visible light. The number of visible photons produced in each gamma interaction is generally
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proportional to the energy deposited by the gamma ray into the material. The detection and energy
measurement of the gamma rays is done by measuring the amount of scintillation light produced by
means of some photodetector which converts light into an electric signal. Due to the very small
amount of light produced a physical amplification is quite often required, and the task is
accomplished by using a photomultiplier device.

Different scintillators have different linearity between deposited energy and scintillation light,
especially at high deposited energy where some saturation of the light yield could be expected.
Saturation can also be expected due to the employed photosensor, especially in the case of
photoelectric interaction when the full gamma energy is transferred to the material. Starting from our
previous experience with detectors based on scintillators and SiPMs [12-15], we examined five
popular scintillation materials, whose main features relevant for this study are listed in Table 1 [16],
and their response when coupled to two models of 6 mm x 6 mm SiPM [17,18] whose features are
listed in Table 2.

Table 1. Main features, relevant to this study, of the selected five popular scintillators.

CsI(T])  LaBr3(Ce) CeBr3 BGO Nal(Tl)
Light yield [photons/keV] 60 70 70 10 45
Decay time [ns] 960 30 20 300 250
Emission spectrum from ref. [19] [20] [21] [22] [23]
Refractive index at A max 1.8 1.9 2.1 2.1 1.8
Weighted PDE SensL [%] 27% 31% 34% 29% 35%
Weighted PDE Hamamatsu [%] 41% 42% 45% 44% 48%

Table 2. Main features, relevant to this study, of the two selected SiPMs.

MICROFC-60035-SMT 514160-6050HS
SensL (now OnSemi) [17] Hamamatsu [18]
number of microcells 18980 14331
microcell recharge time [ns] 100 92

2.2. Collecting the Scintillation Light

The number of scintillation photons collected on the photosensor depend on the geometric
features of the detector and, more important, on the type and quality of the outer surface of the
scintillator. Indeed, a bare scintillator would lose most of the light through its outer faces, and
basically collecting only those photons traveling straight from the emission point to the photosensor.
This is why scintillators are generally coated with a highly reflective layer (paint, resin, ...) to
maximize the light collection efficiency allowing photons to be collected also after several internal
reflections. The reflector is not specular but white so that, contrary to the case of geometrical
reflection, the light path inside the scintillator is quickly randomized. This way any possible variation
of the light collection efficiency with its emission position inside the scintillator is minimized. The
typical reflectivity values of the employed reflector materials range from 0.9 to 0.96.

Two detector geometries have been examined, representative of two major possible approaches
to the spectroscopic detection of gamma rays with scintillators and SiPMs. The first one concerns
applications as miniature detectors and dosimeters, whereas the second has crystal size and shape
typical of several existing commercial products:

e A compact configuration witha 1 cm x 1 cm x 1 cm scintillator coupled to a single 6 mm x 6 mm

SiPM (Figure 1a);

e A bigger one with a cylindrical scintillator of 3.81 cm diameter and 3.81 cm height (1.5" x 1.5")
coupled to a square array of 4 x 4 SiPMs (Figure 1b).
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The results and considerations that we are going to describe in the following can be easily
rescaled to similar geometrical configurations with larger or smaller scintillators and different
number of SiPMs.

3.81cm (1.5")

3.81cm (1.5")

(a) (b)

Figure 1. The two detector geometries studied: (a) 1 cm x 1 cm x 1 cm scintillator coupled to a single 6 mm % 6
mm SiPM; (b) cylindrical scintillator of 3.81 cm diameter and 3.81 cm height coupled to a square array of 4 x 4
SiPMs.

Due to the compact size of both geometries with respect to the (re)absorption length of several
tens of centimeters for all of the scintillators under consideration, in this study we decided to neglect
the possible self-absorption of scintillation photons in the scintillator material. The light collection
efficiency, i.e., the fraction of photons reaching the SiPM, was first estimated by means of a simple
naive approach:

¢  Noreal geometry is considered for the system and no light propagation is implemented;

e A scintillation photon produced somewhere inside the crystal reaches a point on the inner
surface;

e  We assume it can hit the SiPM with a probability & roughly equal to the ratio between the area
of the SiPM and the total area of the crystal;

e  Otherwise it can be reflected or absorbed with probability r and (1-r) respectively, being r the
reflectivity of the inner surface.

¢  We denote with P: = ¢ the probability that the photon is collected directly on the first step, with
P> the probability that the photon is collected after one reflection (i.e., at the second step), and so
on;

e  After each step the probability of the photon to be still available is (1-g)r (i.e., not collected and
reflected), whereas the probability to be collected at the following step is still &.

e  The sum of all the probabilities of collection in any number of steps, thus regardless of the
number of reflections, represents the light collection efficiency (Eq.1).

This calculation was done for several values of the reflectivity ranging from 0.9 to 1, with the
elementary collection probabilities £=0.06 and = 0.084 given by the area ratios for the cases of Figure

la,b.
P =¢
P, =e(1—&)r
Py = g[(1-&)r]? 1

P, =¢[(1-e)r]"?
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In order to support or disprove these results we performed a set of more sophisticated Monte
Carlo simulation runs by means of Geant4 [24]. The inner surfaces of the scintillator were assumed
to produce diffuse Lambertian reflection [25], each run with a different value of the reflectivity. Inside
the crystal we generated randomly 105 scintillation photons per run, following each one throughout
its path and reflections until being absorbed in a wall or reaching the photosensor. The two
geometries of Figure 1 were implemented and eleven runs per configuration were performed, with
the reflectivity of the walls ranging from 0.9 to 1 in steps of 0.1. The runs with reflectivity equal to
one showed that the average time for the detection is 0.62 ns and 1.6 ns respectively, which assuming
a refractive index around 1.9 correspond to average path lengths of the order of 10 and 25 cm. In case
of reflectivity equal to 0.95 these values roughly halve to about 5.5 and 13 cm, much smaller than the
attenuation length values in the considered crystals, thus justifying the choice of neglecting the self-
absorption.

The resulting values of the light collection efficiency for the two approaches and for the two
detector geometries are plotted in Figure 2. Surprisingly, the differences between the simple and the
Monte Carlo approaches are quite small thus suggesting that the simple formula of Eq.1 can
realistically be used for future evaluations of similar configurations. Curiously, we also found
empirically that if one increases the & value for both geometries to e+ = & x 1.067, thus obtaining et =
0.064 and &t = 0.090, the two approaches would become equal well below the percent level, and this
holds for both geometrical configurations. This aspect could perhaps be worth future additional
investigation. The ratio between simple and Geant4 values is plotted in Figure 3 for the cube and the
cylinder geometries. Also plotted are the same ratios for the cases of empirically increased ¢ values.
The data of Figures 2 and 3 are also listed in Table A1l and Table A2 of Appendix A. However, for all
of the following calculations we decided to use the light collection efficiency values of P = 0.56 and P
= (.65 resulting from Eq.1 for cube and cylinder geometries respectively, choosing a reflectivity value
of r = 0.95 and the above mentioned elementary collection probabilities £=0.06 and &= 0.084.

90% | = Geantd4 90% | +Qeant4
& simple model -@-simple model

5 §
3 70% | E 70% |
3 B
° o
£ £
=] [=]
= 3

50% | 50%

30% : L

30% L L L .
09 092 0'9; flecti 2'96 0.98 1 09 0.92 0.94 0.96 0.98 1
erevly Reflectivity
(a) (b)

Figure 2. Simulation of the light collection efficiency as a function of the reflectivity of the walls: (a) for the cubic

configuration of Figure 1a; (b) for the cylindrical configuration of Figure 1b.
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Figure 3. Ratio simple-to-Geant4 between the curves of Figure 2: (a) Cubic configuration, also shown is the case
of the empirically increased & value. (b) Cylindrical configuration, also shown is the case of the empirically

increased ¢ value.

2.3. Detecting the Collected Light

The physical quantities to be considered for the detection with SiPMs are the light yield of the
crystal, the light decay time, the emission spectrum, the collection efficiency of the chosen detector
geometry, the SiPM's PDE, its number of microcells, the microcell recharge time (i.e., dead time). If
we want to calculate the expected response of the photosensor we have to take into account all these
quantities at the same time. We used the values listed on Table 1 and Table 2, and in order to show
the behavior of the decay time in real operation we plotted in Figure 4 a signal waveform acquired
from a CslI(Tl) scintillator coupled to a SensL SiPM in the configuration of Figure 1a with a digital
scope. An exponential fit to the waveform produces a decay constant (1 = 0.96 s as expected.

As for the PDE, we multiplied the PDE(A) function of each SiPM [17,18] by the light emission
spectra of the five scintillators [19-23] (Figure 5) normalized to unit area. The integral of such a
convolution represents the effective PDE of each SiPM when detecting the light emitted by each
scintillator. The resulting values are reported in Figure 6.

0.4

—Signal

0.35 - —Fit

o
w

o
o
w

A(t) = 0.35-¢7109

Amplitude [V]
o
[\]

o
S
o

o4
s

0.05 |

tus] 3

Figure 4. Example of a signal waveform acquired from a CsI(Tl) scintillator coupled to a SensL SiPM in the
configuration of Figure 1a with a digital scope. The exponential fit to the waveform has a decay constant of 0.96

s as expected.
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Figure 5. The photon detection efficiency of the two SiPMs [17,18] (left scale), and the light emission spectra of

the five scintillators normalized to unit area [19-23] (right scale).
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Figure 6. Effective PDE of the two SiPMs when detecting the light emitted by each scintillator, calculate by
integrating the product of the PDE(A) function with the light emission spectrum.

There are two different mechanisms possibly leading to loss of linearity in a SiPM: (i) signal
saturation due to multiple photons interacting with the same microcell but being detected as one; (ii)
loss of photons due to microcells hit during their recharge dead time because of a previous hit. The
number of microcells actually fired by a bunch of photons can be smaller than the number of electron
avalanches generated in the SiPM, because two or more avalanches generated in the same microcell
produce the same signal and thus are seen as one. The most probable number of microcells f(g)
actually triggered (i.e., when a photoelectron is produced capable of producing an avalanche) by a
bunch of g photons impinging randomly on a SiPM with m microcells and PDE equal to p can be
evaluated based on the binomial distribution.

»  — is the probability for a single microcell to be triggered by one impinging photon;
. (1 - %) is the probability that a single microcell is not triggered by one impinging photon;
. (1 - %)q is the probability that a single microcell is not triggered by g impinging photons;
. [1 - (1 - %)q] is the probability that a single microcell is triggered by at least one of the q

impinging photons.

As there are m microcells the expected number of triggered ones is

- Py
f@=m[1-(1-2)] @)

By exploiting the notable limit shown below
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lim (1+ n) e 3)
one obtains the much simpler approximate formula
_pq
f@=m(1-em). 4)

The effect of the possible loss due to dead time of recharging microcells requires to consider the
time development of the light pulse. Therefore we developed a simple algorithm that considers the
production of photons exponentially decreasing in time with the decay constant of the scintillator,
using time slots of 5 ns. In each time slot the number of triggered microcells is calculated by means
of Eq.4, using a variable number of available microcells m calculated on the basis of the number of
previously triggered ones and of their recharge time which makes them temporarily unavailable. The
algorithm follows the light pulses during few microseconds, that is much longer than the slowest
decay constant of the considered scintillators, and calculates the sum of all the numbers of triggered
microcells that is proportional to the integral of the output signal.

3. Results

The combination of the light decay constant of the scintillator with the microcell recharge time
of the SiPM produces an initial decrease of the number of available microcells that could or could not
influence significantly the linearity of the SiPM response, depending on the deposited energy, on the
scintillator type, and on the total number of microcells. In Figure 7a we show as an example the
number of triggered and of available microcells as a function of time, for the case of 2 MeV deposited
inalcm x1cm x1cm CsI(Tl) crystal read by the SensL SiPM. Also shown is the ideal number of
microcells that would be triggered if no recharge dead time were present. In Figure 7b we plotted the
ratio between the number of fired microcells to the ideal one as a function of time. It can be seen that
in this case the initial decrease in the number of available microcells does not influence the overall
linear response, as there is no appreciable difference between the ideal and the effective total numbers
of triggered cells. Figure 8 shows the corresponding plots for the case of the same scintillator coupled
to the Hamamatsu SiPM. Even in this case the response is basically linear, even though the non-
linearity is slightly larger to due to the smaller number of microcells. Figures 9-16 show the similar
plots for all the other combinations of scintillator and SiPM listed in Table 1 and Table 2 respectively.
It can be immediately observed that LaBr3(Ce) and CeBr3 give rise to an enormous non-linearity due
to the large amount of scintillation photons reaching the SiPM in a very short time interval, thus
totally blinding it for a while and losing a considerable fraction of the light signal. In Figure 17 we
summarize the results from Figures 7-16 by integrating the plots over time: (a) the total number of
ideal hits and of actually triggered microcells for all the examined configurations of scintillator and
SiPM; (b) the expected non-linearity i.e., 1-(triggered/ideal).

100 20 k 1.05
N _— — 104 f )
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2 60 | g 101 |
= " o
g ® \ 1 10k =y
£ \
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Figure 7. (a) Time evolution of the number of triggered (dashed red line) and of available (green line, right-hand

scale) microcells, for the case of 2 MeV deposited ina 1 cm x 1 cm x 1 cm CsI(TI) crystal read by the SensL SiPM.

The time step is 5 ns. Also shown is the ideal number of microcells (light blue line) that would be triggered if no

recharge dead time were present. (b) Ratio between the number of fired microcells to the ideal one as a function

of time.
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Figure 8. (a) Same plot as in Figure 7a with the CsI(Tl) cubic crystal coupled to the Hamamatsu SiPM. (b) Same

plot as in Figure 7b.
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Figure 10. (a) Same plot as in Figure 7a with the LaBr3(Ce) cubic crystal coupled to the Hamamatsu SiPM. (b)
Same plot as in Figure 7b.
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Figure 11. (a) Same plot as in Figure 7a with the CeBr3 cubic crystal coupled to the SensL SiPM. (b) Same plot as
in Figure 7b.
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Figure 12. (a) Same plot as in Figure 7a with the CeBr3 cubic crystal coupled to the Hamamatsu SiPM. (b) Same
plot as in Figure 7b.
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Figure 13. (a) Same plot as in Figure 7a with the BGO cubic crystal coupled to the SensL SiPM. (b) Same plot as

in Figure 7b.
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Figure 14. (a) Same plot as in Figure 7a with the BGO cubic crystal coupled to the Hamamatsu SiPM. (b) Same
plot as in Figure 7b.
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Figure 15. (a) Same plot as in Figure 7a with the Nal cubic crystal coupled to the SensL SiPM. (b) Same plot as

in Figure 7b.
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Figure 16. (a) Same plot as in Figure 7a with the Nal cubic crystal coupled to the Hamamatsu SiPM. (b) Same
plot as in Figure 7b.
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Figure 17. Time-integrated results of the calculation with 2 MeV gamma energy deposited inside the five cubic

scintillators. (a) Number of ideal hits and of actually triggered microcells for the examined configurations of
scintillator and SiPM. (b) Expected non-linearity for each configuration.

As for the cylindrical configuration no SiPM blinding occurs, as expected due to the 16 times
larger number of microcells, and as a consequence the non-linearity is much smaller in all
configurations. We only show the time evolution plots for the worst case, which is the one related to
the CeBr3 scintillator that has the highest light yield and the fastest decay time, in Figure 18 and
Figure 19 respectively for the SensL and Hamamatsu SiPMs. Figure 20 summarizes the results for the
cylindrical configurations. Then we also calculated the total number of triggered microcells as a
function of the gamma energy deposited inside the scintillator for all the combinations of scintillator
and SiPM listed in Table 1 and Table 2 respectively, for the two geometries of Figure 1. The resulting
values are plotted in Figures 21 and 22, and are also listed in Tables A3—-A6 of Appendix B. The plot
of Figure 21 shows that the CsI(T1), BGO and Nal(Tl) cubic scintillators coupled with either SiPM are
expected to be linear in the full investigated energy range. A relevant nonlinearity appears instead
above = 1500 keV (SensL) and = 900 keV (Hamamatsu) for LaBr3(Ce) and CeBr3: this represents the
onset of the 5iPM blinding because of the much faster decay constant of both scintillators (30 and 20
ns). These features tend to concentrate a larger number of hits in fewer microcells in a much shorter
time interval. Conversely, Figure 22 shows that in the cylindrical configuration read by 16 SiPMs the

behavior is basically linear with all the scintillators and both SiPMs despite the small non-linearities
visible in Figure 20b.
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Figure 18. (a) Time evolution of the number of triggered (dashed red line) and of available (green line, right-
hand scale) microcells, for the case of 2 MeV deposited in a 3.81 cm x 3.81 cm cylindrical CeBr3 crystal read by
the SensL SiPM. The time step is 5 ns. Also shown is the ideal number of microcells (light blue line) that would

be triggered if no recharge dead time were present. (b) Ratio between the number of fired microcells to the ideal

one as a function of time.
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Figure 19. (a) Same plot as in Figure 18a with the cylindrical CeBr3 crystal coupled to the Hamamatsu SiPM. (b)

Same plot as in Figure 18b.
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Figure 20. Time-integrated results of the calculation with 2 MeV gamma energy deposited inside the five

cylindrical scintillators. (a) Number of ideal hits and of actually triggered microcells for the examined
configurations of scintillator and SiPM. (b) Expected non-linearity for each configuration.
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Figure 21. Calculation of the total number of triggered microcells as a function of the gamma energy deposited
inside a cubic scintillator of Figure 1a. (a) When coupled to a SensL SiPM. (b) When coupled to a Hamamatsu

SiPM.
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Figure 22. Calculation of the total number of triggered microcells as a function of the gamma energy deposited
inside a cylindrical scintillator of Figure 1b. (a) When coupled to an array of 16 SensL SiPMs. (b) When coupled

to an array of 16 Hamamatsu SiPMs.

In Figure 23a and c we show two sets of spectra, taken with 1 cm x 1 em x 1 em CsI(Tl) crystals,
read by a SensL and by a Hamamatsu SiPM respectively. Each spectrum is related to one of four
gamma sources (*Ra, 2Na, '¥Cs, ®Co). The data were available from previous experiments and
unfortunately they were taken using different sets of sources with different activities, this is why each
spectrum was normalized to its own integral. Figure 23b and d report the corresponding energy
calibrations, Table 3 lists the energy values of the peaks used in the calibration for each source. The
two highest energy peaks, from 2Ra, were not used for the calibration but just for a linearity cross

check.
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Figure 23. (a) Spectra of four gamma sources acquired using a CsI(Tl) scintillator and a SensL SiPM. (b) The
corresponding calibration plot. (c) Spectra of four gamma sources acquired using a CsI(T]) scintillator and a

Hamamatsu SiPM. (d) The corresponding calibration plot.

Table 3. Energy values of the peaks used in the calibration for each source. The first two were only used with
the SensL equipped detector because of the large background. The two highest energy peaks from ?*°Ra, not used

for the calibration, were used as a linearity cross check.

Gamma source Peak energy [keV] notes
igg only used with SensL
352
609
768
226Ra 1120 SensL. and Hamamatsu
1238
1377
1764
2202 used for cross check and
2448 not for calibration
187Cs 662 SensL and Hamamatsu
2Na 15 2171 4 SensL. and Hamamatsu
60Co 1;;3 SensL and Hamamatsu

4. Discussion

The main indication from our results is that, when planning to set up a spectroscopic gamma-
ray detector based on scintillator and SiPMs, careful consideration should be given both to the choice
of components and to the energy range of interested. Indeed, there is a relevant interplay between
the light yield of the scintillator, its decay time, the number of microcells featured by the SiPM, and
the microcell recharge dead time. The SiPM, as a quasi-digital counter, has a finite number of
microcells and this can give rise to a partial saturation of the output signal due to:

e  Two or more photons interacting with the same microcell (multiple hit);
e A number of microcells temporarily inactive because they are recharging after being triggered.

The two effects take place massively with LaBr3 and CeBr3 scintillators, whose light emission
produces a large number of photons in a very short time interval. This causes non-linearity when the
deposited energy is small, but can totally blind the SiPM for a while in case of large deposited energy
in the small scintillator cube (see Figures 9-12, and 21). The effect is more pronounced in the SiPM

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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with a smaller number of microcells (Hamamatsu). The time-integrated non-linearities shown in
Figure 17 are the result of the above mentioned interplay. In the bigger cylindrical configuration there
is a relevant advantage, i.e., the number of photons produced is shared among several SiPMs so that
each one sees only a fraction of them. In such a case the non-linearities are strongly reduced, as can
be seen in the worst-case plots of Figures 18, 19 and 22.

If one is interested in setting up a small scintillator with a single SiPM the best candidate seems
to be CsI(Tl), either using a SensL or a Hamamatsu SiPM. Indeed CsI(T1) represents the best trade-off
between linearity, energy resolution (Table 4), and chemical properties:

e LaBr3(Ce) and CeBr3, hygroscopic thus requiring an expensive air-tight case, are strongly non-
linear as they blind the SiPM;

e Nal(Tl) is rather equivalent to CsI(T1) but it is hygroscopic;

e  BGO has a poor light yield, therefore the SiPM light readout would be perfectly linear but
providing a poor energy resolution.

e  CsI(Tl) is reasonably inexpensive as compared to LaBr3(Ce), CeBr3 and Nal(Tl), and does not
require any special air-tight case thus being easy to manipulate.

Despite some claim about the possible non-linearity of similar SiPMs when detecting gamma
rays above 1 MeV or less when coupled to CsI(T1) [10], our calculations show no indication of such
an effect. Indeed, Figure 23 shows a slight loss of linearity above 1.7 MeV for both the SensL and the
Hamamatsu SiPMs, but this is likely to be ascribed to a non-linearity of the crystal itself, as it was also
suggested in [11].

We remark that the energy resolution values quoted in Table 4 do not consider corrections for
the Fano factor, and they were simply calculated as Poisson uncertainty from the number of triggered
microcells (inverse square root multiplied by 2.35). However, they provide realistic indications, in
particular for LaBr3(Ce) and CeBr3.

Table 4. FWHM energy resolution at 662 keV and non-linearity at 2 MeV for all the examined configurations.
Notice that the resolution quoted here was naively calculated just for intercomparison as the inverse square root

of the number of triggered microcells multiplied by 2.35.

CsI(TI) LaBr3(Ce) CeBr3 BGO Nal(Tl)

SensL Resolution @662 keV 3.03% 2.65% 2.54% 7.17% 3.08%

+ cube Non-linearity at2 MeV ~ 0.13% 18.90% 28.27% 0.07% 0.56%
Hamamatsu  Resolution @662 keV 2.46% 2.30% 2.25% 5.82% 2.63%
+ cube Non-linearity at2 MeV  0.28% 52.94% 58.71% 0.15% 1.23%
SensL Resolution @662 keV 3.03% 2.62% 2.50% 7.17% 3.08%
+cylinder  Non-linearity at2 MeV ~ 0.01% 0.40% 0.65% 0.01% 0.03%
Hamamatsu  Resolution @662 keV 2.46% 2.25% 2.18% 5.82% 2.63%
+cylinder  Non-linearity at 2 MeV 0.02% 0.72% 1.15% 0.01% 0.06%

As a further exercise we used our calculation method to investigate how the non-linearity
evolves for bigger cubic geometries, only considering LaBr3(Ce) and CeBr3 scintillators because they
are the only ones creating relevant non-linearity with SiPM readout. Therefore we evaluated the
expected non-linearity at 2 MeV deposited energy for the two additional cubic configurations of
Figure 24. In Table 5 we summarize the main features of these configurations along with the
previously shown cubic and cylindrical ones for comparison, and in Figure 25 we compare the
corresponding results which show a relevant linearity improvement and no SiPM blinding.
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Figure 24. Two additional detector geometries evaluated: (a) 1.5 cm x 1.5 cm x 1.5 cm scintillator coupled to a 2
x 2 array of 6 mm x 6 mm SiPMs; (b) 2.54 cm x 2.54 cm x 2.54 cm scintillator coupled to a 4 x 4 array of 6 mm x 6

mm SiPMs.
Table 5. Summary of the main features of the evaluated detector configurations.
CeBr3 LaBr3(Ce) CeBr3 LaBr3(Ce)
Hamamatsu Hamamatsu SensL SensL
cube size 1cm
n. SiPMs 1
n. microcells 14331 18980
sensor/total area ratio 6%
collection efficiency 56%
cube size 1.5 cm
n. SiPMs 4
n. microcells 57324 75920
sensor/total area ratio 10.7%
collection efficiency 70%
cube size 2.54 cm
n. SiPMs 16
n. microcells 229296 303680
sensor/total area ratio 14.9%
collection efficiency 78%
cylinder size 3.81 cm
n. SiPMs 16
n. microcells 229296 303680
sensor/total area ratio 8.4%
collection efficiency 65%

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

1


https://doi.org/10.20944/preprints202509.0685.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 September 2025 d0i:10.20944/preprints202509.0685.v1

18 of 23

m 1 cm cube, 1 SiPMs O1.5 cm cube, 4 SiPMs
02.54 cm cube, 16 SiPMs  ©3.81 cm cylinder, 16 SiPMs

CeBr3 + Hamamatsu 1 1.4% 16.0%
1.2%
52.9%
] 3.8%

LaBr3(Ce) + Hamamatsu ] 0.9%

0.7%
28.3%
| 3.0%

CeBr3 + SensL 0.8%

0.6%
18.9%
1.9%
LaBr3(Ce) + SensL — Jos%
0.1% 1.% 10.% 100.%

Figure 25. Expected non-linearity at 2 MeV deposited energy for four geometrical configurations of LaBr3(Ce)

and CeBr3 scintillators read by different arrangements of SensL and Hamamatsu 6 mm x 6 mm SiPM arrays.

5. Conclusions

The results of our numerical analysis can likely be used when planning future radiation
detection systems based on scintillators and SiPMs, as it somehow highlights their realistic linearity
boundaries. The analysis also confirms the quite interesting properties of the CsI(Tl) scintillator, as it
represents a good compromise between cost, performance, and ease of use, especially if planning to
employ it in miniature detection systems like personal dosimeters. For higher level spectroscopic
applications of scintillators the feasibility of larger cylindrical configurations, coupled to arrays of
SiPMs, has been confirmed up to a few MeV. LaBr3(Ce) and CeBr3 are the best options in terms of
timing and energy resolution, even though CsI(Tl) remains a notable candidate as well.
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Appendix A

Table A1. Cube configuration: light collection efficiency results from Geant4 simulation, from our simple model

and from the simple model with increased € value (these data are plotted on Figure 2a and Figure 3a).

reflectivity Geant4 simple model simple/Geant4 €+ model E+/Geant4

0.9 40.8% 39.0% 0.95 40.6% 0.99
0.91 43.6% 41.5% 0.95 43.2% 0.99
0.92 46.1% 44.4% 0.96 46.1% 1.00
0.93 49.1% 47.7% 0.97 49.4% 1.01
0.94 53.1% 51.5% 0.97 53.3% 1.00
0.95 57.9% 56.1% 0.97 57.8% 1.00
0.96 62.8% 61.5% 0.98 63.1% 1.00
0.97 69.4% 68.0% 0.98 69.5% 1.00
0.98 77.0% 76.1% 0.99 77 4% 1.00
0.99 87.0% 86.5% 0.99 87.2% 1.00

1 100.0% 100.0% 1.00 100.0% 1.00

Table A2. Cylinder configuration: light collection efficiency results from Geant4 simulation, from our simple

model and from the simple model with increased € value (these data are plotted on Figure 2b and Figure 3b).

reflectivity Geant4 simple model simple/Geant4 €+ model E+/Geant4

0.9 49.5% 47.9% 0.97 49.7% 1.00
0.91 52.5% 50.5% 0.96 52.3% 1.00
0.92 55.4% 53.5% 0.97 55.2% 1.00
0.93 58.3% 56.8% 0.97 58.5% 1.00
0.94 62.0% 60.5% 0.98 62.2% 1.00
0.95 66.3% 64.8% 0.98 66.4% 1.00
0.96 71.2% 69.7% 0.98 71.2% 1.00
0.97 76.6% 75.4% 0.98 76.7% 1.00
0.98 83.1% 82.1% 0.99 83.1% 1.00
0.99 90.7% 90.2% 0.99 90.8% 1.00

1 100.0% 100.0% 1.00 100.0% 1.00

Appendix B

Table A3. Number of triggered microcells as a function of deposited gamma energy for the cubic configuration
of Figure 1a with the SensL SiPM (data plotted in Figure 21a).

Edep [keV] CsI(TD LaBr3(Ce) CeBr3 BGO NalI(T1)
100 907 1212 1327 162 882
200 1814 2417 2642 325 1763
300 2721 3615 3944 487 2644
400 3628 4805 5232 650 3525
500 4534 5988 6506 812 4405
600 5441 7162 7765 974 5284
700 6347 8326 9008 1137 6163
800 7254 9481 10233 1299 7042
900 8160 10624 11439 1461 7920
1000 9066 11755 12622 1623 8798
1100 9972 12873 13782 1786 9675
1200 10878 13975 14913 1948 10551
1300 11783 15059 16010 2110 11427
1400 12689 16121 17063 2272 12303
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1500 13594 17153 18055 2435 13177
1600 14500 18145 18926 2597 14051
1700 15405 19064 19099 2759 14925
1800 16310 19637 19106 2921 15798
1900 17215 19674 19113 3083 16670
2000 18120 19710 19120 3246 17541
2100 19024 19747 19127 3408 18412
2200 19929 19783 19134 3570 19282
2300 20833 19820 19141 3732 20151
2400 21737 19856 19148 3894 21019
2500 22641 19893 19155 4056 21887

Table A4. Number of triggered microcells as a function of deposited gamma energy for the cubic configuration
of Figure 1a with the Hamamatsu SiPM (data plotted in Figure 21b).

Edep [keV] CsI(T1) LaBr3(Ce) CeBr3 BGO Nal(TD)
100 1377 1638 1750 246 1209
200 2754 3259 3471 493 2417
300 4131 4861 5160 739 3624
400 5507 6442 6812 985 4830
500 6883 7998 8424 1232 6034
600 8259 9524 9986 1478 7238
700 9634 11013 11487 1724 8439
800 11009 12452 12902 1970 9640
900 12383 13811 14159 2216 10839
1000 13758 14901 14449 2462 12036
1100 15131 14973 14461 2708 13232
1200 16504 15032 14473 2954 14426
1300 17877 15090 14485 3200 15618
1400 19249 15148 14497 3446 16808
1500 20621 15207 14508 3692 17996
1600 21993 15265 14521 3938 19181
1700 23364 15323 14533 4184 20364
1800 24734 15381 14544 4429 21544
1900 26104 15440 14556 4675 22721
2000 27474 15497 14568 4921 23896
2100 28843 15556 14580 5166 25066
2200 30211 15614 14592 5412 26233
2300 31579 15673 14604 5657 27396
2400 32947 15731 14616 5903 28554
2500 34314 15789 14628 6148 29707

Table A5. Number of triggered microcells as a function of deposited gamma energy for the cylindrical

configuration of Figure 1b with the SensL SiPM (data plotted in Figure 22a).

Edep [keV] CsI(TD LaBr3(Ce) CeBr3 BGO Nal(T1)
100 907 1215 1332 162 882
200 1814 2430 2664 325 1764
300 2721 3644 3995 487 2646
400 3629 4858 5325 650 3528
500 4536 6071 6655 812 4410
600 5443 7284 7984 974 5292
700 6350 8496 9312 1137 6173
800 7257 9709 10639 1299 7055
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900 8164 10920 11966 1462 7937
1000 9071 12132 13291 1624 8819
1100 9978 13342 14616 1786 9700
1200 10886 14553 15941 1949 10582
1300 11793 15763 17264 2111 11464
1400 12700 16973 18587 2274 12345
1500 13607 18182 19909 2436 13227
1600 14514 19391 21230 2598 14109
1700 15421 20599 22551 2761 14990
1800 16328 21807 23871 2923 15872
1900 17235 23014 25190 3085 16753
2000 18142 24222 26508 3248 17635
2100 19049 25428 27825 3410 18516
2200 19956 26634 29142 3573 19398
2300 20863 27840 30458 3735 20279
2400 21770 29046 31773 3897 21161
2500 22677 30250 33087 4060 22042

Table A6. Number of triggered microcells as a function of deposited gamma energy for the cylindrical

configuration of Figure 1b with the SensL SiPM (data plotted in Figure 22b).

Edep [keV] CsI(T1) LaBr3(Ce) CeBr3 BGO Nal(T1)
100 1378 1646 1763 246 1210
200 2755 3291 3525 493 2419
300 4133 4935 5284 739 3629
400 5510 6578 7042 986 4838
500 6888 8220 8799 1232 6047
600 8265 9861 10553 1478 7256
700 9642 11500 12306 1725 8466
800 11020 13139 14057 1971 9675
900 12397 14777 15807 2218 10884
1000 13775 16414 17554 2464 12093
1100 15152 18050 19300 2710 13302
1200 16529 19685 21044 2957 14511
1300 17906 21318 22786 3203 15719
1400 19284 22951 24527 3449 16928
1500 20661 24582 26266 3696 18137
1600 22038 26213 28002 3942 19345
1700 23415 27842 29737 4188 20554
1800 24793 29471 31471 4435 21762
1900 26170 31098 33202 4681 22971
2000 27547 32724 34931 4928 24179
2100 28924 34349 36659 5174 25387
2200 30301 35973 38385 5420 26595
2300 31678 37596 40109 5667 27804
2400 33055 39218 41830 5913 29012
2500 34432 40838 43550 6159 30220
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