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Abstract: The G-NUMEN array is the future gamma spectrometer of the NUMEN experiment (nuclear
matrix element for neutrinoless double beta decay), to be installed around the object point of the
MAGNEX magnetic spectrometer at the INFN-LNS laboratory. This project aims to explore double-
charge exchange (DCE) reactions in order to obtain crucial information about neutrinoless double
beta decay (0v3§3). The primary objective of the G-NUMEN array is to detect the gamma rays emitted
from the de-excitation of the excited states that are populated via DCE reactions with a good energy
resolution and detection efficiency, amidst a background composed of the transitions from competing
reaction channels with far higher cross sections. To achieve this, G-NUMEN signals will be processed
in coincidence with those generated by the detection of reaction ejectiles by the MAGNEX focal plane
detector (FPD). Under the expected experimental conditions, G-NUMEN detectors will operate at
high counting rates, of the order of hundreds of kHz per detector, while maintaining excellent energy
and timing resolutions. The complete array will consist of over 100 LaBr3(Ce) scintillators. Initial tests
were conducted on the first detectors of the array, allowing for the determination of their performance
at high rates.

Keywords: LaBrs(Ce) scintillator; gamma-ray detection; high counting rate; double-charge exchange
reactions; NUMEN

1. Introduction

Understanding the nature of neutrinos is one of the major open quests in physics
beyond the Standard Model. Among the various approaches to this topic, neutrinoless
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double beta decay (0vp3f3) is a unique tool to verify if neutrinos are Majorana particles.
In principle, the partial half-life, together with the nuclear matrix elements (NMEs), of
this decay should allow for the determination of the effective Majorana neutrino mass.
However, the current theoretical calculations and experimental attempts to determine
NMEs are not yielding conclusive results [1].

The NUMEN project proposes a new approach to this challenge. It aims to obtain
information on the NMEs of the 0v33 decay through the study of heavy-ion-induced
double-charge exchange (DCE) reactions [2-6]. This approach is based on theoretical analo-
gies between the 0v[33 decay and DCE reactions, which were extensively investigated in a
previous work [7] and which strongly support the correlation between these two reactions
and the development of DCE-constrained theories for the NMEs of the Ov(33 decay.

The NUMEN project focuses on exploring DCE reactions for both the isospin-lowering
(t't7) and isospin-rising (t*1") directions, in analogy with the 7~ and f*B* decays. From
a long-term perspective, this study involves several 0v3f3 decay candidate isotopes as
targets such as 76Ge, 828, 110p(, 1245 116Cq, 130Te, and 136Xe and the heavy-ion beams
of 1808 for B*B* and of 2’Ne!™* for B-p-, with energies ranging from 5 to 60 AmeV.
In the explored collisions, other reactions compete with the DCE channel such as the
multi-nucleon transfer [8-10], single-charge exchange [11,12], and elastic and inelastic
channels [13-15], in addition to deep inelastic, fusion—fission, fusion evaporation, and other
processes, with cross sections of up to several orders of magnitude higher than those of the
DCE. Indeed, the main experimental challenge for NUMEN lies in the few nb cross sections
expected for DCE reactions [16] and the consequent need for a high-performance detection
apparatus with a high sensitivity and resolution and excellent discrimination capabilities.
Such an apparatus is currently under development [17].

The detection apparatus comprises the high-acceptance MAGNEX spectrometer, to-
gether with its focal plane detector (FPD) [18-20], and the G-NUMEN array, consisting of
110 LaBr3(Ce) scintillators placed around the target area (Figure 1) [5,21,22].

(a) (b)

Figure 1. Design of the G-NUMEN array. (a) LaBr3(Ce) detectors are placed around the scattering
chamber, supported by individual mechanical shells. (b) The scattering chamber (in yellow) gives a
constraint for the minimum distance possible (24 cm) between target and scintillators and for the
maximum solid angle coverage.

MAGNEX can detect DCE events with excellent selectivity [23]. Its energy resolution
is normally sufficient for the separation of low-lying energy states involving non-deformed
nuclei in experiments with low-energy beams, while the G-NUMEN array will be crucial
for all situations involving high-energy beams and deformed target nuclei, for which
the resolution of MAGNEX is not enough to separate the nearby states of the residual
nuclei under study. In these cases, the DCE states are identified by time coincidence
and anti-coincidence between the MAGNEX focal plane charged-particle detectors (FPD)
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and the characteristic gamma-ray transitions detected by G-NUMEN. Indeed, in a typical
G-NUMEN experiment, an almost continuum gamma-ray spectrum is expected, and
identifying the DCE gamma transition lines requires the coincidence with MAGNEX,
according to detailed GEANT4 simulations [5].

The main LaBr3(Ce) characteristics of interest for NUMEN, besides its radiation hard-
ness, particularly for fast neutrons, are the high light output, the excellent energy resolution,
and the fast time response that fit the very strict demands for the G-NUMEN array. The
most important demands are a time resolution of a few ns in order to be able to distinguish
between subsequent beam bunches (occurring every 30-50 ns) and to reject a very intense
random coincidence background, and an energy resolution better than 10% at 200 keV,
enough to separate the first and second excited states of the nuclei under study [5].

Extensive examples can be found in the literature about the crystal characterization
and its scintillation properties under the condition of the standard detection rate [24-28].
However, due to the extreme experimental conditions foreseen for the reactions involving
G-NUMEN, simulations show that the G-NUMEN array will be exposed to an intense
radiation background of both neutrons and gammas, resulting in detection rates of up
to 300 kHz for each scintillator [5]. In the literature, there are studies on the response
of LaBr3(Ce) detectors to high detection rates [29,30], and numerous studies address the
problem of the stability of the phototube under the conditions of a high rate and linearity
issues [31-36]. However, the challenging experimental environment of NUMEN requires
further characterization of the scintillators’ performance in order to deeply understand the
response of the array under such detection rates, in particular their energy resolution, their
linearity, and the optimal electronic setup for signal processing.

This work focuses on the characterization and testing of the first prototypes of G-
NUMEN scintillators, evaluating their performance under the foreseen detection rate for the
NUMEN experiment. Different electronic systems for signal acquisition are assessed with
the purpose of identifying the most suitable setup for the future experimental conditions.
Specifically, we test two commercially available bases (one active and one passive) for
the LaBr;(Ce)-crystal-coupled phototubes. We also report the results of the simulation
of the phototube and its active base. We show here that the simulations are essential
for optimizing the design of a new active base that will satisfy the requirements of the
NUMEN project.

2. Materials and Methods

The material, geometry, and dimensions of the G-NUMEN scintillator array were
carefully selected to optimize timing, efficiency, energy resolution, and signal-to-noise
ratio, while also adapting to various mechanical constraints. Each scintillator consists of
a LaBr3(Ce) crystal (@ = 38 mm diameter, [ = 50 mm length) with light that is collected
by an 8-dynode-stage PhotoMultiplier Tube (PMT). The PMT is the R6231 model from
Hamamatsu, while the crystals are produced by EPIC-Crystal (China). Figure 2 shows
a typical spectrum obtained with a ??Na source that produces gamma rays of 511 and
1275 keV. Also shown is the channel-to-energy linear calibration plot, produced using the
data in Table 1.

Table 1. Data used for the channel-to-energy linear calibration of Figure 2.

Energy (keV) Channel Note
35.5 keV gamma peak from
35.5 19 internal radioactivity of
LaBr3(Ce)
122 61 152Fu gamma peak
244 122 152Fy gamma peak
344 177 152Eyu gamma peak
411 205 152Fy gamma peak

443 222 152Fu gamma peak
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Energy (keV) Channel Note
511 255 annihilation of >?Na positron
662 331 137Cs gamma peak
778 390 152y gamma peak
964 483 152y gamma peak
1173 588 0Co gamma peak
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1332 667 %0Co gamma peak
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Figure 2. (a) Typical spectrum obtained with one of the LaBr3(Ce) detectors exposed to a 22Na source
that produces gamma rays of 511 and 1275 keV. The voltage bias was —1000 V. (b) The channel-to-
energy linear calibration plot. The energy peaks used for the calibration are listed in Table 1. The
error bars are the same size as the data point symbols.

Figure 3 shows the prototype of one shell of the gamma array and the typical back-
ground spectrum, with prominence of the internal radioactivity of the detectors. To assess
the performance of the scintillators, key parameters such as energy resolution, efficiency,
gain, and linearity were evaluated. Calibration sources such as 22Na, 99C0,137Cs, and 132Eu
as well as the internal activity peaks of the crystal at 35.5 keV and 1472 keV were used for
this purpose [26,28].

The characteristics of the scintillators were tested at increasing detection rates to
obtain a global description of the detectors’ response to counting rates up to the maximum
rate foreseen in NUMEN, i.e., ~300 kHz. To reach these high rates, different approaches
were employed.

An intense '%Cs radioactive source with activity of 1.5 MBq was used at the INFN-
LNS facility and placed at varying distances from the detectors to vary their counting rates.
This intense source was used in addition to other calibration sources, with peaks that were
analyzed in terms of energy resolution and gain. This allowed for an investigation of the
detector response under different levels of counting rate, up to 180 kHz. The detector
signal pulses were sent to a CAEN VX2745 16 bit 125 MS/s digitizer, running Pulse Shape
Discrimination firmware [37], which allows for integrating the pulse charge in an adjustable
time range.

The detectors were also exposed to a fusion—evaporation reaction at the ALTO fa-
cility of the IJC Laboratory. This reaction induced high detection rates, up to 310 kHz,
and provided additional insights into the scintillators’ performance. In this case, a 2>Na
calibration source was used as reference, with emitted gamma rays that were detected over
the background produced by the fusion-evaporation reaction. The average energy of the
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background spectrum during these tests was similar to that of typical G-NUMEN DCE
experiments, around 400 keV. Indeed, the experiments presented in this work aimed at
simulating realistic experimental conditions and evaluating the behavior and response of
the scintillators at the anticipated detection rates expected for the NUMEN project.

£ 350
c
S -
8 200 L
Kand L
cascade
250 -
200 / T R I en MR g
150 B continuum ~1472 keV from
100 138Ba + EC decay Contamination of
Compton from 789 227Ac¢
keV and 1436 keV /
- el .
500 1000 1500 2000 2 3000
I?S% Channel

(b)

Figure 3. (a) The prototype of one shell of the G-NUMEN array. (b) The typical background spectrum
of the scintillators to be used in the NUMEN experiment. In the spectrum, it is possible to notice
the low energy peaks from the e-decay of 3®Ba, related to the cascade products originated by the
electron capture in the K and L atomic shells; a 3-continuum spectrum related to the 1381 3 that
decays into 138Ce, in which the 789 keV gamma peak escaped the detector, and the end point is
255 keV; a Compton continuum spectrum in the region 255-750 keV due to the contribution of both
789 keV and 1436 keV; a photopeak at 789 keV from the 133Ce decay, widened due to the p spectrum
emitted in coincidence, which results in a continuum region with an endpoint around 1 MeV; a
photopeak at 1436 keV from the 3¥Ba decay, which is detected in coincidence with the K and L
cascade, resulting in a wider peak around 1472 keV; a high-energy part of the spectrum related to the
contamination of 22/ Ac, producing alpha particles with an energy of gamma-ray equivalence in the
range of 1.8-3.3 MeV.

To explore the compatibility of different electronic configurations with the foreseen
experimental environment, the tests were conducted at different supply voltages (HV)
using both passive-resistor-type (Hamamatsu E1198-26) and active-type (EPIC Crystal —
Model No.: GW-N-N-N-1-N-0) voltage dividers. Indeed, the detector performances, such
as linearity and energy resolution, can be affected by the detection rate as well as by the
voltage supply and the electronic configuration (i.e., voltage divider type).

The scintillation yield of the LaBrs(Ce) crystals of the various detectors is expected to
be very similar, but the quantum efficiency and gain of the photomultipliers, even those of
the same model and at the same supply voltage, can be quite different for each individual
device. The output pulse charge per gamma-ray energy was observed to significantly
vary, at the same applied voltages, among the 15 prototype detectors that were tested.
In addition, the performance of the used bases was impacted by the average currents
drawn from the PMT. Therefore, it is crucial to perform experimental tests to evaluate the
response of the various detectors by varying the voltage bias, the detection rate, and the
electronic configurations.

3. Results
3.1. Energy Resolution and Photopeak Efficiency at Low Rates with Different Base Configurations

The energy resolution and photopeak efficiency of two of the detectors are shown in
Figure 4. The data were collected at a fixed voltage (HV = —1000 V) and low detection
rate (<10 kHz). Under this condition, these characteristics mainly depend on the crystal;
therefore, no changes can be noticed between the results for resistor-type and active-type
voltage dividers (i.e., base).
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Figure 4. (a) Characterization in energy resolution (FWHM (%)) of the detectors at low counting rates
in the two configurations with resistor-type (black) and active-type (red) voltage dividers using 22Na,
0Co,137Cs, and !>2Eu, calibration sources, and the self-activity peaks. (b) The measured intrinsic
photopeak efficiency is in agreement with literature data [24,25]. If not visible, the error bars are
smaller than the data point symbols.

3.2. Gain and Non-Linearity of the Detector Response

The charge conversion gain g can be defined as the ratio between the charge and the
energy of a given signal (g = Q/E). This gain (or integral gain) was measured as a function
of the detection rate, using an intense '%’Cs source (1.5 MBq). For a linear response of
the detector, the gain should be constant. The maximum rate reached in this test was
Ryax =180 kHz. The average output anode current can be obtained from the average
pulse charge times the count rate (I, = QuuR). An increase in the detection rate represents
an increase in the anode current I,. Figure 5a shows the relative variation in this gain, with
the anode current at different energies for both resistor-type and active-type detectors.

AO@AOCO

&

Resistor-type -850 V. @662 keV

Resistor-type -850 V @1472 keV 9
Resistor-type -850 V @a cont. 2.6 MeV 1.00 + +

Active-type -875 V @662 keV + + +
Active-type -875 V @1472 keV +
Active-type -875 V @2.6 MeV from a cont.

S A

5
q

: 't

Q.

923/912

0o

40

60 80 100 120 140 160 0.80 04 06 08 1.0 12

Rate [kHZ] gi[pC/keV]

(@) (b)

Figure 5. (a) Relative variation in the gain with the detection rate (i.e., average anode current) for
the scintillator with resistor-type (gray) and active-type (orange) voltage dividers. The different
data points represent the energy peak of the 137Cs (square), the intrinsic activity peak at 1472 keV
(circle), and the last peak of the intrinsic activity related to the acontamination of the crystal (triangle).
(b) Differential gain ratio as a function of integral gain for different detectors at low rates (see text).
The PMT supply voltage for all active-type detectors was —937.5 V. Each data point corresponds to a
different active-type detector.
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It can be noticed that, although both detectors were exposed to the same maximum
rate, the maximum anode current is different because the amplification of the two photo-
multipliers is already different at a low rate. The detector with a resistor-type voltage
divider shows a larger relative gain variation with rate, and a substantial difference in the
trend of the gain variation at high energy (2.6 MeV), with respect to the one at a lower
energy (662 keV); this behavior indicates an increasing non-linearity of the response with
energy as the rate is increased. As expected from the literature [38], the response of the
detector with an active-type voltage divider is more stable, with respect to the resistor type
at high rates.

It can be useful to introduce the differential gain g;;, which allows for the comparison
of the conversion gain at different energies, and it can be defined as

Qi —Qi
8ij = ﬁ (1)

where Q; is the integrated pulse charge corresponding to the j-th peak centroid of energy E;.
The differential gain is more sensitive than the integral gain (g; = Q;/E;) to the non-linearity
of the conversion. In particular, the deviation from the unity of the differential gain ratio
gij/$ni, evaluated for a set of peaks in a given energy range, reflects the non-linearity of the
conversion in that energy range.

Figure 5b shows the differential gain ratio for several detectors with the active-type
base at energies corresponding to the 1173.2 keV (peak 1) and 1332.5 keV (peak 2) transitions,
from a ®°Co source, and the 2505.7 keV (peak 3) transition, from the sum peak at a close-
distance geometry, all with the same voltage applied to the PMT (—937.5 V). Each data
point corresponds to a different detector. The variation in g; spans a factor larger than
three, illustrating a wide spread of the PMT multiplication factor or gain. The drop of g;i/g,;
observed for a large ¢; indicates the emergence of a non-linear behavior due to space-charge
effects as the pulse charge increases [38]. The PMT gain g, as a function of the applied
voltage, can be seen in Figure 6a for two different detectors. Note that at this gamma energy
range, both the differential and integral gains are very similar. This dependence can be
expressed as

g = poV™ ()

where py and p; are the adjustable parameters of a fit to the g versus the V data of a specific
detector, such as those shown in Figure 6a.

2.00
Bl Det#1 - -l Det#1
175 [ ] pet#z A 51 -l Det#2
—— Fit according to eq. (2) |
1.50 —— Fit according to eq. (2) .\_3,
3 H
_.4‘:
c |
i) H
ENL
5, "mmanw g _
=2 a
wi
1
550 600 650 700 750 800 850 900 950 1000 1050 02 04 06 08 10 12 14 16 18 20
=VpurlV] glpClkeV]
(a) (b)

Figure 6. (a) Differential gain (using the 1332 keV gamma peak) of two active-type detectors as a
function of the supply voltage. The solid lines are fits to the data using Equation (2). (b) Energy
resolution (FWHM (%)) of the 1332 keV peak as a function of the gain (varied by application of
different PMT voltages) for the same two active-type detectors that show very different PMT gains at
the same voltage. The error bars are smaller than the data point symbols.
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3.3. Energy Resolution at Different PMT Voltages

Equation (2) allows for the expression of the energy resolution of the detector as a
function of the gain instead of the supply voltage, as shown in Figure 6b. The highest gain
of each detector is obtained at —1000 V. Both the low-gain PMT detector (red data points)
and the large-gain PMT detector (blue data points) present a good resolution (~2%) around
the same gain (0.2 pC/keV), rather than at the same voltage. Figure 7 shows a similar plot
for different gamma-ray energies, illustrating that roughly the same gain (0.2-0.3 pC/keV)
is required for a good resolution at all energies.

5.0
B 511 keV
45 W A 662 keV
@ 1275 keV
<40 W <« 1786 keV
c A
S 35 A‘-
=)
= ]
§3o AAA. EE B [ O
« A oA A A A
gZS )
= @
(0]
£ 20 ,‘.000 e® © ®
et (4 ¢
1.5 <

02 04 06 08 10 12 14
glpCikeV]

Figure 7. Energy resolution (FWHM (%)) as a function of gain for various gamma-ray energy lines.
The error bars are smaller than the data point symbols.

3.4. Limitation in Current

The gain variation in both resistor-type and active-type detectors was measured in
conditions similar to those expected in NUMEN, reaching a high detection rate correspond-
ing to a maximum of 180 kHz for the active-type detector and 310 kHz for the passive-type
detector. Figure 8a shows the relative gain variation for the two detector types under such
counting rates; the latter are expressed in terms of anode current, to be able to compare
the different base performances rather independently of the respective PMT gains. The
data points in red and black correspond, respectively, to the response of the active-type and
the resistor-type base detectors to an intense '¥Cs source (max. 180 kHz); the blue points
represent the response of the resistor-type detector to the high rate produced during the
fusion—-evaporation reaction (max. 310 kHz). It can be noticed that the active-type detector
shows an abrupt change in gain variation at a rate of ~110 kHz, while the response of the
resistor-type detector is smoother. The results shown in Figure 8a are representative of the
limitation in counting rate, which is more restrictive for the active-type detector than for
the resistor-type detector, as is further discussed in Section 4. However, the passive base
presents a stronger dependence of the gain on the rate than the active one, within the latter
operational range.

A more detailed response of the gain of the active-type detector is shown in Figure 8b.
For all data sets, the same maximum count rate of 180 kHz could be reached, but the
rates correspond to different anode currents due to the different gains obtained with the
individual PMT of each detector.

The data show that the abrupt change in gain occurs for anode currents in the range
of 33-38 pA for this set of detectors and applied voltages, while the corresponding count
rates could be very different. This anode current value represents the limit in current I,
after which a sort of “breakdown” of the active base performance is observed. In this work,
we refer to the limiting anode current and limiting count rate as the values appearing just
before the abrupt gain variation. The gaps in the data points of the current, appearing after
the limiting value in Figure 8b, are due to the sudden jump in gain at the breakdown point,



Instruments 2023, 7, 28

90f17

as can be clearly seen in Figure 8a. Further discussions on this behavior are presented in

Section 4.

Aglg [%]
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Figure 8. (a) Variation in the gain with the detection rate at different energies for resistor-type (black
and blue) and active-type (red) voltage dividers. The blue point shows the response of the detector
for rate up to 310 kHz, obtained with a fusion-evaporation reaction. The black and red points refer to

the test performed with an intense 137Cg source, for which the maximum detection rate achieved was

180 kHz. (b) Gain at the 662 keV peak as a function of the anode current for two active-type detectors

at different voltages. If not visible, the error bars are smaller than the data point symbols.

Figure 9 shows the waveform of a typical detector signal before and after the limiting
current is reached; a clear degradation of the signal can be noticed, with a significant
increase in rise and fall times. Also, the energy resolution, which only slightly varies as
a function of the count rate below the breakdown, showed a significant degradation just
above the breakdown (e.g., from 3.1% below to 4.1% just above the breakdown threshold,
for the 662 keV peak of the 1¥Cs source).

0.0

-0.2

-0.4

Amplitude [V]

-0.6

-0.8

-25 0

Figure 9. Sample detector signals before (green) and after (red) reaching the limiting current.
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50 75
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3.5. Systematic Measurements of an Individual PMT with Active Base and Laser Pulses

A laser diode, driven by a CAEN DT5810B Dual Fast Digital Detector Emulator, was
used to directly send light to the PMT window by means of an optical fiber, installed
sideways with respect to the crystal, without interfering with the LaBr3(Ce) scintillation

light (see Figure 10).
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Optical fiber g™

LaBr;(Ce)

Figure 10. Details of the experimental setup for the laser measurement. The optical fiber is installed
sideways with respect to the LaBr3(Ce) crystal. The laser light is sent through the optical fiber directly
to the window of the PMT.

This made it possible to emulate the detection of signals corresponding to several
gamma-ray energies and count rates. The pulses driving the laser diode were tuned, with
the goal of obtaining signal shapes similar to those produced by the gamma-ray detection.
The integrated charge was scaled to gamma-ray energy, at specific PMT supply voltages, by
calibration with data taken with radioactive sources. At low count rates, low voltage biases,
and low gamma-ray energies, this conversion factor is independent of the gamma-ray
energy. The laser diode signals were calibrated by means of the simultaneous acquisition
of the signals of a ®°Co source and of the LaBr3(Ce) internal radioactivity. All the peaks in
the spectrum (internal radioactivity, ®*Co source, and laser peak) were analyzed in terms of
energy resolution and gain.

The detector performance at high rates was determined with a light pulse corre-
sponding to about 430 keV. This energy is similar to both the average energy from the
measurements with a gamma source and to the expected average energy from a typical
NUMEN experiment. The plot in Figure 11 shows the limiting current of the PMT with
the active base used for measurements with the laser, as compared with data obtained
with gamma rays (as shown in the previous sections), employing three other detectors.
Detectors #1 and #2 in Figure 11 are the same as shown in Figure 8b. The laser data were
obtained with a different detector.

For what concerns the laser data, the anode current and, consequently, its limiting
value were obtained by two independent methods: a) by directly measuring the anode
current of the PMT through a measurement of the anode voltage on the load resistor; b) by
charge calibrating the pulses and using the relation I;,,05e = Qjaser Riaser + Qaverage Ruo_laser-
In the latter relation, Qj,s.r and Ry, are the laser charge and the rate of the laser pulse
given by the pulse generator, respectively; Qqperage is the average charge of the spectrum
without the laser pulse (given only by the internal radioactivity of the crystal and by
the ©0Co source); and Ry 1aser = 800 Hz is the rate without the laser pulse. It is worth
noting that I,,,4. at high rates, where the limiting values can be determined, is completely
dominated by the laser pulse current, as R, provides the most relevant contribution to
the final value. The results from the two methods were basically identical.

It can be seen that the limiting current increases with the applied PMT voltage. Similar
values are obtained for different detectors with the gamma-ray data, in spite of the different
amplification factors of the various individual photomultipliers and conversion gains at
different voltages (see also Figure 8b). However, the limiting anode current for the laser
data is higher than that of the gamma data by about 6-10%. This might be due to the non-
linearity of the response at high gamma energies (the laser data are quasi-monochromatic at
high rates) and pile-up events or other systematic errors that remained unnoticed. Further
investigations are required to clarify this issue.
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Figure 11. Limiting current versus applied voltage for 4 different detectors (magenta triangles: laser
data; squares, circles, and yellow triangles: gamma data for three other detectors). Blue solid line
with diamonds: PSpice simulations for the laser data. Light blue dashed line: voltage divider current
of the active base divided by two (Iyp /2, see text). If not visible, the error bars are smaller than the
data point symbols.

The laser measurements also show that the energy resolution at various energies is
constant as a function of the rate up to the limiting anode current.

4. Simplified Modeling of the Electronics
4.1. Active Base Electronic Schematics

In the active base circuit used to distribute the voltage to the PMT dynodes, as shown in
Figure 12, only the potential of the last dynode (DY8) is stabilized by a MOSFET transistor
(25K2168) mounted in a source follower. Figure 12 highlights the relevant part of the
schematics. The current drawn from the last dynode (Ig) added to the one arriving from
the MOSFET (I) determines the potential drop across the 2 M() R3 resistor. As the DY8
current increases, the impedance of the MOSFET also increases, reducing Ig so that the sum
(Is + Ig = Iyp/2) is constant, which keeps the potential at the anode (Vg) stabilized at only
a few volts of difference from the Gate (G) potential, controlled by a voltage divider formed
by two 2 MQ) resistors (R1 and R2). The sum of the currents through R2 and R3 continues
to the set of 1 M() resistors in a series, which forms the rest of the (passive) voltage divider
that biases the other dynodes. When I reaches zero (the MOSFET is in cutoff), further
increases in Ig cannot be compensated anymore, and Vg ceases to be stabilized (the DY8 to P
potential difference decreases, while the acceleration potential of all previous amplification
stages increases, sharply increasing the gain). This happens at Ig = Iyp/2 and matches the
limiting anode (P) current I1, which is slightly larger than Ig due to the current delivered to
the last dynode from the previous PMT stages (I7g). As a first approximation, only the latter
currents can be considered; in this case, it is possible to obtain the relation I} = Ig + I1./Gpys
(where Gpys is the gain of the last dynode), and I should be expected to be 30-40% larger
than Ig, depending on the PMT voltage. A better approximation also includes the currents
I7 ¢ and the influence that the current of the dynode DY7 has on the potential of the dynode
DYS8. In this case, I} is expected to have a smaller increase with respect to Ig, corresponding
to about 18-25%. This value is close to the one obtained with the PSpice simulations, which,
in fact, take into account the influence of all the previous dynode currents. The PSpice
simulations are described in detail later in the text.
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Figure 12. Simplified schematics of the active base, highlighting the active stage for stabilization of
the last dynode (DY8) potential (V8).

For a given supply voltage, this limit in current corresponds to the limit in the detection
rate at which the detector can operate Ry It is possible to calculate the approximate model
limit in the detection rate as a function of the supply voltage. In fact, I; can be expressed
both in terms of the PMT voltage Vpyr and of the detection rate limit R; :

_lyp  Vpumr
Ii~—=== 2Ryp ®)
I = R.Quw = R1gEaw = Rppo(Vemr)? Eao 4)

where Iyp and Ryp are, respectively, the equivalent current and total resistance of the
voltage divider, and Q, and E;y (e.g., 430 keV) are, respectively, the average charge and
energy of the detector signals. The approximate limiting current Iy, ~ Iyp/2 is represented
by the dashed line in Figure 11. By combining Equations 3 and 4, it is possible to obtain the
value of the detection rate limit Ry as a function of the conversion gain ¢ and Ryp:

g((l/pl)q)pg(l/m)
2EavRVD

Ry = ©)

Figure 13 shows the calculated value of R} for the active-type voltage divider and at
different values of Ryp (dashed and dotted lines). The calculated values approximately
agree with the experimental data acquired with the active-type voltage divider used in
the tests (Ryp = 13 M()). A more detailed description, as shown in the simulations in
the next section, is able to produce more reliable results than the present simple model.
Nevertheless, this simple model adequately describes the general trend.

4.2. Simulation of the Circuit and PMT Response

The OrCAD [39] simulation tool, which utilizes the PSpice model [40], was employed
to simulate the performance of the detectors at high rates. In this simulation, the schematics
of the resistor network of the active base and the MOSFET stage, which provides bias to the
R6231 Hamamatsu PMT dynodes, together with a model for the dynode stage amplification
gain Gpyg = a(AV)k, were considered, where AV is the inter-dynode potential. The
parameters a and k were adjusted, to reproduce the actual g versus V curve of the PMT used
in the laser measurements, and are typical of this type of PMT (a = 0.19906; k = 0.72034).
Furthermore, the collection efficiency K, of the electrons produced by the dynode and
moving toward the next dynode was considered. This efficiency is a function of the
potential difference between the respective dynode and the following one, dV;. K tends
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to zero when the potential difference dV; approaches zero; however, the exact behavior is
not known. The PSpice model used in this work assumes a sigmoidal transfer function that
results in a collection efficiency of 50%, with dV; = 15 V. The sigmoidal function intervenes
when the transistor cannot stabilize the voltage difference in the last dynode (i.e., above the
breakdown) any more. At this point, the voltage difference decreases, and, when reaching
15V, the sigmoidal function intervenes by lowering the output current of the last dynode.
The relation between the collection efficiency K and dV; used in the model is

-1
Ko = (1 +e<—d¥1+1§’>> ©6)

It is worth noting that the collection efficiency does not affect the limiting current
value but influences the gain variation percentage appearing after this value (as shown in
Figure 14). For the simulation presented in this work, the collection efficiency was tuned

to reproduce the experimental gain variation (at the energy of 1332 keV), as shown in
Figure 14.

6001 :
i g --- Model with Ryp = 13MQ
: Model with Ryp/2
500} | : B Exp-Gamma
1 :
\ —— Pspice simulation
400/ \ O Exp - Laser
ﬂ N
T
Y4
— 300
S
~
o
200
100

02 04 06 08 10 12 14 16 1s
g [pC/keV]

Figure 13. Experimental data (squares and circles), simple model prediction (red dashed line), and
PSpice simulations for the laser data (blue solid line with diamonds) of the limiting rate, as a function
of the gain. The orange dotted line is the model prediction, by halving the total resistance value of
the active-type voltage divider. The gray dotted line indicates the conversion gain (g = 0.35 pC/keV)
sufficient to obtain a good energy resolution in the case of the NUMEN experiment (see Section 5). If
not visible, the error bars are smaller than the data point symbols.

The solid line of Figure 11 was obtained with this procedure and reasonably describes
the laser data. The solid line in Figure 13 represents the result of the simulations for the
limiting rate as a function of gain and is also consistent with the data. The plot in Figure 14
shows the simulated gain variation as a function of the anode current. While the rise in
gain within the operational range of the active base that was experimentally observed
(and depending on the applied PMT voltage) is not well-reproduced by the simulation,
the “breakdown” of the performance occurring at the limiting current is present. Its

predicted dependence on the voltage divider values is confirmed, as illustrated by the
green dashed line.
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Figure 14. Conversion gain variation (%) as a function of the anode current at —694 V. Black squares:
data points obtained with gamma-ray measurements using the 1332 keV peak of the ®*Co source
and employing the 430 keV laser pulse for tuning the anode current. Red solid line and diamonds:
simulated gain with value of the currently employed voltage divider resistors (1 MQ2). Green dashed
line and circles: simulation with halving of the voltage divider resistors’ values.

5. Discussion

The study of the conversion gain and linearity of the detector data shows that there is a
variation in the gain with the count rate (and anode current) for both voltage divider types.
Indeed, the effect is due to a combination of the charge per pulse and the pulse repetition
rate. The detector with a resistor-type voltage divider has a larger variation with the count
rate and exhibits a higher non-linearity in response to different energies. In contrast, the
configuration with an active-type voltage divider demonstrates a more linear and stable
response, making it the preferred choice for application in the G-NUMEN project.

The results obtained from the tests presented in this study establish a connection
between the detector response, in terms of energy resolution and gain, and the changes in
the anode current and in the supply voltage.

Figures 6 and 7 allow for the extraction of the minimum gain at which the energy
resolution requirements are met. A conversion gain of about 0.35 pC/keV should be
sufficient to provide a good resolution at all energies. This gain value corresponds to
an HV in the range of 750-850 V, depending on the detector. However, a limitation of
the anode current in the active base is observed. Above a certain current value I;, the
detector performance is degraded. The restriction on the anode current also translates to a
limitation on the counting rate, at which the detector can effectively operate. In Section 4.1,
it is demonstrated that such a limit, R;, can be estimated from Equation 5 by taking into
account the HV and the voltage divider’s total resistance (Ryp = 13 M(}), and the maximum
achievable counting rate for a detector operating with a good energy resolution is around
200 kHz. Reducing the voltage divider’s total resistance could help in achieving the desired
count rate; however, other alternative designs of the active base are under consideration to
also achieve better linearity and stability for the response.

6. Conclusions

This works presents the first tests of a prototype of the G-NUMEN array, performed
under conditions similar to those foreseen for the NUMEN experiment. The results demon-
strate that the detector performance is strongly influenced by the count rate as well as by
the bias voltage and by the electronic configuration of the voltage divider. The findings
of this work indicate that an active-type voltage divider could offer the best front-end
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electronics configuration for the detector array. However, limitations are observed in the
anode current, with performance degradation occurring after reaching a specific value
that depends on the voltage applied to the PMT. The limit in the anode current translates
into a restriction on the count rate that is sustainable by the detector. While operating the
PMT at lower voltages could potentially allow for higher count rates, this approach would
compromise the energy resolution, which is a crucial requirement for the NUMEN project.

The calculations presented in this study provide valuable insights into determining the
optimal electronic configuration for the future G-NUMEN array. This study demonstrates
that in order to address the challenges encountered at detection rates comparable to those
expected in the NUMEN project, improvements to the detector performance can be achieved
by specifically modifying the active voltage divider’s circuit. These findings contribute
to a better understanding of the detector’s behavior and offer guidance for optimizing its
performance under various operational conditions.
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