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Executive summary

[This text (in italics for emphasis) needs to summarise the entire deliverable document in a clear,
succinct form.

It could have short paragraphs, each paragraph summarising the content of one section in the
document, so that the main points are covered.

Please note that this deliverable report will be publicly available on the AIDAinnova website and will
also be sent to the European Commission]

1.  INTRODUCTION

Activities of AIDAinnova WP8 focus on the development of calorimeters and particle identification
detectors for future experiment in high energy physics (HEP). Light based detectors are potential
technology studied in the task 8.3. Future detectors in HEP required radiation hard scintillating
materials with ultrafast timing response. Several materials were tested various laboratories with the
set-ups described in Milestone MS32 [1] and prototypes have been built and tested under high energy
particle beams. The description of the different tested prototypes is presented in the following sections
as well as well as the possible production capability of the studied materials.
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2. MAIN RESULTS ON MATERIALS
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3. MAIN RESULTS ON PROTOTYPES

3.1 INFN FRASCATI AND GLASS TO POWER

Due to the high quantum yield and relative ease of manufacture of semiconductor nanocrystals
(““quantum dots”), there is much interest in their possible application for the development of high-
performance scintillators and scintillating components (wavelength shifters, scintillating films) for
use in high-energy physics instrumentation. Nanocomposite scintillators can be obtained by casting
nanocrystals into a transparent polymer matrix, to obtain materials functionally similar to
conventional plastic scintillators. Since inorganic nanocrystals can potentially have O(100 ps) light
decay times and O(1 MGy) radiation resistance, nanocomposite scintillators could prove to be ideal
for the construction of high-performance detectors that are economical enough to be used for large-
volume applications. However, while nanocomposite scintillators have been the focus of much
attention in the materials-science community, few previous studies have focussed on the response of
these materials to high-energy particles. The goal of the NanoCal project is to evaluate the potential
for the use of nanocomposite scintillators in calorimetry. To this end, fine-sampling shashlyk
calorimeter prototypes are being constructed with both conventional and NC scintillators and tested
side-by-side with electron and minimum-ionizing particle beams, allowing the performance gains
obtained from the use of NC scintillators to be directly measured. NanoCal is an AIDAinnova WP
13.5 blue-sky project but is directly related to the work on nanocomposite scintillating materials and
their industrialization carried out in WP 8.3.1.

3.1.1. Development of nanocomposite scintillators

Nanocrystals of caesium lead bromide (CsPbBr3) were previously used to make scintillating
nanocomposites with radioluminescence light yield on the order of 10,000 photons/MeV and
emission decay times of a few ns [2], so the scintillators under investigation in the NanoCal project
are based on these nanocrystals. These nanocrystals absorb strongly in the near-UV to blue regions
and have an emission peak in the green at 520 nm.

In view of the encouraging results obtained with CsPbBr3 nanocrystals in PMMA reported in [2], the
nanocomposite used the first NanoCal prototypes (constructed as discussed in the following section)
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Figure 1 Shashlyk tiles made of CsPbBr3
nanocomposite scintillator, in ambient light (left)
and under ultraviolet light (right).

consisted of 0.2% (w/w) CsPbBr3 nanocrystals in a UV-cured PMMA matrix (Fig. 1). As discussed
below, tests with mips in the CERN H2 beamline and with cosmic rays showed a disappointing light
yield from these prototypes, and laboratory tests with radioactive sources and cosmic rays
demonstrated that the light yield from the scintillator was lower than expected. Two possible causes
were identified:

Excessive self-absorption of the light emitted by the nanocrystals.

Inefficient transfer of energy deposited in the plastic matrix to the nanocrystals and/or
insufficient concentration of nanocrystals for efficient stimulation by ionization energy losses
from single particles.

N —

The issue of self-absorption can be addressed by the addition to the composite of dyes with large
Stokes shift, as in a conventional scintillator. However, because the CsPbBr3; nanocrystals emit at 520
nm, it is difficult to implement two stages of wavelength shifting (one each in the scintillator and in
the readout fibres) while still maintaining good photodetector response. A possible solution is
illustrated in Fig. 2: the spectral response of the CsPbBr3 nanocrystals is shifted to the blue by the
substitution of about half of the bromine atoms with chlorine after production. Then, a WLS
compound, coumarin-6, is added to the solution to provide a large Stokes shift, which also restores
the emission of the nanocomposite to about 520 nm. A prototype based on this principle was tested,
as discussed below.

Synthesis of Substitution of Addition of
CsPbBr; 50% of Br with CI coumarin-6

|

Figure 2 Preparation of monomer solution
for nanocomposite with caesium lead halide
perovskite with coumarin-6 WLS.

Regarding the second point, PMMA does not have the aromatic structure of polystyrene (PS) or
polyvinyltoluene (PVT) and so does not have the level structure for excitation by ionizing radiation
and de-excitation via Foerster transfer to the nanocrystals, as occurs between the aromatic rings and
primary fluors for a conventional scintillator. Fluorescence in PMMA-based nanocomposites is
expected to occur primarily from the directly stimulation of the nanocrystals by the incident radiation.
The simplicity of this mechanism, combined with the good optical and physical properties of PMMA
gives rise to the fast deexcitation times and robust nature of PMMA-based nanocomposites. However,
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the concentration of the nanocrystals may be insufficient for direct stimulation. Because CsPbBr3
nanocrystals have poor thermal stability, it is convenient to produce the nanocomposites by UV
polymerization, but the absorption of UV light by the nanocrystals limits their concentration to a
fraction of a percent.

The poor thermal stability of CsPbBr; nanocrystals is the result of degradation or detachment of the
ligands at the surface of the nanocrystals at the temperatures required for thermal polymerization.
One solution to this problem is to use surface ligand engineering techniques to passivate the surfaces
of the nanocrystals with metal ions [3]. The nanocrystals with improved stability can then be used to
make thermally polymerized composites, allowing not only PMMA, but also aromatic plastics such
as PS or PVT, to be used for the matrix, opening the possibility of efficient Foerster energy transfer
from the matrix to the nanocrystals.

To test these ideas, small samples of various scintillators were produced and exposed to 1-5 GeV
electron and mip beams in the CERN PS T9 beamline in October 2023 and to 450 MeV electrons at
the Frascati BTF in November 2023, as well as to cosmic rays. The scintillator samples, shown in
Fig. 3, include two nanocomposites, labelled “Bic 4” and “Bic 57, made with CsPbBr; nanocrystals
passivated with ytterbium ions (obtained from XXX) and thermally polymerized in PVT at a
concentration of 1%. Both samples contain 1.5% PTP to assist with the energy transfer to the
nanocomposites; the sample labelled “Bic 5 additionally contains a small amount of the perylene
dye described above, which shifts the emission to orange. The figure also shows various samples of
custom-produced conventional organic scintillators: “Protvino”, a PVT scintillator with 1.5% PTP
and 0.04% POPOP as fluors (as in [4]), “Bic 17, a blue scintillator using a benzothiophene dye, and
“Bic 2” and “Bic 3”, two green scintillators based on coumarin-6, the dye used to shift the emission
from CsPb(Br,Cl); from blue to green in Fig. 2. While the data are still under analysis, preliminary
results indicate that the nanocomposite scintillators have a light yield of about 60% of that of the
“Protvino” control sample (with 10-20% spectral corrections). An additional result is that “Bic 37,
which contains 0.04% coumarin-6 and 0.04% of the benzothiophene dye, as well as 1.5% PTP, gives
160% of the light output of the Protvino scintillator, making this sample an interesting candidate for
study as a high-yield conventional green scintillator in its own right.

Bic 3

. Bic 5

L2
gtvino . Bic 4 Figure 3 Conventional organic and nanocomposite scintillator
samples tested in fall 2023 at CERN and Frascati.

The surfaces of the nanocrystals can also be passivated with a halide-rich surface layer. A series of
nanocomposite scintillator samples made with fluorine passivated CsPbBr3 nanocrystals at various
concentrations in PVT, with and without additional dyes, has been prepared in preparation for a series
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of measurements with 450 MeV electron beams at the Frascati BTF in February 2024 (Fig. 5). These
measurements, together with those carried out in fall 2023, will allow a systematic optimization of
the choice of nanoparticle and any additional fluors. Once a suitable nanocomposite scintillator has
been identified, it will be possible to construct a test module such as those previously tested with the
PMMA-based nanocomposites, as further described in the next section.

Figure 4 Samples of CsPbBr3
nanocomposites at
concentrations of 1.0-2.5% with
with and without PTP and/or
perylene dyes, together with
control samples containing no
nanocrystals Light yields for
these samples will be measured
at the Frascati BTF in February
2024.

3.1.2. Construction of shashlyk calorimeter prototypes with innovative scintillators

To establish a baseline for the understanding of the issues involved in constructing calorimeter
modules with NC scintillator, various small test assemblies have been constructed. These consist of
a short, fine sampling shashlyk stack of about 5 cm in thickness (about 1.5Xp) based on the design
for the PANDA forward spectrometer electromagnetic calorimeter [5], which was originally
developed for the KOPIO experiment [4]. The thicknesses of the scintillator tiles and lead absorber
foils are 1.5 mm and 0.275 mm, respectively, for a sampling fraction of about 39%. The tiles are
55x55 mm? in cross section and feature 36 1.3-mm holes for the shashlyk fibres. The first module to
be constructed was a control module made with tiles of conventional extruded polystyrene
scintillator from the PANDA prototypes, with 1.5% PTP and 0.04% POPOP as fluors. This
scintillator has an emission peak at 425 nm; Kuraray Y-11(200) blue-to-green wavelength shifting
fibres (WLS) were used for light readout.

The nanocomposite scintillators for the test modules were obtained by UV polymerization between
glass plates of the solution of CsPbBr3 nanocrystals in the MMA monomer (Fig. 5, left). The
shashlyk tiles (see Fig. 1) were then laser cut from the resulting sheet of material. To read out the
520-nm green light from the nanocrystals, a custom production was commissioned from Kuraray of
a 1-mm single clad WLS fibre dyed with the perylene dyad described in [2] at a concentration of
200 ppm; this fibre is referred to as NCA-1(200). An additional module was constructed with
Kuraray’s existing O-2(100) green-to-orange WLS fibre as a point of comparison. The light from
the fibres was read out with a Hamamatsu 13360-6050 SiPMs (6x6 mm?, 50 um pixel size) and a
fast amplifier with a gain of 4. The fibres were bundled into a ferrule for coupling to the SiPM with
optical grease. The shashlyk stacks for a few of these modules are shown in Fig. 2.

Grant Agreement 101004761 PUBLIC 8/14



Q AIDA ERROR! NO TEXT OF SPECIFIED STYLE IN Deliverable: D8.2

innova DOCUMENT. Date: dd/mm/yyyy

Figure 4 Left: UV polymerization of a sheet of nanocomposite scintillator (CsPbBr3 0.2% in PMMA). Right: Shashlyk
assemblies tested with electron and mip beams and cosmic rays, during construction: the nanocomposite scintillator
with NCA-1 WLS fibres (left), conventional scintillator (1.5% PTP + 0.04% POPOP in polystyrene) with Y-11 fibres
(centre), and nanocomposite scintillator with O-2 fibres (right).

The completed prototypes were tested at CERN with 80 GeV ¢~ and 150 GeV 7" beams in the SPS
H2 beamline in October 2022. A second round of tests of prototypes improved on the basis of the
experience gained in October 2022 was carried out in June 2023 with 1-4 GeV ¢" and 10 GeV u*
beams in the PS T9. In this second round, a module constructed with the coumarin-6 wavelength-
shifted CsPb(Br,Cl); nanocomposite was also tested to evaluate this strategy for overcoming light
loss from self-absorption. Unfortunately, the nanocrystals aggregated into clumps between synthesis
and polymerization of the solution, so that only limited conclusions may be drawn concerning the
performance of this module.

C1 C2
S1 I S2 TO Module
_[I I |_[I ;D ..... PbGl |
€——— 0.75m > € 1.0m >

Figure 6 Setup used for the measurements of light yield in beam tests in the T9 beamline. S1 and S2 are trigger
scintillators, C1 and C2 are 10x10 ¢cm? silicon-strip tracking chambers with thickness 820 um and position resolution 47
pum, TO is a fast-timing detector, PbGl is a lead glass calorimeter for energy measurements, and the grey boxes are
moveable tables.

A typical setup for the beam tests is shown in Fig. 6. The tracking provided by the silicon-strip
chambers C1 and C2 allows the clean definition of a fiducial region for particles hitting the test
module and has sufficient position and angular resolution to resolve components such as optical
fibers, allowing the source of the light produced in the module to be discriminated (e.g., whether
from scintillating tiles or WLS fibres). This is illustrated in Fig. 7, which shows the efficiency map
obtained by illumination of the CsPb(Br,Cl); + WLS module with 10 GeV muons and a threshold
set at 5 times the RMS of the dark noise from the SiPM. Virtually all of the light is produced in the
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optical fibres in the stack or in the bundle at the rear; very little of the light comes from the bulk of
the nanocomposite scintillator. This result is characteristic of the PMMA-based nanocomposite
scintillators tested: as a rule, when exposed to single mips, the PMMA-based nanocomposites at
nanocrystal concentrations of 0.2% produce at most a few percent of the light obtained from
conventional scintillators. In the particular case of the CsPb(Br,Cl); + WLS module, the poor
performance may result from the problems encountered during production, so this nanocomposite
formulation may still be viable and further investigation is planned. As noted in the previous
section, PVT-based, thermally polymerized nanocomposites with surface-passivated CsPbBr3
nanocrystals show much more promise, and after further study and optimization of these materials,
another round of prototypes will be constructed and tested.

Figure 7 Response efficiency maps of shashlyk test modules illuminated with 10 GeV muons. The control module with
conventional organic scintillator (“Protvino”, left) shows highly efficient and uniform response to mips over the entire

surface, while for the module with the nanocomposite scintillator (right), only the WLS fibres show efficient response to
mips.

4, PRODUCTION
Material 1
Material 2
Material 3
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