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The Crilin (CRystal calorImeter with Longitudinal INformation) calorimeter is a semi-
homogeneous calorimeter based on Lead Fluoride (PbF2) crystals readout by surface-mount
UV-extended Silicon Photomultipliers (SiPMs). It is a proposed solution for the electromagnetic
calorimeter of the Muon Collider. The calorimeter should operate in a very harsh radiation en-
vironment, withstanding yearly a neutron flux of 1014n1𝑀𝑒𝑉 /cm2 and a dose of 100 krad. The
proposed Crilin calorimeter is characterized by a modular architecture based on stackable submod-
ules composed of matrices of PbF2 crystals, with each crystal readout by 2 series of UV-extended
SiPMs. To evaluate the effect of this high radiation environment on the PbF2 crystal, two crystals
have been irradiated both with photons and neutrons to study the changes in their transmittance.
The results of an intense R&D study to improve the performance of the electronics will be also
described
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1. Motivation

Muon Colliders (MC) represent a very interesting opportunity as a future accelerator facility
allowing to access the energy frontier of the High Energy Physics [1].
Despite the unique advantages, especially in the TeV range, with respect to other accelerating
facilities, the decay products of the muons circulating inside of the collider and interacting with
the machine elements will create a very harsh radiation environment: two muon beams, each with
2×1012 muons per bunch with 750 GeV energy would generate 4×105 decays/m, leading to O(1010)
background particles reaching the interaction region and entering the detector: the so called Beam
Induced Background (BIB).
The actual design for the electromagnetic calorimeter is based on 40 layers of Tungsten absorbers
alternated with Silicon pad sensors for a total of 64 million channels in the barrel, thus representing
significant technological issue as well as a very expensive solution. Our proposed design, the
Crilin calorimeter, is a semi-homogeneous calorimeter based on Lead Fluoride (PbF2 ) Cherenkov
Crystals [2] readout by surface-mount UV-extended Silicon Photomultipliers (SiPMs).

2. The Crilin calorimeter

Crilin has a modular architecture based on stackable and interchangeable sub-modules made
of matrices of 10 × 10 × 40 mm3 Lead Fluoride (PbF2) crystals each read out by two series of two
UV-extended 10 `m pixel SiPMs with a surface of 3 × 3 mm2.
This proposed configuration allows to obtain:(i) high response speed, due to the Cherenkov nature
of the light emitted by the PbF2 crystal; (ii) a reduced signal width ensuring an excellent ability to re-
solve temporally-close events at high rates; (iii) a sufficiently good light collection of ∼ 1𝑝.𝑒./𝑀𝑒𝑉 ;
(iv) good resistance to radiation as showed in Section 3; (v) fine granularity and scalable SiPMs
dimensions.
In order to evaluate the performance of this kind of calorimeter, the W-Si calorimeter was substi-
tuted with the Crilin calorimeter in the simulation frame of the Muon Collider.
The implementation is done with the DD4HEP interface to Geant4. The Crilin ECAL barrel design
for the Muon Collider consists of five layers with 40 mm thick, and 10 × 10 mm2 of cell area with
a dodecahedral geometry. The performance of the two detectors was compared evaluating the jet

Figure 1: Jet reconstruction efficiency (left) and jet 𝑝𝑇 resolution(right) as a function of the jet 𝑝𝑇 , obtained
by using the Crilin ECAL barrel (red dots) and the W-Si ECAL barrel (black dots).
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reconstruction efficiency and jet 𝑝𝑇 resolutions as they are objects of primary interest for Muon
Collider physics. The results are presented in Figure 1. It can be noticed that the performance is
similar in the two cases, but a small degradation is observed above true 𝑝𝑇 greater than 170 GeV,
because of the Crilin resolution degradation due to the lower number of radiation lengths (∼ 19 𝑋0)
compared to the ones of the W-Si (∼ 22 𝑋0).

3. Radiation hardness of Crylin components

3.1 PbF2 crystals

In order to characterize the radiation environment due to the BIB, the latter has been simulated
assuming 200 days of operation at

√
𝑠 = 1.5 TeV with Fluka [3] employing a simplified detector

geometry.
Figure 2 reports the 1 MeV neutron equivalent fluence and the Total Ionizing Dose (TID) in the
detector region, shown as a function of position along the beam axis z and the radial distance 𝑟 from
the beam axis.

Figure 2: 1-MeV-neq fluence (left) and TID (right) in the detector region for a Muon Collider operating at√
𝑠 = 1.5 TeV.

The expected neutron fluence and dose on the electromagnetic calorimeter region are respec-
tively 1014 n1𝑀𝑒𝑉 /(cm2 year) and 10−4 Grad/year.
The radiation hardness of the crystals was checked both for TID and NIEL at the Calliope Facility of
Enea Casaccia with 60Co [4] and at the Frascati Neutron Generator Facility (FNG) of Enea Frascati
with 14 MeV neutrons [5] using two PbF2 crystals, one without wrapping, dubbed “naked”, and one
with Mylar wrapping. The results of these irradiation are reported in Figure 3. For what concerns
the photon irradiation, the maximum degradation observed is at the level of ∼ 40%, in between of
the degradation observed in [6] and [7]. The transmittance spectrum after the neutron irradiation
was evaluated 14 days after the exposure. No alteration in the transmittance spectrum is observed.

3.2 Silicon Photomultipliers

The present SiPMs choice for the Crilin calorimeter is Hamamatsu S14160-3015PS SMD
sensors [8]. The 15 `m SiPM pixel-size were selected for high-speed response, short pulse width
and to better cope with the expected total non-ionising dose (TNID). Since the granularity of the
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Figure 3: Top:Transmission spectra obtained in the different irradiation steps for the naked crystal (left) and
the crystal with Mylar wrapping (right). Bottom: Transmission spectra obtained before and after the neutron
irradiation for the naked crystal (left) and the crystal with Mylar wrapping (right)

calorimeter scales with the pixel dimensions it is also under investigation the possibility to use 10
`m pixel-size SiPMs. Two 15 `m and two 10 `m pixel-size SiPMs have been exposed at FNG
for 80 hours to a neutron flux up to 1014 n/cm2. After the irradiation, the SiPMs I-V curves were
measured at different temperatures ranging from -10 ◦C to 0 ◦C . In Figure 4 the leakage currents
of the two different pixel-sized SiPMs after the irradiation as a function of the bias voltage, 𝑉𝑏𝑖𝑎𝑠,
are reported.

Figure 4: 15 `m pixel (left) and 10 `m pixel (right) SiPM breakdown voltage as a function of the operating
temperature.

Clearly, to cope with the harsh environment expected for the Muon Collider, the better SiPM
choice would be the 10 `m pixel-size.
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4. Time resolution performances

A preliminary study of timing performance reachable with the developed Front-End Electronics
(FEE) was carried out with two 15 `m pixel SiPM connected to a prototype version of the FEE and
illuminated with a picosecond UV laser source by Hamamatsu.
The waveform of the signal present a considerably sharp pulse with a ∼2 ns rise time and a ∼70
ns full width. The timing reconstruction was performed using Constant Fraction method (∼30% of
peak amplitude) on a LogNormal fit.
Different configurations were tested: (a) Constant 1 V laser pulse amplitude and fixed 40 Gsps
sample rate, while laser repetition rate was increased from 50 kHz up to 5 MHz in 5 steps.(b) Fixed
laser amplitude and fixed 100 kHz laser repetition rate, while the oscilloscope sampling rate was
swept in the range 2.5 to 40 Gsps. (c) Fixed laser repetition rate and sampling frequency , while the
laser amplitude was swept over the FEE dynamic range in 6 steps.
Results of these three configurations are reported in Figure 5.

Figure 5: Left: Time resolution as function of the laser repetition rate. Center: Time resolution as function
of sample rate. Right: Time resolution as a function of the collected charge.

A constant behaviour with respect to the laser repetition rate is observed, meaning that the
waveform remains unchanged in the 50 kHz-5MHz range. On the other hand, a strong dependence
on the sample rate is seen: e.g. the time resolution at 2.5 GS/s is twice the one at 40 GS/s.
In Figure 5 (Right) the time resolution as a function of the mean value obtained from a gaussian
fit to the collected charge is reported; a resulting 13 ps constant term (b) contribution to timing
resolution was evaluated on data fitted with 𝜎𝑡 =

𝑎
𝑄

⊕ 𝑏. The number of collected photoelectrons
was evaluated as 𝑁𝑝.𝑒. =

`𝑄
𝐺𝐹𝐸𝐸×𝐺𝑆𝑖𝑃𝑀×𝑒 , where 𝐺𝐹𝐸𝐸 = 7, 𝐺𝑆𝑖𝑃𝑀 = 3.6 × 105 and 𝑒 is electron

charge.

5. The Crilin prototypes

A first prototype of the Crilin calorimeter (see Figure 6), Proto-0, made of a single layer of
2 crystals and read out by 4 SiPMs was built in 2021. It was tested at the Beam Test Facility of
the LNF with 500 MeV electrons in July 2021 and at the H2 test facility of CERN with 120 GeV
electrons in August 2021 [9] obtaining promising results: a timing resolution less than 100 ps for
deposited energies greater than 1 GeV, and ∼ 1 p.e./MeV of light yield.
At this point of the R&D it is pivotal to validate the design choices both in terms of mechanics,
cluster reconstruction and shower profile. For this reason a new prototype is going to be realized.
After a simulation optimization, Crilin dimensions have been increased to 8.5 X0 (∼0.3 _), a good
compromise between an acceptable containment of 100 GeV electrons and costs. Proto-1 will have
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two layers of 3 × 3 PbF2 crystals, each readout with 10 `m UV-extended SiPMs. The operational
temperature will be 0/-10 °C and the performance will be validated in a dedicated test beam.

Figure 6: Left: picture of Proto-0. Right:CAD 3D model of Proto-1.

6. Conclusion

Crilin is a semi-homogeneous calorimeter with longitudinal segmentation and excellent timing
resolution. It represents a good compromise between homogeneous and sampling calorimeter
and is well quoted as alternative solution to W-Si ECAL for future Muon Colliders. Before the
construction of the Proto-1, several tests on single components have been performed: irradiation
studies both with neutrons and photons on PbF2 crystals indicated no significant damages up to
80 krad TID and 1013 n/cm2 fluence; neutron irradiation up to 1014 n/cm2 on SiPMs showed the
necessity to use 10 `m SiPMs. Proto-1 is going to be assembled by the end of 2022 and it will be
fundamental to validate the technical choices made.
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