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Proposal (1)

 This technological development is driven by the aim of improving the

state-of-the-art calorimetry in search for the conversion of a muon

into an electron.

 The conversion process is forbidden in the Standard Model of Particle

Physics and its observation will be a clear evidence for new physics.

 Two international experiments are already in construction for this

search, one in Japan (COMET at JParc) and one in USA (Mu2e at

Fermilab), with the goal of improving the previously reached sensitivity

by four orders of magnitude.
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Proposal (2)

 Our proposal finds a natural framework and timeline in the upgrade of

the Mu2e experiment, Mu2e-II, that will increase of a factor of 10 the

sensitivity allowing to observe signals with a branching fraction as

small as 6x10-18.
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Figure 1: Λ versus κ sensitivity plots for the CLFV muon channels. Mu2e is a

potential discovery experiment that is relevant in all possible scenarios.



Proposal (3)

 To achieve this goal, a very intense, “pure” negative muon beam has to

be stopped on a thin target, at the high rate of 30 GHz, inside an

evacuated detector region and in presence of 1 T axial magnetic field.

 A very fast calorimeter, with high timing resolution and extremely high

rate capability, can be achieved by optically connecting the extremely

fast barium fluoride (BaF2) crystals to our proposal of a new

generation UV extended Silicon Photomultipliers.

 To do this, we will take full advantage of the fast 220 nm scintillation

component ( = 0.9 ns) strongly reducing the larger slow component at

300 nm ( = 650 ns) while preserving high gain, low noise and radiation

hardness.

25 giugno 2018I. Sarra @ NEWS General Meeting 20183



I. Sarra @ NEWS General Meeting 20184

State of the art

25 giugno 2018

 The existence of the very fast scintillation component in BaF2 makes this
crystal an attractive, if not the best, candidate for high-rate applications to
the upgrade phase of Mu2e calorimeter.

 A lot of research and development on UV extended, solar blind, Avalanche
Photodiodes (SB-APD) has been carried out from a consortium of
Caltech/JPL/RMD in USA.

 The SB-APD works in the proportional regime (gain between 100-1000), it is
a really promising technology and will work properly in magnetic field but
presents three disadvantages that we can overcome with our proposal:
(i) the gain is too low thus requiring a high amplification in the front-end

stage;
(ii) the signal has a rise-time of 15 ns but a quenching time of about 30

ns;
(iii) the related noise is too high to operate at room temperature.
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R&D Approach
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 The R&D approach is to transform a standard large-area (6×6

mm2) SensL J-series SiPM into a UV device using a thin layer of

nanoparticles.

 The possibility of wavelength shifting using nanoparticles was first

tested by ANL in collaboration with the University of Illinois at Urbana-

Champaign investigating the properties of Si nanoparticles.
TEST OF SI NANOPARTICLE COATING 

First test of Si nanoparticles – 5 nm steps from 250 nm -> 400 nm 
Left – Coated and Uncoated normalized to lamp response 
Right – ratio of Coated to Uncoated response 

-> Increase in Coated response for wavelengths < 320 nm 

Published in JINST 10 (2015) 05, P05008  

Figure 2: (Left) Response of SiPM through uncoated plastic film (squares),

and through plastic film with Si nanoparticle coating (dots). (Right) Ratio

between the response of the coated/uncoated configurations.
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SensL’s J-Series with fast output
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The decay time, τSPE, of a SiPM is determined by the quench resistor

values and the total capacitance of the microcells, is typically in the range

of tens of nanoseconds:

𝜏𝑆𝑃𝐸 = C𝑑 · R𝑞 + R𝐼𝑛𝑝𝑢𝑡 · N𝑚𝑖𝑐𝑟𝑜𝑐𝑒𝑙𝑙𝑠

 SensL has developed a SiPM with a third electrode coupled to individual

diodes through low capacitance. As a result, the response signal has a

very short pulse width. The capacitance of the third electrode toward the

other SiPM electrodes is ~10% of CSiPM
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Nanoparticle Type – LaYO
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 The constraint for the Mu2e-II experiment is to discriminate between the

220 nm (fast emission) and the above 300 nm (slow emission)
components of the BaF2 emission spectra.

 LaYO nanoparticle is a good candidate for BaF2 Readout

Note that the 220

nm emission of

BaF2 is contained

in the absorption

peak of the LaYO

nanoparticles

Very little absorption for 

wavelengths >250 nm



Working progress

• The major foreseen risk is to not reach an appropriate level of

filtering for the BaF2 slow component. Nonetheless, should this case

occur, the lesson learned with the first prototypes will suggest us what

to improve in order to produce a better filter in short time. The backup

plan is to apply another level of filtering to the our device.

• A lower technical risk is related to the difference between the

emission and the absorption times of the WLS process. Indeed the

procedure must preserve the fast emission time of UV light from crystals

(0.9 ns for the barium fluoride). Our goal is to keep this time difference

below few ns.
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First test with BaF2 and SiPM at LNF

To evaluate the time resolution of the complex BaF2 crystal + SiPM, we have

used an UV-sensitive MPPC from Meg. 
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Measured performances for single cell
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Performance 

Excellent PDE (>15%) is achieved. 

Largest uncertainties (~10%) in estimation of expected # of 
photons impinging MPPC (geometrical acceptance, effect of 
reflection on surrounding materials)
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Performance 

Basic properties measured for individual chip 

Gain >5×105 (for single segment chip) 

Dark count rate ~1 Hz/mm2 

Correlated noise probability 

After-pulsing: <10%  

Optical crosstalk  ~35% 

← all numbers are for ΔV=2.5V
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Measured performance for series
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Test of CsI/BaF2 + Meg MPPC with CR

Then we have setup a cosmic rays test station and made the comparison

between the performance of the CsI crystals (used in Mu2e) and the BaF2 

crystals (proposed for Mu2e-II).
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 Radiation Damage   

 Introduction 

 LY and LRU  

 Timing Resolution 

 Transmittance  

  Longitudinal transmittance @ 350 nm 
• SICCAS: 60%  

• Opto Materials, ISMA: 80% 
! Peak due to the 511 keV photon 

clearly visible   

! Peak (µQ) extracted with a gaussian 

function to evaluate the Light Yield 

(LY)  

Contact 
Raffaella Donghia 

Email: raffaella.donghia@lnf.infn.it 

Np.e./MeV =
Q

Qe− GPM TEγ

=
µQ[pC]

1.6⇥ 10− 7[pC] ·3.8·0.511MeV
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All crystals show a good LY  (100 ÷ 130) p.e./MeV, increased by a factor ~1.7 when coupled with grease to PMT. The LRU has an average of  -0.6%/cm.  
The time resolution obtained with CRs is ~409 ps (~330 ps), without (with) grease @ ~22 MeV (energy deposited by a MIP in a   CsI crystal). 

The results of first irradiation tests showed that the LY of SICCAS crystals decreases by a factor ~1.8 after 90 krad. 

A small matrix of pure CsI crystals is under construction for testing performances using a low energy electron beam. 

Best performances 
with Teflon or Tyvek 

wrapping: 

 90-130 Np.e./MeV 

  

Grease adds an 
improvement of 

~70% 

Exploiting Cosmic Rays (CRs) 

! Crystals between two scintillation counters 

! MPPC readout  

! Different wrapping materials 

! Coupling both with and without optical 

grease 

Longitudinal scan with 22Na source and PMT readout 
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Tyvek

Teflon
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Due to Teflon fragility we chose to continue our measurements using Tyvek  
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Longitudinal response 
uniformity (LRU) test:  

• LY normalized to the center 

of the crystal 

• fit with a linear function  

LRU better than 0.5%/cm  
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Constant fraction method used 
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coupling 
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Characterization and performances of pure  

CsI crystals for the Mu2e experiment 

! Good time resolution using grease 

! Improvement by a factor ~0.8 w.r.t. air 

coupling 

! SICCAS crystals tested at CALLIOPE (ENEA g irradiation facility) 
• 60Co source (1.25 MeV)  

• Total dose: 90 krad 

• No wrapping and PMT coupling in air 

! Transmittance and LY measured before and after irradiation 

 
• Worse uniformity w.r.t. ISMA and 

Opto Materials crystals, even before 

irradiation  

 

After irradiation: 
• Stable LRU 

• LY decrease of a factor about 1.8  

Opto Materials 02 Opto Materials 01

Opto Materials 01,

The Mu2e calorimeter is designed to achieve a large acceptance for 104.7 MeV monoenergetic electrons, an energy resolution of O(5%) and a time resolution of O(500 ps). In 
baseline design the calorimeter is composed by two disks of BaF2 scintillating crystals readout by a new generation APDs. Since the APDs are still in the development phase, as 

alternative we have tested single crystals of pure CsI.  

We have measured the LY, LRU and the time performances of 30 × 30 × 180 mm3 crystals from Opto Materials and ISMA. 

Radiation hardness of SICCAS crystals has also been tested up to 90 krad.  
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• fit with a linear function  
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 Conclusions  

Constant fraction method used 
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Tyvek x2 

Optical grease 

coupling 

~333 ps 

Characterization and performances of pure  

CsI crystals for the Mu2e experiment 

! Good time resolution using grease 

! Improvement by a factor ~0.8 w.r.t. air 

coupling 

! SICCAS crystals tested at CALLIOPE (ENEA g irradiation facility) 
• 60Co source (1.25 MeV)  

• Total dose: 90 krad 

• No wrapping and PMT coupling in air 

! Transmittance and LY measured before and after irradiation 

 
• Worse uniformity w.r.t. ISMA and 

Opto Materials crystals, even before 

irradiation  

 

After irradiation: 
• Stable LRU 

• LY decrease of a factor about 1.8  

Opto Materials 02 Opto Materials 01

Opto Materials 01,

The Mu2e calorimeter is designed to achieve a large acceptance for 104.7 MeV monoenergetic electrons, an energy resolution of O(5%) and a time resolution of O(500 ps). In 
baseline design the calorimeter is composed by two disks of BaF2 scintillating crystals readout by a new generation APDs. Since the APDs are still in the development phase, as 

alternative we have tested single crystals of pure CsI.  

We have measured the LY, LRU and the time performances of 30 × 30 × 180 mm3 crystals from Opto Materials and ISMA. 

Radiation hardness of SICCAS crystals has also been tested up to 90 krad.  
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• Fit function -> pol4
• Fit range: (0.1 – 85)% of 

the max amplitude 
• Constant fraction method



Signals shape - CsI
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Waveform – BaF2
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CsI Time Resolution – 1 Gsps/s
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BaF2 Time Resolution – 1 Gsps/s
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 The first results are really encouraging



Conclusions

• The framework and timeline of the project find a natural application in the

calorimeter upgrade for the phase-II of the Mu2e experiment (Mu2e-II) at

Fermilab.

• The requirement for this innovative silicon photosensor is that of being

able to readout the fast component (220 nm) of the light emitted by the

BaF2 crystals while achieving practical blindness to the slow component

(> 300 nm).

• Using these sensors and the BaF2 crystals, we aim to build a radiation

hard calorimeter with good energy resolution and extremely high

performance in timing resolution, rate capability and pileup discrimination

power for 100 MeV electrons. All of the above has to be achieved in the

presence of a strong magnetic field (1 T), in a radiation hard environment

and with 10 GHz muon beam impinging on a thin target.
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