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Introduction
This presentation aims to describe the main differences between the 
already designed Mu2e calorimeter and the needs for an upgraded version 
that could satisfy Mu2e-II environment and running conditions.

•  I start from the simple consideration that this should be an upgrade 
     and, if possible, use whatever existing, or at least reduce modifications
     à thus minimizing the time for integration and interfaces with     
     the rest of detector and beam-line.

•  The main differences w.r.t. Mu2e will be the increase:
à by a factor of ~10 in total rate (and therefore total doses/neutron fluence) 
à by a factor of 3 in the detector occupancy (assuming same shielding).
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Calorimeter requirements
•  We aim to get same energy ( < 10%) and time (< 500 ps) resolutions
     as in Mu2e.

•  Aiming to provide standalone trigger, track seeding and PID as before.

•  Work in vacuum @ 10-4 Torr, keep a low level of outgassing.

•  Resistant to the strong radiation environment
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Mu2e Calorimeter technical specs and design
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High granularity crystal based calorimeter with:
q  2 Disks (annuli) geometry 
q  Crystals with high Light Yield for timing/energy 
      resolution à  LY(photosensors) > 20 pe/MeV 
q  2 photo-sensors/preamps/crystal for redundancy 
      and reduce MTTF requirement à  1 million hours/SIPM
q  Fast signal for Pileup and Timing !  τ of emission < 40 ns + Fast preamps
q  Fast Digitization (WD) to disentangle signals in pileup
q  Crystal dimension optimized to stay inside DS envelope
    à reduced number of  photo-sensor, FEE, WFD (cost  and bandwidth)

Final Mu2e Design:
-  Two annular disks: each one with 674 un-doped CsI crystals of 34x34x200 mm3

-  2 Mu2e SiPMs (UV extended to 300 nm, parallel of 2 series of 3 6x6 mm2 SiPMs)
-  Fast Amplifiers + Digitization @ 200 Msps



Irradiation problems @ Mu2e
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q Crystals	and	sensors	should	work	in	1	T	B-field	and	in	vacuum	of	10-4	Torr	and:	
				à	Crystals	should	survive	a	dose	of	90	!	45	krad		
				!	Crystals	should	stand	neutron	fluence	of		2x1012	n/cm2	

					!	SiPMs			should	survive	20	krad	and	a	fluence	of	1.2x1012	n_1MeV/cm2	

q 	DOSE	on	FEE	is	similar	to	the	one	for	SiPMs	
q 	DOSE	on	WD		up	to	10-15		krad	(aIer	proper	shielding)		
q 	RadiaMon	induced	noise	corresponding	to	200	uA	and	a	energy	noise	of	300-500	keV	
q 	Dose	irradiaMon	is	worse	on	the	first	disk	
q 	Higher	illuminaFon/occupancy	and	RadiaFon	on	the	innermost	rings	

FNAL -  March 1 2017G. Pezzullo (INFN of Pisa)
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Dose - crystals - 1 year

• Estimated dose [krad] in the crystals assuming 1 year of run
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4 Results - neutron flux

The neutron flux at the front and back faces of each disk are shown in Fig. 9 and Fig. 10. The flux
is dominated by the production of neutrons in the stopping target, with a small component from
the beam flash and out-of-target muons. The flux at the front of the first disk (front disk) is fairly
uniform, as expected from the isotropic production of neutrons in the target. The average flux is
�n ⇠ 2⇥ 1012, which is comparable to an estimate based on the geometry of the detector described
in Appendix A. The flux on the back disk is larger at low radius, since the outer region is shielded
by more material from the front disk. The number of neutrons absorbed by the crystals can easily
be obtained by taking the di↵erence of these plots, about ⇠ 1011 neutrons/cm2/year.

The 1 MeV-equivalent neutron flux at the back of each disk is obtained from the measured flux and
the damage curve shown in Fig. 2. The distribution of the neutron kinetic energy at the back of
the from disk is shown in Fig. 11 as example. The 1 MeV-equivalent neutron flux as a function of
the radial position are displayed in Fig. 12. The average flux is at the level of ⇠ 3 ⇥ 1010 (⇠ 1010)
neutrons/cm2/year for the front (back) disks, and rises up to ⇠ 9 ⇥ 1010 (⇠ 3 ⇥ 1010) for the
innermost crystals.
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Figure 9: Neutron flux (�n) as a function of the radial position at the front face of the front (left)
and back (right) disk. The backgrounds representing less than 1% of the total flux are not drawn
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Irradiation problems @ Mu2e-II
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In	5	years	running	we	roughly	expect	a	factor	of	10	worsening:	
	
ü  Crystals	in	the	hoRest	region	(first	disk)	will	see	a	dose	up	to	500	krad		
ü  Crystals	in	the	first	disk	will	see	a	neutron	fluence	up	to	2x1013	n/cm2	

ü  	Instantaneous	doses	up	to	20	rad/h	(dominated	by	beam	flash)	
ü  	Instantaneous	neutron	fluences	of	105	n/cm2/sec	(neutron	capture)	
	
	
ü  In	the	hoRest	region	SiPMs	will	see	up	to	1.5x1013	n_1MeV/cm2	

ü  In	same	regions,	doses	on	SiPMs	and	FEE	up	to	100-200	krad.	
ü  LocalizaFon	of	FEE	will	be	important		

ü  Dose	on	DigiFzaFon	system	will	be	also	large	(>	100	krad)	



Mu2e-II: occupancy/rec in the first rings (100 ns)

12/8/2017S. Miscetti @ MU2E-II workshop - Argonne National Laboratory6

Miscetti Part B2 ICE-DECAF 
 

 3 

In Fig. 2, an example of how a 
fast calorimeter can be exploited 
in seeding hits for the tracking 
reconstruction is shown. The left 
plot shows the high occupancy of 
hits in a tracker at Mu2e-II rates. 
In the right plot, a great reduction 
of the fake hits is obtained by 
applying position and timing cuts 
between the hits and the CE 
calorimeter cluster. In Fig. 3, the 
discriminant variables that can be 
used to achieve a high rejection 
power (> 200) in the muon to 
electron separation are shown. 
The left plot shows the distribution of the difference between the calorimeter and tracker timing in the 
electron hypothesis for electrons (red) and muons (blue). The right plot shows the distribution of the ratio 
between the cluster energy and the momentum of the track connected to the cluster. Both performance 
examples require a calorimeter with the specifications listed in the following paragraph and in Tab. 1. 
My proposal is to build a calorimeter demonstrator, ICE-DECAF, that for the first time combines in a 
unique device the performance summarized in Tab.1 and listed here more explicitly for 105 MeV 
electrons: (1) a high efficiency, (2) an energy resolution better than 5%, (3) a timing resolution better than 
500 ps, (4) a discrimination capability for hits in pileup in time windows of 30 ns. Moreover, this detector 
should also satisfy three environmental requests: work in presence of 1 T field, in vacuum and in a harsh 
radiation environment delivering in three years of running up to 1 Mrad ionizing dose and a neutron fluence 
of 1013 n/cm2. These extraordinary requests are all to be met at the same time, the most novel one being 
to find a solution to the hits in overlap within 30 ns time window. This is shown in Fig. 4 by the result of 
a dedicated ICE-DECAF simulation carried out by a member of my team. In Fig. 4.left, the hits recorded in 
the calorimeter regions closest to the beam are presented in the top (bottom) plot for two possible scintillator 
and photosensor signals with decay times of 100 ns (20 ns) respectively. In Fig.2.right, the conversion 
electron energy spectrum reconstructed in these two cases is also shown. The case with 20 ns signal width 
demonstrates a powerful and clean reconstruction capability that is lost, in almost 50% of the events, for the 
case with signals of 100 ns width. 
 

My analysis indicates that the only viable solution to the problem at hand is a fast crystal calorimeter 
coupled to fast Silicon Photosensors. In Tab. 2, a list of the potential scintillators that well perform at the 
energies considered is shown. Most of them have to be disregarded either because they present an emission 
time too slow or a light yield, LY, too small. I conclude that the solution to this difficult task is to make 
use of the intriguing capabilities of the BaF2. This crystal is indeed the fastest scintillator existing in the 

Table 2 : Summary table of the relevant parameters for the crystals 
considered for ICE-DECAF. In bold the characteristics that are not satisfying 
our  performances. Light Yield (LY) is presented in photoelectrons (pe)/MeV 
and is evaluated with PMT readout. 

Figure 4: [Left] examples of reconstructed calorimeter hits for  ICE-DECAF simulated events  with 100 ns (top) and 
20 ns (bottom) signal widths. [Right] reconstructed cluster energies of a Conversion Electron for 100 ns (top) and 20 
ns signal widths (bottom).  
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q  The	average	value	of	occupancy	in	an	event	(MicroBunch)	in	Mu2e-II	will	be	roughly	
	of	a	factor	x	3	wrt	Mu2e	(	the	addiMonal	factor	x3	in	intensity		is	in	the	beRer	duty	cycle)	
	
q  A	typical	Mu2e-II	event	in	a	channel		of	the	calorimeter	innermost	rings	is	in	Top-leI	plot.	

	(obtained	by	increasing	x3	the	background	overlay	in	Mu2e	simulaMon)	
	
q  	The	hits	have	been	smeared	in	signal	shape	assuming	a	well	performing	CsI	calorimeter	
with	100	ns	full	width	signal.	The	conFnuous	pileup	observed	is	really	difficult	to	be	resolved.	
	
à The	energy	reconstrucFon	of	the	main	cluster	is	spoiled	by	the	breaking	of	the		
					clusters,	wrong	pileup	separaMon,	failing	in	more	than	50%	of	the	cases.	
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q  The	same	events	of	previous	page	were	reconstructed	by	applying	a	
smearing	of	20	ns	(full	width).	A	high	density	set	of	hits	is	observed	but	
they	are	pre[y	simple	to		be	resolved.	

q  The	energy	reconstrucFon	of	the	main	cluster	is	not	spoiled	by	pileup.	

Mu2e-II: occupancy/rec in the first rings (20 ns)

Conclusions:		
In	Mu2e-II	we	need	a	calorimeter	with	signals	having	

	20-30	ns	total	width	(	10	ns	rise	Fme,	10-20	ns		decay	Fme)	



12/8/2017S. Miscetti @ MU2E-II workshop - Argonne National Laboratory8

§  It	is	clear	that	at	least	the	calorimeter	innermost	region	(first	3-4	rings)		
						needs	to	have	beRer	scinMllaMon	and	photo-sensors.	
§  More	simulaFon	studies	needed	to	decide	if	the	whole	calorimeter		
						has	to	be	replaced	or	not.	
	
The	following	requirements	apply	to	the	hoRest	regions	:	
	
à		SMll	opMmal	to	have	scinMllators	with	a	high	light	yield	(	20	pe/	MeV)	
à  ScinMllators	should	be	able	to	stand	0.5	Mrad	in	5	years	of	running	
à  Fast	scinMllaMon	Mme	/	Cherenkov	(<	few	ns)	
à  Fast	photosensors	able	to	stand	a	dose	of	200	krad,	1.5x1013	n/cm2	

à  Fast	electronics	in	order	not	to	spoil	the	fast	photosensors	
à  Keep	a	high	system	reliability	with	2	sensors/crystals	
				 	 		Even	so	the	requirement	is	an	MTTF	of	106	hours!	
à  Keep	coupling	in	air		(?)	between	photosensors	and	crystals	to	minimize	
						outgassing	and	thermal	gradients	
	

Mu2e-II technical specifications: hottest regions
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Comparison between crystals 

§  BaF2	is	the	best	crystals	for	the	ho[est	places.	
§  It	matches	all	requirements	..	..	apart	the	existence	of	a	slow	component.	
§  It	has	also	the	same	density	of	CsI		!	good	for	mechanical	replacement!!	



First candidate: BaF2 + fast sensors
BaF2 is an excellent candidate as you have seen (will see) during this workshop. 
Many studies and combinations with sensors have already been tried or are 
being investigated:

§   BaF2 with/without doping

§  Suppression of long components by means of:
   à ALD interference to get solar blind windows on the sensors 
   à Nanoparticle coatings on sensors
      à External interference optical filters

§  Different kind of fast sensors, insensitive to B-Field:
à APDs
à SiPMs
à MCPs/LAAPD
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A first look to BaF2 + SiPMs (1)
A good indication of the BaF2 capability was shown by the 
work done in Mu2e when we carried out the Technical 
Choice between CsI and BaF2. Measurement of BaF2 with 
MPPC (MEG UV extended version with quartz-window). 
The four 6x6 mm2 SiPM cells were used in Series 
configuration.
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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�GPMTE�
=

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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Optomaterial 02
Tyvek
Teflon

Al

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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 Conclusions  

Constant fraction method used 
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Optical grease 
coupling 
~330 ps 
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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 γ 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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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) 
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!  MPPC readout  
!  Different wrapping materials 
!  Coupling both with and without optical 

grease 

Longitudinal scan with 22Na source and PMT readout 

Q1_4
Constant  871.8
Mean      24.54
Sigma     7.129

Charge [pC]
0 10 20 30 40 50 60 70

N.
 E

nt
rie

s/
2p

C

0

100

200

300

400

500

600

700

800

900 Q1_4
Constant  871.8
Mean      24.54
Sigma     7.129

Q1_4
Constant  815.8
Mean      27.35
Sigma     7.224

Q1_4
Constant  826.2
Mean       27.9
Sigma     6.342

 Distance from PMT [cm]
2 4 6 8 10 12 14 16

/M
eV

 
p.

e.
 N

70

75

80

85

90

95

100

105

110

m         -0.3607

q         91.77

m         -0.3607

q         91.77

m         -0.4059

q         95.49

m         -0.4059

q         95.49

m         -0.3683

q         82.55

m         -0.3683

q         82.55

Optomaterial 02
Tyvek
Teflon

Al

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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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 γ 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  
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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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All	measurements	performed	
	w.o.	any	opMcal	grease	



A first look to BaF2 + SiPMs (2)

12/8/2017S. Miscetti @ MU2E-II workshop - Argonne National Laboratory12

SiPMs	indeed	are	sMll		a	highly	favorite	choice:	
	
1)  They	present	a	fast	rise	Mme	(	<	10	ns)	
2)  Without	too	much	effort	we	have	got		a	signal	full	width	<	60	ns		
3)  They	present	large	gains	and	high	MTTF		
4)  They	can	work	in	combinaMon	with	external	opMcal	filters		

or	with	Solar	Blind	interference	filters	

Miscetti Part B2 ICE-DECAF 
 

 5 

output is determined only by parasitic capacitances and inductances. The quality of timing obtained by 
coupling in air a 3x3x20 cm3 BaF2 to a UV extended Hamamatsu SiPM array, in series configuration, with a 
fast preamplifier is shown in Fig. 7.left. The rise time obtained is better than 10 ns. In this prototype, the 
decay time of the two components has been evaluated by fitting the signal shape with the sum of two 
exponentials. The “slow component” tail is the region that needs to be eliminated.  The fast component 
is shown by the blue line; its signal width is better than 60 ns. Additional electronic shaping is needed to 
quench it at the wanted level (< 20 ns). The timing resolution estimated for a MIP is excellent (< 360 ps).    
 

 
Figure 7: (Left) Pulse height distribution of a minimum ionizing particle (MIP) crossing a BaF2 crystal readout with a 
1.2x1.2 cm2 UV extended Hamamatsu SiPM and a fast Transimpedance preamplifier. The blue curve is the fast 
component. (Right) timing resolution obtained for a MIP in the same configuration that is equivalent to 23 MeV energy.  

ICE-DECAF will be a unique detector since it adds to the high specifications on energy and timing 
resolution a great pileup discrimination power at 105 MeV, while achieving also the capability to 
operate in vacuum, in presence of 1 T field and in a high radiation environment.  Such a novel device 
will have a great impact on the CLFV searches boosting the discovery potential for the muon to 
electron conversion process.      
 

Section b. Methodology 

b.1) The ICE-DECAF strategy 
A preparatory standalone Geant-4 simulation for ICE-DECAF (Fig. 8) demonstrated that an array of 
parallelepiped BaF2 crystals, of 3x3x20 cm3 dimension, optically connected to two SB SiPMs, each one with 
an active area of O(1 cm2 ), would satisfy the required energy and time resolution goals if achieving a light 
yield of O (20 pe/MeV)/sensor and a crystal longitudinal uniformity better than 15%. Keeping in mind these 
constraints, the methodology of ICE-DECAF will exploit two R&D paths to reduce the unwanted slow 
component and minimize the risk of failing: (1) doping of the crystal with Rare Earths elements and (2) 
develop innovative Solar Blind SiPMs capable of working in high magnetic field. In order to strengthen the 
R&D results, a fast Front End electronics, connected to a multi-hit digital readout will be designed to allow 
signal outputs of few ns width.  

  
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8:  (Left) Energy resolution for Conversion Electrons in a preparatory ICE-DECAF simulation as a function of 
the light yield collected by one SiPM per crystal. The simulation assumes 100% pileup discrimination capability, i.e. 
that the BaF2 long component has been fully suppressed. (Right) Energy resolution as a function of crystal uniformity.  

Entries  1328
Constant  7.3± 218.6 
Mean      0.01001± 0.01774 
Sigma     0.0068± 0.3603 

Time [ns]
3− 2− 1− 0 1 2 3

N.
 E

nt
rie

s 
/ 1

00
 p

s

0
20
40
60
80

100
120
140
160
180
200
220
240

Entries  1328
Constant  7.3± 218.6 
Mean      0.01001± 0.01774 
Sigma     0.0068± 0.3603 

Mu2e 

Dependence on photo-statistics and LRU 

27/8/2015 B. Echenard - Calorimeter Technical  Review 21 

Dependence on the photo-statistics and LRU 

A reduction of 40% of light for BaF2 has a small impact on the resolution, 

and the results are fairly stable for CsI as well 

 

Current LRU measurement for BaF2 is  25%, but could be improved with 

modest loss of light. Keeping the LRU below 10-15% would be desirable. 
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A reduction of 40% of light for BaF2 has a small impact on the resolution, 

and the results are fairly stable for CsI as well 

 

Current LRU measurement for BaF2 is  25%, but could be improved with 

modest loss of light. Keeping the LRU below 10-15% would be desirable. 

Signal	shape	for	a		
MIP	(20	MeV	eq.)	

T.Res	for	aMIP	
(no	Trigger	
		subtracted)	



SiPMs @ Mu2e-II: Radiation hardness and cooling

12/8/2017S. Miscetti @ MU2E-II workshop - Argonne National Laboratory13

q Cooling	and	IrradiaFon	
	
à  SiPMs	suffer	from	neutron	irradiaMon.	Their	 leakage	current	 linearly	 increases	

with	fluence.		In	Mu2e,	at	0	°C	we	expect	to	reach	2	mA/channel	in	the	hoRest	
regions	at	the	end	of	data	taking.	

à  To	survive,	we	have	to	reduce	temperature	and	bias	voltage.	The	thumb	rule	is	
a	 factor	2-2.5	 reducMon	 in	 current	when	 lowering	 the	 temperature	 (reducing	
operaMng	voltages)	of	10	degrees	(1	V).		

à  To	keep	a	situaMon	similar	to	Mu2e,	we	esFmate	that	in	Mu2e-II	we	need	to	
reach	an	operaFng	temperature	of		-25/-30	°C.		

	 	This	should	be	taken	into	account	in	the	design	
	



SiPMs @ Mu2e-II: Radiation Induced Current
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q  In	 Mu2e,	 there	 is	 a	 current	 drawn	 by	 the	 sensors	 that	 is	 due	 to	 the	 direct	
illuminaMon	by	low	gamma	irradiaMon	or	by	induced	phosphorescence.		

q  For	CsI	and	BaF2	this	has	been	measured	during	Mu2e	R&D	path	
	
à	The	highest	RIC	source	is	the	dose,	a	smaller	contribuMon	from	neutrons.	
à  In	Mu2e,	we	expect	to	have	a	RIC	of	200-300	uA	dominated	by	beam-flash	dose.	

à  In	Mu2e-II,	this	situaMon	could	be	reversed,	neutron	fluence	coming	from	capture				
	on	the	target	could	be	the	highest	source.	

	
q  This	RIC	 is	 independent	 from	 the	photosensor	 cooling	and	depends	only	on	 the	

crystal	“induced”	light		

à  In	Mu2e-II,	the	average	current	induced	by	neutrons	could	reach	2	mA/channel	
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q  From	 the	 RIC	 we	 esMmate	 the	 radiaMon	 induced	 noise	 (RIN)	 in	 MeV	
looking	at	the	fluctuaMon	of	the	photoelectrons	in	a	given	gate.	

q  In	Mu2e	we	evaluated	the	RIN	(with	SiPM)	in	a	200	ns	gate	
	à	We	esMmate	around	300-500	keV	/	channel	
	àThe	noise	factor	is	proporMonal	to	SQRT(Npe–rin)	i.e.	to	SQRT(RIC)	
	à	In	Mu2e-II,	we	expect	a	factor	SQRT(10)	=	3	of	increase	in	RIC	
	à	This	means	a	factor	of	3	on	RIN	à	1-1.5	MeV	noise	per	channel.	

	
q  Fortunately	 the	technical	 requirement	of	 requiring	 for	Mu2e-II	narrow	

signals	helps	to	reduce	the	noise	contribuFon:	
	

	à	In	MU2E	we	evaluate	the	noise	in	200	ns.	
	à	In	MU2E-II	we	can	do	that	in	20-30	ns		
	à	The	noise	scales		down	with	SQRT(DT-Gate)	è	it	will	be	reduced	to	1/3		

	
	The	RIN	noise	in	Mu2e-II	will	be	comparable	to	Mu2e	

SiPMs @ Mu2e-II: Radiation Induced Noise



SiPM preamplification
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§  	4	6x6	mm2	SiPM	in	series	+	Preamp	+	Shaper	(ala	Mu2e)	..	
§  16	3x3	mm2	SiPM	in	Parallel	configuraMon	+	
								2	stages	of	operaMonal	sum	(4	x	4)	+	single	pole	shaper			(ala	g-2)	

For	Mu2e-II	à	BaF2	+	SiPMs	matched	with	the	g-2-like	soluMon	is	favored	

Miscetti Part B2 ICE-DECAF 
 

 5 

output is determined only by parasitic capacitances and inductances. The quality of timing obtained by 
coupling in air a 3x3x20 cm3 BaF2 to a UV extended Hamamatsu SiPM array, in series configuration, with a 
fast preamplifier is shown in Fig. 7.left. The rise time obtained is better than 10 ns. In this prototype, the 
decay time of the two components has been evaluated by fitting the signal shape with the sum of two 
exponentials. The “slow component” tail is the region that needs to be eliminated.  The fast component 
is shown by the blue line; its signal width is better than 60 ns. Additional electronic shaping is needed to 
quench it at the wanted level (< 20 ns). The timing resolution estimated for a MIP is excellent (< 360 ps).    
 

 
Figure 7: (Left) Pulse height distribution of a minimum ionizing particle (MIP) crossing a BaF2 crystal readout with a 
1.2x1.2 cm2 UV extended Hamamatsu SiPM and a fast Transimpedance preamplifier. The blue curve is the fast 
component. (Right) timing resolution obtained for a MIP in the same configuration that is equivalent to 23 MeV energy.  

ICE-DECAF will be a unique detector since it adds to the high specifications on energy and timing 
resolution a great pileup discrimination power at 105 MeV, while achieving also the capability to 
operate in vacuum, in presence of 1 T field and in a high radiation environment.  Such a novel device 
will have a great impact on the CLFV searches boosting the discovery potential for the muon to 
electron conversion process.      
 

Section b. Methodology 

b.1) The ICE-DECAF strategy 
A preparatory standalone Geant-4 simulation for ICE-DECAF (Fig. 8) demonstrated that an array of 
parallelepiped BaF2 crystals, of 3x3x20 cm3 dimension, optically connected to two SB SiPMs, each one with 
an active area of O(1 cm2 ), would satisfy the required energy and time resolution goals if achieving a light 
yield of O (20 pe/MeV)/sensor and a crystal longitudinal uniformity better than 15%. Keeping in mind these 
constraints, the methodology of ICE-DECAF will exploit two R&D paths to reduce the unwanted slow 
component and minimize the risk of failing: (1) doping of the crystal with Rare Earths elements and (2) 
develop innovative Solar Blind SiPMs capable of working in high magnetic field. In order to strengthen the 
R&D results, a fast Front End electronics, connected to a multi-hit digital readout will be designed to allow 
signal outputs of few ns width.  

  
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8:  (Left) Energy resolution for Conversion Electrons in a preparatory ICE-DECAF simulation as a function of 
the light yield collected by one SiPM per crystal. The simulation assumes 100% pileup discrimination capability, i.e. 
that the BaF2 long component has been fully suppressed. (Right) Energy resolution as a function of crystal uniformity.  

Entries  1328
Constant  7.3± 218.6 
Mean      0.01001± 0.01774 
Sigma     0.0068± 0.3603 

Time [ns]
3− 2− 1− 0 1 2 3

N.
 E

nt
rie

s /
 10

0 p
s

0
20
40
60
80

100
120
140
160
180
200
220
240

Entries  1328
Constant  7.3± 218.6 
Mean      0.01001± 0.01774 
Sigma     0.0068± 0.3603 

Mu2e 

Dependence on photo-statistics and LRU 

27/8/2015 B. Echenard - Calorimeter Technical  Review 21 
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Figure 6. Templates following a large number of laser (dashed) and beam (solid) events. The narrower shape
reflects the near instantaneous light arrival from the sub-ns laser photo-diode. The wider shape is from 3 GeV
electrons striking normally in the center of a PbF2 Cherenkov crystal and causing an electromagnetic shower.

The same figure also shows the response to a 3 GeV electron impinging centrally on the front face of
one of the PbF2 crystals. The pulse width from the beam is slightly wider, owing to the collection
time of light from the electron shower. The FWHM is ⇠ 4.4 for the laser shape and is 5.2 ns for the
beam shape. The smooth shapes are derived from a large number of individual pulses, which create
“template” patterns that are used in subsequent individual pulse fits. A fit to a single digitized pulse
requires only optimizing the time of the template because the amplitude is fixed from the integral of
the pulse area. Importantly, the pulse shape is not a function of the number of pixels fired or of the
rate. However, it is clearly a function of the light source, which in the application will be distinguished
between beam or laser owing to external trigger tags.

Slight differences in pulse shape can be observed and are expected, owing to the arrival time of
photons at the SiPM surface from showers initiated from electrons over a large angular range. In those
cases, Monte Carlo anticipates the photon arrival profile, which is reflected in a slight increase in the
pulse width. In our implementation, the crystals are wrapped in black Tedlarr foil to minimize the
fraction of reflected — and therefore late-arriving — photons at the SiPM surface.

The calibration of photo-electrons per mean signal pulse integral (M) is made by the method
described in Ref. [6]. For a Poissonian distribution of photons from the light source, the number of
PE is obtained from the ratio M2/s2, where M is the mean of a distribution of pulses, and s is the
width of that distribution. The calibration procedure uses an automatic sequence of 10,000 pulse runs.
Each run uses a unique setting of a neutral density filter wheel to control the light intensity in finite
steps. Figure 7 shows a typical example of this process.

5.2 Timing resolution

Given the stable pulse shape and accurate template fitting procedure, the timing resolution can be

– 14 –



Possible digitization scheme (1)
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q  In	Mu2e	we	are	digiMzing	signals	with	Waveform	sampling	at	200	Msps	
q  This	is	working	nicely		in	Mu2e	but	has	to		be	abandoned	for	Mu2e-II		

§  The	sampling	will	be	too	slow	for	pileup	separaMon	and	Mming	resoluMon	for	the	
“much	narrower”	envisaged	signals	of	20	ns	à	at	least	1	Gsps	needed!	

§  Increasing	the	sampling	will	drasMcally	increase	power	consumpMon	
§  X	10	radiaMon	hard		

Possible	scheme	soluMon:	fan-out	signals	at	MB	level	
	à	First	copy	discriminated	and	digiMzed	with	mulM-hits	TDC		(picoTDC	of	CERN)		
	

à  Second	copy	readout	with	a	lower	rate	FADC	
à  Find	RadHard	components	
						POLARFIRE	FPGA	and	DCDC	converters	(FEAST	of	CERN)	
							
	

	h[ps://indico.cern.ch/event/548960/contribuFons/2225641/a[achments/1303647/1947295/DT_elec_up_DR.pdf	

h[p://project-dcdc.web.cern.ch/project-dcdc/public/Documents/FEAST%20datasheet.pdf	



x N 
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§  Instead	of	sampling	the	waveform	we	want	to	use	TDCs	for:	
Ø  Precise	Mme	reconstrucMon	 		
Ø  Charge	evaluaMon	using	Mme	over	threshold		

§  Rad	hard	ADC	@	50-100	MHz	for	charge	reconstrucMon?	(simulaFon	needed)	
§  The	PolarFire	FPGA	should	be	sufficiently	rad	hard		
§  VTRx	opMcal	transceivers	
§  The	board	could	also	include	the	PreAmp	+	shaper	secFon	
								(thanks	to	the	SiPM	or	MCP-LAPPD	high	gain)	

Ø  TID	reducMon	&	neutron	flux	by	a	factor	of	~	10	
Ø  simplified	cooling	system		

FPGA 

FEAST 
DC/DC 

ADCs 

picoTDC 

SiPM 

SiPM 

SiPM 

FanOut 
+ 

Pre-Amp 
+ 

 Shaper 

VTRx 

VTRx 

Possible digitization scheme (2)



Mu2e-II Calor R&D studies at JINR
I was asked to present these three slides from JINR group, to summarize
two possible R&D developments:

1)  The first is a work on prototypes of AlGan cathodes + MCP.
       This has been presented by N.Atanov at the  NTHEP 2016 conference in 

Montenegro and has been reported as DocDb# 8287.

2)  The second one is a proposal of Y.Davydov & V.Glagolev of production of 
optical filters in collaboration with INCROM and with the Valivov GOI (State 
Optical Institute) of St. Petersburg.

12/8/2017S. Miscetti @ MU2E-II workshop - Argonne National Laboratory19



JINR-1: prototype of AlGan photocatodes+MCP (1)
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Photomultiplier based on microchannel plate (MCP) with 
AlGaN-based photocathodes with a negative electron affinity

MCP consists of a two-dimensional periodic array of 
very-small diameter glass capillaries (channels) fused 
together and sliced in a thin plate. A single incident 
particle enters a channel and emits an electron from 
the channel wall.

AlGaN photocathode with 320 nm long-wavelength 
edge was combined with MCP in a single device with 
18 mm window diameter.

18 mm
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Spectrum measurement. Results.

Photomultiplier with BaF
2 
crystal was used to measure Co60 

spectrum. For mixed signal (fast + slow component, 2 ns gate) we 
can obtain energy resolution ~10% FWHM.

  

Cathodes absorption measurement. 
Results

a) AlGaN structure with edge ~260 nm b) AlGaN structure with edge ~280 nm

The long-wavelength edge of absorption spectrum is succesfully 
controlled by changing Al mass fraction in AlGaN alloy. Wavelength 
decreases when Al fraction is grown.

R=14% R=19%

JINR-1: prototype of AlGan photocatodes+MCP (2)

§  Solar-blind photocathodes with long-wavelength edge 260 nm and 280 nm, 
regulated by Al mass fraction in AlGaN alloy, were successfully tested. 

§  One should build photomultipliers with these photocathodes to exploit time 
resolution of fast BaF2 component  



JINR-2: proposal of using an external optical filters 
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§  CollaboraMon	with	INCROM	firm	(Piotr	Rodnyi	&	Eugeny	Garibin)	and	GOI	of		
	St.	Petersburg		to	develop	an	external	opMcal	filter,	highly	efficient	on	UV	and	Solar	Blind	
	
§  Short	term	goal	is	to	test	the	opMcal	filter	with	BaF2		and	UV	PMTs	

§  If	working,	an	opMcal	coupling	with	quartz	SiPMs	or	other	device	is	possible.	

§  This	could	be	a	simple	device	to	use	in	combinaMon	with	other		opMons		
						(BaF2	doping,	nanoparMcle-coaMng,	MCP	..	and	so	on)			

Calculated	
OpMcal	

Transmission	
(GOI)	



Summary table between options à FOM
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Speed/
Timing 

Pileup LY Noise Rad-
Hardness 

RIC and 
RIN 

PbF2 *** *** * * ??? ??? 

LeadGlass *** *** * * *** / ? ??? 

BaF2 *** * *** *** *** ** 

BaF2+Y *** *** ** ** ??? ** 

SB APD *** ** *** * ??? ??? 

SB SiPM *** ** *** *** *** (- 25 C) ? 

NanoSiPM ** ??? *** *** *** (- 25 C) ? 
AlGan MCP  
Or LAAPD 

*** *** *** *** ??? ??? 

I	 believe	 that,	whenever	 ready	 to	 start	with	 a	Mu2e-II	 R&D	process,	 the	 various	opMons	on	 the	floor	
should	be	evaluated/compared	following	a		list	of	technical	requirements	similar	to	this	table	in	order	to	
build	a	FIGURE	OF	MERIT	for	down-select		à	costs/integraFon	consideraFons	can	then	be	added.	

Nice	examples	of	such	a	list	of	opMons	on	the	next	talks	…	
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BaF2 fast and slow components
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Mu2e SiPM status
§  Custom design of Large Area UV-extended Silicon Photomultipliers (SiPMs) array 
§  Array of two  series of 3 (6x6) mm2 monolithic SiPMs with 50 mum pixels 
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Figure 7: Temperature behaviour as a function of the elapsed time.
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I. Sarra: Padme SAC Test beam
Energy	resolution

13
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PbF2	crystals	with	UV	PMT	readout	..	5	ns	signal	width		



FEAST DC/DC converter
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§  The	current	best	candidate	is	the	FEAST	DC/DC	converter	developed	@	CERN:	

hRp://project-dcdc.web.cern.ch/project-dcdc/public/Documents/FEAST%20datasheet.pdf	



picoTDC from CERN
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§  The	current	best	candidate	is	the	picoTDC	under	development	@	CERN	

	hRps://indico.cern.ch/event/548960/contribuMons/2225641/aRachments/1303647/1947295/DT_elec_up_DR.pdf	


