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ger. This was done for all calorimeter channels. Statistical134

error of each calibration was around 34 %.135

The two calibration techniques were compared for the 26 com-136

mon channels. The ratio of these calibration constants with137

respect to the central channel are well centered to 1 with an138

RMS of 3% providing an upper limit for the systematic error139

of such procedure. The peak values were obtained through a140

Log-Normal fit to the charge reconstructed in a single crystal.
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Figure 2: Data - MC comparison of the energy deposited in the entire matrix
when a 100 MeV electron beam strikes at an incidence angle of 0� (top), 50�
(bottom) on the Module-0 surface.

141

For the final equalization, we have applied the calibration142

factors obtained with the CRT sample. The energy scale has143

been set, after the equalization, by comparing the reconstructed144

charge in the whole matrix (Qrec) with the expected energy de-145

posited in the Module-0, as evaluated by a Geant4 based Monte-146

carlo simulation. A good linearity in response is obtained. The147

energy scale factor resulted to be Esc = (12.07 ± 0.11) pC/MeV148

and was then applied to all reconstructed charges to obtain the149

calibrate energy E = Qrec ⇥ Esc. In Figure 2 (top), the distri-150

bution of E for 100 MeV electron beam entering at 0� in the151

Module-0 is shown. Monte Carlo simulation (red line) is in152

well agreement with data. A similar distribution for the 100153

MeV electrons impinging at 50� is shown in the bottom plot.154

The energy resolution (�E/E) is evaluated as the ratio be-
tween the peak and the sigma of a Log-Normal fit applied to
the energy distribution. An energy resolution of ⇠ 5.4% (7.5%)
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Figure 3: Energy resolution as a function of the deposited energy in Module-0.
Black points 0 degrees, red points 50 degrees.

is obtained at 100 MeV for 0 (50) degrees, in good agreement
with the Mu2e requirements. The energy resolution at di↵erent
beam energies is reported in Figure 3. The dependance of the
energy resolution as a function of the deposited energy Edep for
single particle events has been parametrized by the function:

�E

Edep
=

a
p

Edep[GeV]
� b

E[GeV]
� c (1)

where a represents the stochastic term, b the noise term and b155

the constant term. The fit is rather insensitive to the stochastic156

term that is almost negligible and it has been fixed to 0.6% has157

estimated by the light yield contribution of 40 pe/MeV. The de-158

terioration of resolution at increasing incidence angles is domi-159

nated by the increase fluctuation of the leakage term.160

3.2. Timing Resolution161

After applying the same selection criteria explained above,162

the signal time is determined by fitting the leading edge of the163

waveform with an analytic function. The best accuracy was164

achieved by setting the signal time at a constant fraction (CF)165

of the pulse height. For the time evaluation, three free compo-166

nents have to be fixed: i) the waveforms fit function; ii) the fit167

range and iii) the best CF value. After a study of several di↵er-168

ent functions, the best result was obtained using an asymmetric169

log-normal function [10]. The optimisation of the resolution170

was then performed by varying the fit range and the constant171

fraction threshold over a grid and by choosing the best configu-172

ration. Figure 4 (left) shows an example of a Hamamatsu SiPM173

waveform fit by a log-normal function in the optimized region.174

The time di↵erence (�T ) of the two Hamamatsu SiPMs,
reading out the central crystal of Module-0, is shown in Fig-
ure 4 (right) for 100 MeV electron beam at 0�. The red line
represents the gaussian fit and the time resolution for a single
sensor is evaluated as �(�T )/

p
2. A single sensor resolution of

3

Test	beam	results	are	becoming		final:																																																																																																																																																					
§  Discovered	not-linearity	of	amplifica5on,	correlated	noise	and	small	op5cal	x-talk	
§  Resolu5on	at	50	degrees	larger	at	0	degrees	à	increase	of	front	leakage	fluctua5on	
§  Timing	resolu5on	for	1	sensor	only	… 	

Figure 4: Left: example of a Hamamatsu SiPM waveform for a beam energy
of 100 MeV and sampled at 1 GHz. The red line represents the log-normal
fit used to extrapolate the signal time. Right: Time di↵eence between the two
Hamamatsu SiPMs reading out the central crystal, when a 100 MeV beam en-
ters perpendicularly.

⇠ 132 ps is obtained. Since in the Mu2e experiment the sam-
pling frequency of the digitizer boards will be 200 MHz, the
waveforms were o✏ine re-sampled in 5 ns bins. A time res-
olution deterioration smaller than 30 % is obtained, which is
negligible with respect to the Mu2e calorimeter requirements
Figure 5 shows the time resolution as a function of the highest
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Figure 5: Time resolution as a function of the deposited energy in the highest
energetic crystal.

crystal energy at di↵erent beam energies and for cosmic rays.
Both Hamamatsu and SensL SiPMs results are reported. The
dependance of the single sensor time resolution �T from the de-
posited energy Edep for single particle events was parametrized
by the function [11]:

�T =
a

E[GeV]
� b (2)

where a is proportional to the emission time constant of the175

undoped CsI and b represents the additional contribute due to176

the readout electronics.177

4. Conclusion178

The Mu2e calorimeter is a state of the art crystal calorimeter179

with excellent energy (< 10%) and timing (< 500 ps) resolu-180

tions, for 100 MeV electrons, and a good pileup discrimination181

capability. Our tests demonstrated that pure CsI + SiPMs de-182

sign assisted by a fast analog electronics and a digitisation at183

200 Msps can largely satisfy Mu2e requirement.184

There are many other demanding requests to be satisfied by185

this detector, such as to keep the required performance in pres-186

ence of 1 T axial magnetic field, in an evacuated region and187

in a radiation harsh environment. The CsI crystals will with-188

stand the expected dose and fluence with a small light yield189

loss [12]. The Mu2e SiPMs will work under neutron irradi-190

ation when cooled to 0 �C [13], thus asking for a good engi-191

neering design of the calorimeter mechanics and of its cooling192

system. Test on single crystals and SiPMs demonstrates the re-193

quired technical specifications can be reached. The calorimeter194

crystals and SiPMs production phase in now ongoing and the195

readout electronic design is almost concluded. The schedule is196

to start assembly the first disk in winter 2018 and complete the197

calorimeter construction in 2020.198
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Crystal production status

2

§  All	crystals	tested	with	the	FNAL	CMM	machine	
§  QA	op5cal	proper5es	tested	@	FNAL		
§  16+3(16)	SIC(SGB)	crystals	sent	to	Caltech	for	

QA	and	irradia5on	tests	

•	Expected	delivery	for	each	vendor	
•	SICCAS	
•	St.	Gobain	

SICCAS: 
✗  12 pre-series crystals delivered on 

Dec 2017 ➙ Marked/Visible dents 
in most of the crystals, due to the 
packaging procedure 

✗  10 pre-series crystals delivered on 
Jan 2018 ➙ Improved packaging 
method, no visible crystal damages 

✗  30+30+60 production crystals 
delivered on Mar/May/Jun 2018 

✗  Next shipping of 60 crystals  
     arriving end of this month 

Saint Gobain: 
✗  50 crystals delivered on Feb 2018  
✗  50 crystals delivered on Mar 2018 

31	Jan	2019	
Today	

1	Feb	2018	
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QA of optical properties @ SIDET
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230	(	180)	crystals	tested	(accepted).	Excellent	op5cal	proper5es	for	both	vendors	
Only	5	SICCAS	crystals	with	LRU	exceeding	acceptance	cut	
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SiPM: summary of status of production
Batch # 1 2 3 4 5 Total 
N.SiPMs 292 280 280 280 280 1412/1132 
Date In 28/2/18 28/3/18 25/4/18 24/5/18 15/6/18 
Qa Date 26/3/18 – 

18/4/18 
18/4/18 – 
5/5/18 

5/518  - 
18/5/18 

24/5/18 – 
12/6/18 

20/6/18  

MTTF 
date 

10/4/18 22/5/18 10/6/18 28/6/18 … 

N. Acc 284 269 269 272 …. 1094 

N.Reject 8 11 11 8  …. 38 (3.4%) 

q 1132	out	of	3350	of	standard	produc5on	(1/3)	
q Addi5onal	650	spares	to	be	handled	at	the	end	of	prod		
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Breakdown Voltage Vs sipmID

7 L. Morescalchi 6/26/18

• Results from the 5 tested batches confirmed the sipmID dependance of Vbr: 

SIDET 20 deg

SIDET 0 deg

SIDET -10 deg

6 July 2018S.Miscetti - MUSE-Detector 25

SiPM: QA-station results

Mu2eMu2eMu2e

Comparison with Hamamatsu

8 L. Morescalchi 6/26/18

Hamamatsu 25 deg
SIDET 20 deg

RMS a 40 mV RMS a 35 mV RMS a 15 mV

• Good agreement with Hamamtsu at 20 C; 0 C and -10 C are inside a 1 deg T stability

-  Produc5on	trend		
for	Vop	

	
-  Good	comparison	
	btw	our	measurement	
and	Hamamatsu	one	
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SiPM: Radiation hardness test

SiPM response and resolution vs Vbias

26 May 2018Mu2e GM - Calorimeter Workshop8
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Charge
• ΔV	=		Vop – Vbreakdown
• Good agreement
between the	2	channels
and	their ratio
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From our measurement 
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• Npe reduction of 20% 

each 3 Volts
• Gain reduction  of a 

factor 1.8 each 3 Volts

Ø Decreasing	the	SiPM temperature	and/or		reducing	bias	voltage	
we	will	keep		Idark below	the	2	mA	limit	(due	to	power-supply).

Tested	up	to	1.4	x	1012	n/cm2	@	HZDR	à	T=	(-5/-10)	°C,	ΔV	=	-3V	
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Irradiation

26 May 2018Mu2e GM - Calorimeter Workshop7

Ø Results for a single cell exceed the front-end electronics requirements, 
i.e. Isupply < 2 mA/channel for the series.

• SiPMs irradiated in the production @ ~ 1012 n1Mev eq./cm2 have been 
tested to study the current variation with respect to temperature.

q After completing this first study, the SiPM temperature has been fixed at
0 and -10 ◦C and the current has been acquired at different bias voltages.

-10 ℃ 0 ℃ 
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Engineering design and tenders
q  The	engineering	proceeds	well	with	all	parts	fully	engineered	and	prototyped.		

q  In	Italy	most	of	the	tenders	are	in	prepara5on	or	ready	to	go	but	wai5ng	for		
the	last	step	of	integra5on	and	overall	blessing.	We	are	tuning	the	work	to	
have	a	CRR	for	mechanics	at	end	of	September	to	be	sure	to	start	with	the	
solid	parts	first	(i.e.	disks)	

q  Study	of	tolerances	for	stacking	and	integra5on	of	crates	and	services	are	
important	to	complete	the	drawings	and	make	them	final	

q  Integra5on	of	the	source	and	final	version	of	PEEK-plate	and		SiPM/FEE	holders	
are	also	needed	to	freeze	the	drawings.	

q  A	con5nuous	turn	around	of	tests	and	comparison	with		thermal/mechanical	
simula5on	are	being	carried	out	@	Module0,	full	size	mockup,	small	size	tests	

q  Work	is	con5nuing	in	designing	and	planning	assembly	area	at	SIDET	



Mu2e
6 July 2018S.Miscetti - MUSE-Detector 28

Tests of Module-0 inside large DewarThermal studies on module-0

26/06/18Fabio Happacher |   GM june 201826

Thermal	equilibrium	
of	disk	à	9	°C	
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Surveying the full size Mockup

results

26/06/18Fabio Happacher |   GM june 201820

results

26/06/18Fabio Happacher |   GM june 201821

REPORT ALLINEAMENTO CRISTALLI

SA 2018.05.01_40623 ( x64 ) WORKING FRAME: 
UNITS: Millimeters

Page 6 / 6

PIANI RMS
PIANO_0 0.03
PIANO_1 0.04
PIANO_2 0.04
PIANO_3 0.04
PIANO_4 0.04
PIANO_5 0.01
PIANO_6 0.07
PIANO_7 0.03
PIANO_8 0.03
PIANO_9 0.03
PIANO_10 0.03
PIANO_11 0.02
PIANO_12 0.03

PIANO_1 CRISTALLI 0.05
PIANO_2 CRISTALLI 0.06
PIANO_3 CRISTALLI 0.08
PIANO_4 CRISTALLI 0.10
PIANO_5 CRISTALLI 0.12
PIANO_6 CRISTALLI 0.14
PIANO_7 CRISTALLI 0.14
PIANO_8 CRISTALLI 0.16
PIANO_9 CRISTALLI 0.17
PIANO_10 CRISTALLI 0.21
PIANO_11 CRISTALLI 0.25
PIANO_12 CRISTALLI 0.27

plane Al x-xi cristals planes

635,14
600,79 34,35000 600,91 34,23
566,34 34,45000 566,51 34,40
531,92 34,42000 532,13 34,38
497,53 34,39000 497,75 34,38
463,19 34,34000 463,29 34,46
429,00 34,19000 428,92 34,37
394,79 34,21000 394,56 34,36
360,51 34,28000 360,25 34,31
326,21 34,30000 325,84 34,41
291,90 34,31000 291,5 34,34
257,59 34,31000 257,21 34,29
223,27 34,32000 222,86 34,35

Daniele will show results for real crystals

DAφNE	LNF	alignment	team	
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Test with dose @ Calliope
(1) Irradiate SiPM/FEE in different conditions @ 5Gy/h for 6-7 days.  
     Max Dose reach:   125 hours x 6-7 à 70 krad. 
§  The MB driving the components in bullet (1) is protected behind 
     a LEAD shielding and at 1.8 m distance (cables’ length)
§  To the components in (1) we added also a HV regulator board
     set at 100 V to monitor continuously its working value.

(2) Irradiate a MB @ 2Gy/h ! Max Dose = 30 krad.
§  The SiPM driven by the MB in (2) are shielded behind few LEAD blocks.
v  For all components we store Vread, Idark, T each 1’ with Labview
    program MU2E_CALO-0 
v  4 channels will be acquired with RUNDAQ_calliope firing a Laser
     at 0.5 Hz. We also add noise data taking at 0.2 Hz.
(3) Irradiate HV/LV service Cables up to 25, 250 krad

SIPM	OK,	Preamplifier	OK,	HV-regulator	problems	on	LDO,	ADC/DAC	
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•  Design of V2 started. Many components need to be replaced: 
•  Fiber receiver VTRX  (Outgassing test OK, procurement) 
•  FPGA Polarfire  
•  DCDC converters LTM8053	

Next Steps on testing V1 
 
1.  radiation tests at HZDR to spot precise regions/component in the board  

2.  Radiation hardness test with dose in Italy to test behavior of jitter cleaner  

3.  Test the extraction of the ADC data to evaluate ADC performance  

4.  Setup a full chain in Pisa (crystal + FEE) to evaluate ADC  performance and 
analog filter on the digitizer 

 

Design of V2 board started,  many components need to be replaced: 
•  Fiber receiver VTRX (outgassing OK, procurement done, pieces OK) 
•  FPGA Polarfire 
•  DCDC converters LTM8053  
           ! Design of new version ready for Nov-Dec 2018 

DIRAC V1 à  DIRAC V2 and next plans
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Test @ ENEA Casaccia Research Center

7 E. Pedreschi

• Start: June 13 @ 1.30 PM
• Stop: June 15 @ 9.20 AM
• Dose requested: 1Krad/ h
• Total dose: ≈ 41 krad

DIRAC

DIRAC

DIRAC

Test @ HZDR gELBE facility

16 E. Pedreschi

Beam
DIRAC

Laser

Polyammide
Ø 7mm, 10mm,13mm, 16mm 

§  From	latest	simula5on:	Dirac	DOSE	=	0.2	krad/y	
§  Applying	safety	factors:	60	=	5(years)	x	12	(SIM,Rate,Prod)	
																àlooking	for	O(12	krad)		

§  	Calliope:	test	of	full	board	up	to			30	krad		
						è	No	problem	or	broken	components		
§  HZDR	:	test	of	single	components	up	to	80-150	krad	
		à	ADS,	DCDC-converter,	LDO,	Jiler	cleaner	..					

Calliope:	Co60		 HZDR:	g-elbe	

Test with dose of DIRAC V1


