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Outline

• Pure	CsI	with	LAAPD	readout	
I. 			bare	crystal	
II.			+	UV11S	filter	
III.		+	UV11S	filter	+	NOL9	WLS	
IV.		+	UV5S	filter	+	NOL9	WLS	

• Pure	CsI	with	photopentode	readout	

• CsI(Tl)	
I. 		pin-diode	readout	
II.		pin-diode	+	APD	readout	(transimpedance	amplifier)	
III.	pin-diode	+	APD	readout	(charge	integrating	amplifier)
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The	setup

• We	studied	several	detector	configurations	with	our	cosmic	ray	
telescope,	and	a	high-intensity	(~3MBq)	60Co	source		

• Two	crystals,	up	to	8	channels	recorded,	scintillators	and	lead	to	trigger	
straight	tracks	

• The 60Co source corresponds to ~2-2.5 times the average 
background in the FWD endcap predicted by MC 12

3

V. PILE-UP FROM A 60Co RADIOACTIVE SOURCE

As a third way to investigate the effect of pile-up from low-energy photons on the perfor-
mance of the calorimeter, we used a 60Co radioactive source. In this section the main results
of this study are discussed.

A. Setup

The setup is schematically shown in Figure 15, and here briefly described. A CsI(Tl) and
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FIG. 15. Schematic layout of the setup used for the studies with the 60Co source. The lead block
shown in gray in the figure, together with the crystals, each about 5 cm thick, select cosmic muon
tracks with p & 250MeV/c.

a pure CsI crystal were stacked at a distance of a few millimeters, a space in which the 60Co
source could be inserted; the source was positioned symmetrically between the two crystals,
which were therefore illuminated approximately the same way. The trigger for cosmic ray
tracks was provided by a pair of scintillators arranged to provide tracks close to vertical,
and traversing the crystal in the proximity to its center in the longitudinal direction. We set
the threshold for the scintillator signals high enough to obtain similar trigger rates with and
without the radioactive source. The decay of 60Co produces two photons of energy 1.17MeV
and 1.23MeV respectively. We have measured the activity of the source reading one of
the crystals with a photomultiplier tube and counting the number of peaks in a given time
window; an example of the measured spectrum for a particular event is shown in Figure 16.
Averaging 100 of such events we measure 1.77 ± 0.04 hits/µs. Since each crystal subtends
approximately half of 4⇡ solid angle, this figure is consistent with the nominal source activity
of about 3.6 MBq.

B. Results

We present a comparison of the response to cosmic ray tracks in data runs taken with or
without the 60Co source inserted between the crystals. In Figure 17 the ENE for the CsI(Tl)
crystal is shown as a function of the CR-(RC)4 filter shaping time. The corresponding plot
is shown in Figure 18 for the pure CsI crystal. The qualitative features of these two plots
are remarkably similar to those of Figures 7, 8, in which the background was simulated.
We observe however that quantitavely the effect of pile-up induced by the 60Co radioactive
source is less pronounced than the pile-up simulated with the R4S1 conditions.
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Reducing	the	CsI	slow	light	components:	optical	filters

4

FIG. 1. Emission spectrum of pure CsI. FIG. 2. Transmittance of the optical filters used.
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FIG. 3. Pure CsI crystal waveform without (black curve) and with the UV11S filter (red curve).
The left plot shows the output of the CR110 preamplifier, the right plot the result of a CR-(RC)4

filter with time constant of 50 ns.

C. Crystal + Optical filter + wavelenght shifter APD ENE, reso(E), reso(deltat)1

STRATEGIA, RUN USATI, COMMENTI2

Anche per i run 324/325 e 326/327 il secondo APD ha rapporto S/N molto più favorevole3

(ampiezza tra 50 e 100% piu’ alta che nel primo APD), e userei solo quello.4

V
op

= 383V nei run 324/325. Nei commenti del logbook V
op

= 383 + 5V nei run5

326/327, sebbene nella colonna delle tensioni ci sia scritto ancora V
op

= 383V.6

Penso che sia un errore di copia-incolla, perché in effetti l’ampiezza nel run7

326 è circa 30�40% più alta, consistente con +5V. Essendo la tensione diversa8

rispetto ai run 309/311, non possiamo direttamente confrontare l’effetto del9

WLS. Possiamo invece confrontare i run 326/327 con i run 322/323, senza WLS10

né filtri, che sono alla stessa ten(z)ione.11

4
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CsI	+	UV11S
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CsI	+	UV11S	+WLS
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CsI	+	UV5S	+WLS
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actually an upper limit, since part of the light is not collected because absorbed by the second1

photopentode at the far end of the crystal.2
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FIG. 5. Energy resolution vs. CR-(RC)4 shaping time for the pure CsI crystal with photopentode
readout.

Finally, in Figure 6 we show the difference of the signal times in the two photosensors for3

⌧ = 45 ns. The fitted width of the difference corresponds to a time resolution of �t ' 7.5 ns4

with 2 LAAPD readout, and �t ' 1.6 ns with PP readout.5

III. PURE CSI WITH APD READOUT, OPTICAL FILTER AND WAVELENGTH SHIFTER6

IV. CSI(TL) WITH PIN DIODE AND APD READOUT7

Given the high cost8

V. RESOLUTION PERFORMANCE COMPARISON9

In this section we present the expected performance in terms of energy resolution of a10

crystal calorimeter with different characteristics, as described in the previous sections, in terms11

of active material (pure or Thalliun-doped CsI) and photosensors (pin diodes, photopentodes,12

LAAPDs, possibly including for the latter optical filters and wavelength shifters).13

We calculate the relative energy resolution of the calorimeter using the formula14

�E

E
=

a

E
� bp

E
� c

4
p
E

� d, (1)
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Constant  1.79± 62.06 
Mean      0.02887±0.01556 − 
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Energy resolution

Photo-pentode

8

• Resolution	derived	from	the	difference	
of	signal	of	the	two	PP	at	the	crystal	
ends.	Gain	of	PPs	was	equalised	in	this	
run,	but	relatively	small	(~50)	

• Did	not	correct	for	the	light	lost	
because	absorbed	by	the	second	PP:	
the	quoted	resolution	is	an	upper	limit

Amplitude  [mV]
0 20 40 60 80 1000

200

400

FIG. 3. Amplitude spectrum of the CR-(RC)4-shaped signal with ⌧ = 45ns.

 [ns]τ
0 20 40 60 80 100

EN
E 

[M
eV

]

0

0.2

0.4

0.6

0.8

1
 PP low gain 

Co source 60 No  

Co source 60  

FIG. 4. ENE vs. CR-(RC)4 shaping time of the pure CsI crystal with photopentode readout, in
three representative experimental situations (see legend).

is represented by the blue squares. In the same plot the ENE in the low-gain PP run is also1

shown (no source).2

The energy resolution for tracks releasing on average 28MeV in the crystal is measured3

from the difference of the two PP signal in the dedicated run in which the crystal was read4

out at both ends. The resolution is shown in Figure 5 as a function of the CR-(RC)4 filter time5

constant. It is worth noticing that the single photopentode resolution shown in the figure is6

4

Pile-up & electronics noise
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CsI(Tl)	-	reference	crystal
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319065 reference
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CsI(Tl)	-	reference	crystal
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ENERGY ERROR (PILE-UP + STATISTICS) 
AT 100 MEV
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APD on CsI(Tl)

• A possible background mitigation strategy  

• We aim to study the effect of an additional photosensor on the CsI(Tl) crystal 

• For practical reasons, we equipped the Belle crystal with APDs on the front 
size 

• remind, CR track cross the side faces of the crystal 

• We used both transimpedance and charge-integrating amplifiers

11

CsI(Tl) Belle pin diodesAPD + 
preamp
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APD vs pin diode signal

12

pin diodes
APD

Very high S/N for APDs 

• τAPD=25ns τpin=500ns 
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CsI(Tl)	+	APD
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FIG. 14. ENE (left) and photostatistics energy resolution (right) of the sum of two APDs with
TZA readout as a function of the CR-(RC)4 filter shaping time.
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FIG. 15. Energy error at 100MeV energy from photostatistics and pile up and electronics noise, as
a function of the CR-(RC)4 filter shaping time.

IV. PURE CSI WITH PHOTOPENDODE READOUT1

The baseline readout option in the Belle II TDR for the pure CsI crystal is a low gain, large2

area photomultiplier. Hamamatsu developed for the possible pure CsI Belle II calorimeter3

a three-dinode fine mesh photomultiplier (photopentode, PP in the following), with acronym4

R11283. The device is not (yet?) in the official Hamamatsu catalogue, and the data sheet can5

be found in [5]. Characteristics relevant for the discussion in this note are the active surface6

diameter (39 mm); the quantum efficiency (QE ' 23%), enhanced in the near UV region to7
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TZA readout as a function of the CR-(RC)4 filter shaping time.
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The baseline readout option in the Belle II TDR for the pure CsI crystal is a low gain, large2

area photomultiplier. Hamamatsu developed for the possible pure CsI Belle II calorimeter3

a three-dinode fine mesh photomultiplier (photopentode, PP in the following), with acronym4
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CsI(Tl)	+	APD

14

CR110 charge-integrating amplifier
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CsI(Tl)	+	APD
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Relative	energy	resolution
• Parameterised	as	

• We	use	the	values	of	the	Belle	II	TDR	for	the	constant	term	
d=1.43%,	and	for	the	one	related	to	shower	containment	c=0.81%.	
• For	the	other	terms,	we	use	measurements	on	single	crystals	from	
the	cosmic	muon	setup
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actually an upper limit, since part of the light is not collected because absorbed by the second1

photopentode at the far end of the crystal.2
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FIG. 5. Energy resolution vs. CR-(RC)4 shaping time for the pure CsI crystal with photopentode
readout.

Finally, in Figure 6 we show the difference of the signal times in the two photosensors for3

⌧ = 45 ns. The fitted width of the difference corresponds to a time resolution of �t ' 7.5 ns4

with 2 LAAPD readout, and �t ' 1.6 ns with PP readout.5

III. PURE CSI WITH APD READOUT, OPTICAL FILTER AND WAVELENGTH SHIFTER6

IV. CSI(TL) WITH PIN DIODE AND APD READOUT7

Given the high cost8

V. RESOLUTION PERFORMANCE COMPARISON9

In this section we present the expected performance in terms of energy resolution of a10

crystal calorimeter with different characteristics, as described in the previous sections, in terms11

of active material (pure or Thalliun-doped CsI) and photosensors (pin diodes, photopentodes,12

LAAPDs, possibly including for the latter optical filters and wavelength shifters).13

We calculate the relative energy resolution of the calorimeter using the formula14

�E

E
=

a

E
� bp

E
� c

4
p
E

� d, (1)

5

Use parameterisation of n. of crystals vs. 
E in single photon events.
Expect this to be an upper limit in real 
physics events 
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Energy	error	—	no	60Co	source
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CsI(Tl)+pin diodes CsI + APD
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ECL	energy	resolution	with	and	w/o	
60
Co	source
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ECL	energy	resolution	w/	pileup,	1	or	2	APDs
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2 APDs on CsI(Tl)crystal 1 APD on CsI(Tl)crystal
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Time	resolution	—	pure	CsI
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• σt(E=100MeV)APD	=	1.2ns	
• σt(E=100MeV)PP	=	0.3ns
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Time	resolution	—	CsI(Tl)
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• σt(E=100MeV)PD											=	6.4ns	

• σt(E=100MeV)APD-TZA				=	1.5ns	

• σt(E=100MeV)APD-CR110	=	1.4ns
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Improvement in time resolution 
will help background rejection in 
cluster reconstruction
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Summary	and	outlook	(I)
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•As	expected,	the	best	performance	with	the	
expected	backgrounds	is	obtained	by	pure	CsI	
with	photopentode	readout	

• Interestingly,	we	found	that	the	capabilities	of	
the	present	Belle	calorimeter	can	be	fully	
recovered	by	adding	two	APD	photosensors	to	
the	CsI(Tl)	crystals
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Summary	and	outlook	(II)

23

•We	know	that	CsI(Tl)	crystals	are	sufficiently	radiation	
hard	to	survive	for	several	Belle	II	lifetimes	
• Background	simulations	predict	larger	(x3)	
backgrounds	in	the	barrel	than	in	the	forward	endcap

3
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Irradiation Results

9

One additional point at 375 Gy for crystal 1
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• If	backgrounds	turn	out	to	be	too	high,	the	whole	ECL	
will	be	affected,	making	the	replacement	of	the	
crystals	de	facto	impossible	

• Adding	APDs	to	the	present	calorimeter	may	well	
become	the	only	concrete	solution
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Abstract
In this note we report results obtained on characterization of CsI(Tl) and pure CsI scintillating

crystals with cosmic rays. Relevant observable as number of photoelectrons, equivalent noise energy
and energy resolution were measured. Comparisons of performances are presented.
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Abstract
Analysis of the data collected at LNF with our cosmic ray set-up is presented: a novel and direct

method to measure the gain of Large Area APDs used to read out pure CsI crystals is discussed
in detail. Based on this gain measurement performed in the actual APD working conditions, we
present results for the APD excess noise factor.
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Abstract
The effect of pile-up from low-energy photons on the response of pure CsI and CsI(Tl) crystals

in cosmic rays is studied using a data-driven and a Toy MC background simulation, and a high-
intensity 60Co radioactive source. Results for the Equivalent Noise Energy and the stochastic
fluctuations in the energy measurement are presented as a function of the background level.
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Abstract16

In this note we discuss results from cosmic ray data collected in a number of different configurations,17

corresponding to possible options proposed for the upgrade of the Belle II forward electromagnetic18

calorimeter. In particular, we consider a pure CsI calorimeter with photopentode or large-area APD19

(LAAPD) readout. The use of optical filters and wavelength shifters with LAAPDs is also studied.20

Finally, we investigate the possibility of retaining the CsI(Tl) crystals with pin diode photosensors of21

the present Belle calorimeter, adding two LAAPDs with either transconduttance or charge integrating22

amplifier readout. Finally, a comparison of the performance of the various options in terms of energy23

and time resolution is presented.24

1



G. Finocchiaro10-11-2017

Backup

26



G. Finocchiaro10-11-2017

Belle	II	background	predictions	in	ECL

27

Discussions on Sep. 28th

• Obviously, number of reconstructed clusters, their 
energy and position distributions are the 
quantities to be monitored.

• Andrea run cluster reconstruction routine on 16th

bg. campaign sample. 4

Pile up noise 
estimation in Phase-3 
full luminosity

K. Miyabayashi 
B2GM Oct. 2017

3
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maximum dose:  0.38 Gy/yr
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i.e., with the exception of the first three rings,
the pile-up noise is smaller in the FWD endcap 

than elsewhere (the full MC says).
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Radiation Dose in Crystals
RBB LER

RBB HER

Touschek LER

Touschek HER

Coulomb LER

Coulomb HER

ThetaID
0 10 20 30 40 50 60

G
y/
yr

0

0.5

1

1.5

2

2.5

3

Crystal Radiation Dose

11th Campaign

Maximum dose of 3.1 Gy/yr

ThetaID
0 10 20 30 40 50 60

G
y/
yr

0

0.5

1

1.5

2

2.5

3

Crystal Radiation Dose

10th Campaign

Maximum dose of 3.1 Gy/yr

Samuel de Jong (University of Victoria) Belle 11th Background campaign: ECL February 2, 2015 3 / 22



G. Finocchiaro10-11-2017

Crystal	ageing

29

Irradiation Results

9

One additional point at 375 Gy for crystal 1
Radiation Dose (Gy)
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The	electronics	noise	contribution	a	depends	on	the	number	of	
crystals	in	the	cluster	(energy	threshold	to	include	crystals	in	a	cluster)	

N. of crystals/cluster vs. photon energy from current 
clustering algorithm

How	many	crystals	in	a	cluster?
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• The	electronics	noise	contribution	a	depends	on	the	number	of	crystals	in	the	
cluster	==>		Energy	threshold	to	include	crystals	in	a	cluster	

• N.	of	crystals/cluster	vs.	photon	energy	from	current	clustering	algorithm

How	many	crystals	in	a	cluster?
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