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Studies for the optimization of the ECAL working point

What is the expected dynamic range of ECAL PMT signals
in terms of photoelectrons in SAND ?
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Np.e. distributions and expected Np.e. dynamic range

« MC simulation of neutrino interactions in SAND
« sample of 118k evts corresponding ~ 30 minutes
at 1.2 MW in FHC mode (or ~15 min at 2.4 MW)
 Digitization of ECAL (as in KLOE MC):
deposited energy in the cells propagated to
PMTs and converted into p.e. number;
constant fraction discriminator simulated

E, range = [0,10] GeV
Events number 101,696
Events cells number 2,184,901

Fraction of events with at least one cell above PE threshold (%]
1000 PE threshold 2.58
2000 PE threshold 0.49
3000 PE threshold 0.13
4000 PE threshold 3.64 - 1072
Fraction of hit cells above PE threshold %]
1000 PE threshold 0.19
2000 PE threshold 3.03 - 1072
3000 PE threshold 719 -107°
4000 PE threshold 2.11- 1073

cells of events count

PE distribution at E, fixed

\
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events count

Entries for [0,2] GeV range 334343
Entries for [4,6] GeV range 321731
Entries for [8,10] GeV range 156684
Entries for range > 15 GeV 809685
i i
5000 10000 15000 20000 25000
pe number

Neutrino energy spectrum
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Np.e. distributions and expected Np.e. dynamic range (\

« MC simulation of neutrino interactions in

 Digitization of ECAL (as in KLOE MC):

SAND

sample of 118k evts corresponding ~ 30 minutes
at 1.2 MW in FHC mode (or ~15 min at 2.4 MW)

deposited energy in the cells propagated to

PMTs and converted into p.e. number;
constant fraction discriminator simulated

E, range = [0,10] GeV
Events number 101,696
Events cells number 2,184,901

cells of events count

PE distribution at E, fixed

10° Entries for [0,2] GeV range 334343
Entries for [4,6] GeV range 321731
10°
Entries for [8,10] GeV range 156684
10*
Entries for range > 15 GeV 809685
10°E
10° =
U= Jlll] 1 WH]MILM
5000 10000 15000 20000 25000

pe number

Fraction of events with at least one cell above PE threshold [%]
1000 PE threshold 2.58
2000 PE threshold @
3000 PE threshold 0.13
4000 PE threshold 3.64 - 1072
Fraction of hit cells above PE threshold %]
1000 PE threshold 0.19
2000 PE threshold 3.03 - 1072
3000 PE threshold 719 -107°
4000 PE threshold 2.11- 1073

Neutrino energy range of interest

for oscillation analyses is [0,10] GeV

In this range the MAXIMUM Np.e. that
has to be treated by FEE can be safely
set between 1000 and 2000

=> see next slides for the choice of the
FEE dynamic range
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Np.e. distributions and expected Np.e. dynamic range

« MC simulation of neutrino interactions in SAND
« sample of 118k evts corresponding ~ 30 minutes
at 1.2 MW in FHC mode (or ~15 min at 2.4 MW)
 Digitization of ECAL (as in KLOE MC):
deposited energy in the cells propagated to
PMTs and converted into p.e. number;
constant fraction discriminator simulated

E, range = [0,10] GeV
Events number 101,696
Events cells number 2,184,901

Fraction of events with at least one cell above PE threshold [%]
1000 PE threshold 2.58
2000 PE threshold @
3000 PE threshold 0.13
4000 PE threshold 3.64 - 1072
Fraction of hit cells above PE threshold %]
1000 PE threshold 0.19
2000 PE threshold 3.03 - 1072
3000 PE threshold 719 -107°
4000 PE threshold 2.11- 1073

cells of events count

PE distribution at E, fixed

\

Entries for [0,2] GeV range

334343

Entries for [4,6] GeV range

321731

Entries for [8,10] GeV range

156684

Entries for range > 15 GeV

809685
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5000 10000 15000 20000 25000

pe number

Neutrino energy range of interest

for oscillation analyses is [0,10] GeV

In this range the MAXIMUM Np.e. that
has to be treated by FEE can be safely
set between 1000 and 2000

=> see next slides for the choice of the
FEE dynamic range

111 AT I
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» to maximize the neutron detection efficiency by ECAL the MINIMUM Np.e. that has to be treated

by FEE is the lowest possible, ideally 1-3 Np.e.
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Studies for the optimization of the ECAL working point

What is the expected pile-up of
ECAL PMT signals in SAND ?
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Frequency

Cell occupancy plots and hit probability u(Ve
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Pile-up probability

* The beam time structure (SPILL: 9.6 ys every 1.2 s) is
reconstructed to simulate the time of the neutrino
interaction event and calculate the pile-up probability that,
given a PMT signal, a second signal arrives within a fixed
time window (TW) after the first signal.

* In average N=84 interactions per spill (1.2 MW beam). K i !
The time difference between two consecutive interactions e oeeer - me e e
in a spill is evaluated and from this, the distribution of
time differences for a single cell with a probability to be
hit of P = 1.16%, 1.5%, 2% is eva

« Time propagation/smearing of hits in a single
interaction event is taken into account (=>negligible).

signal ( arb. units

spills with O hit 1 hit

] 0 4 D 104 4
164313
4.257
5.209
0.000
OVFLW 0.000

» Finally the pile-up probabilities for different time windows
are evaluated, TW = 50, 100, 150, 200 ns. 107
3
Pcerr [%] 1.16 1.5 2.0 10
Time _window _[ns] pile-up probability (% 102
50 0.64 | 0.86 1.36 : 0
T00 T30 T 17T | 256 Poite-up 15 O(17%)
’ ' ' in 50 ns TW 10
150 1.91 2.60 3.78 o
200 2.52 3.48 4.93 0 5 10

delta time cell (us)
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Studies for the optimization of the ECAL working point

Can the present KLOE PMT-base configuration fit
the expected dynamic range of signals in SAND?
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VoulV)

PMT signal in KLOE and preamp linearity test LAXVE
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Figure 4: Typical signal from the PM base. ' ' COFFGSpOhd to Slgnals Orlginated

preamp linearity test divider and preamp by 3-4 p.e. or a 3—4 MeV photon
I — T T R ] inthe PMT base at 2 m from PMT
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Choice of the dynamic range

Assuming:
Vpreamp(Max)=4.7 V increase by 15% => Veamp(Max ) =5.4V  (Gyeamp=2.5)
(linearity from 0.2% to 1%)
Vdis(max) = Vpreamp(max) e 05 ¢ CATT= 20V (12m long cable attenuation: Carr = 0.74)
« to have a very low noise environment as in KLOE => lowering
(halving) the minimum discriminator/digitizer threshold to V4= 2.5 mV

Gpy Giot | Npe(max) signal Npe(min) MeV
(x10°) | (x10°) amplitude | Vry = 2.5 mV | at module center
(mV/pe)
4.8 1.2 ~ 2000 1.0 ~ 3 3.0
6.4 1.6 ~ 1500 1.3 ~ 2 2.0
9.5 : ~ 1000 2.0 ~ 1 1.0

*  => Npe(max)\ Nye(min) ~ 300 (in KLOE) increases up to 600 — 1000.
 Different dynamic ranges can be implemented changing Gpy =>
the final choice should be a compromise between an affordable level of
events with energy saturated cells, depending on N,.(max), and an acceptable
neutron detection efficiency, depending on N .(min).
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Preamp linearity test with PMT signals (Ve

PMT system test at LNF with .
- CAEN LED driver SP5601 (wavelength ~ 400 nm) no prear.npl|f|er

with fine tunable LED intensity

- scint. fiber splitter e e e e e s e
- two PMTs (for relative QE meas.) Il — =m

File Verical Timebase Trigger Display Cursors Measure Math Analysis Utiies H
S ¥

I - I BE T

A. Di Domenico DUNE ltalia — Ferrara — 28-30 October 2024 12



Preamp linearity test with PMT signals: results (\

LED driver attenuation scale checked and calibrated with PMT response in linear region

Saturation curve PMT1 Saturation curve PMT2

VoulV)
Vout(v)

2.5

1.5

1111 | 1111 I 1111 I | I | I | I | I | I | I 111 1 I 1111 I 1111 | 1 1 _l 111 I | | I | I 111 I 111 I 1111 I L1 1 I L1 1 I 1111 | 11
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
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Linear fit PMT1 Linear fit PMT2
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Preamp linearity test with PMT signals => saturation
PMT2 HV=1700V  REF PMT1

HV=1900 V fixed LED
intensity (full)

File Vertical Timebase

HV=2100 V

File Vertical Timebase Trigger Display Cursors Measure Math Analysis Utllities Help

File Verical Timebase Trigger Display Cursors Measure Math Analysis Utiliies Help
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Preamp linearity test with PMT signals => saturation (\

Width (ns)

Two PMTs with their bases tested in the preamp saturation regime

PMT FWHM PMT2 FWH

@

13 o experimental points : : : £ 14 ° experimental points [ e
K :
Z 13 |

12 o Expected width with saturation ORly i i s e Expoctod width with saturatior Only

..................................................................................................................................................... ] 1 T R s

TR S— S— A— S— —— — —

10

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.3I 11 IO'4I 11 0.5I 11 IO'6I 11 I0.7I 11 IO'8I 11 I0.9I 11 1 1 11 1
Attenuation scale Attenuation scale

« The time baseline is distorted during saturation. The recovery time from saturation to linear regime
depends on the input signal amplitude.

* The input information is not fully lost during the saturation regime. The “over-linearity” of the
integrated charge, or the signal width increase vs the input signal amplitude could be exploited to
characterize signals beyond the preamp saturation regime.

=> amplitude of signals can be measured even in the saturation regime!
(precision to be studied)
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Studies and tests for FEE choice

What choice of FEE for SAND/ECAL?

Studies in collaboration with CAEN

A. Di Domenico, V. Di Silvestre, P. Gauzzi - INFN-RM1
C. Tintori, C. Maggio, L. Colombini — CAEN, Viareggio
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Choice of FEE for SAND/ECAL (Ve

Three possible read-out schemes:

Detector Highest Flexibility
—1 anm =>
@ Waveform | ENERGY Fsampl ~ 1 GS/s =>High Cost or
. o oge Fsampl ~ 125-250 MS/s
-_— D' ITizer . TIME + signal shaper
Detector

Less Flexibility
v ToT _ENERGY _; energy by ToT
' . ' ' ' with 2 or more thresholds
. /  _TIME not to worsen energy resol.

" Time walk correction
needed
High speed
amplifier
/S I {>:C picoTDC - TIME
: High pass Filter Fast
a more conventional approach oMT D ghp Discriminator
Preamp Low Noise,
(on PMT) Highly linear amplifier
M\ I {>:C 14 bit ADC - ENERGY
Low pass Filter glrji\iar

CAEN:

collaboration for a commercial (partly customized) solution keeping KLOE energy and time performance
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Pico TDC test (CAEN)

Test setup:

Step DT5203+A5256
AFG 3252 Aﬁenua?or

[A
o .. =0 ‘
:(> ¢ 1% o IS :
e g W )
; O omam_ arr———— O,
) it 2 = TEEVAN

Start on Ch0 with fixed amplitude. Stop on Ch1 and
Ch2 (dual threshold) with variable amplitude (max =
3.85 V). Delay = 13 ns.

Acquire ToT (ToT= Time Over Threshold) and AT (AT
= walk) at different amplitudes (from 0 to 52 dB, 3 dB
step)

Fit points and build ToT-Walk and ToT-Ampl curves
Use curves to correct Walk from ToT (replace CFD)
Use curves to get Amplitude from ToT (make ADC
from TDC)

Pulse Amp = 3.85 V, Rise = ~2.5 ns
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Pico TDC test (CAEN)

Calibration Curves:

Low threshold: 5mV
High threshold: 300mV

® Thr = 5SmvV - ® e
® Thr = 300mV e * *
6 e " |
Amp-ToT .
- ® b
5 4 P ~
* 5=
O -
- -
34 -
L]
2 9
a
1 o
10 10 10?
L ® Thr = S5mV
35 ® Thr = 300mv
3.0 1 s Amp-Wﬂ“(
2.5 4 o f o
2.0 { L4
® e
1.5 1 - o | ®
* ©
1.0 4 ! |® o ‘
° o
°
0.5 ® —1°
L P
.3
0.0 4 t L 2
10t 107 107
vimv)

A. Di Domenico
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Pico TDC test (CAEN)

Time Reconstruction (using ToT-Walk correction)

Counts

17500
_ Walk Corrected Peak: =18 ps
15000 A T -
3850 mV
12500 :
| 1217 mv
10000 A | f
|/ 385mv
7500 - ‘l’ ,r"' / 122 mV
.' / 38 mV
5000 A 1 i { 4
|
2500 - L | ‘ |
0 ! | ! [ |

A. Di Domenico

Acquired pulses at 6 different
amplitudes over a 50 dB dynamic
range, the walk causes ~2 ns spread
on AT: 6 separate peaks appear on the

histogram
(sample independent from calibration sample)

AT corrected by ToT using calibration
data with a 5t order polynomial fit of
the ToT-Walk points taken at lower
threshold (5 mV)

Corrected AT histogram presents one
single peak:

Time resolution ~18 ps

over 50 dB dynamic range
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Pico TDC test (CAEN) (Ve

Amplitude Reconstruction (using ToT-Amp correction)

JoT histogram

Amplitude histogram
[ 12mV
: 385 . mV Ampl Centroid Sigma Rel Res % INL %FSR
* Tz I -0.16
j 380 411 13 -0.05
< 1218 1209 40 -0.14
j\ | R - 3850 4030 04 0.39
J.’O J.‘S 4’0 4#5 S’O S.’) 6.’0 5.5 i 1 2 1 7.5 1 21 5 -4 7-6 0.00
s j 3850.0 3831.0 294 -0.03
4000 1 - .
_ I Tr::mwl | |38 “'“M\*,, Low threshold: 5mV
il ' 3850 mV._
2500 + 4
5 2000 1 || 122 v 1217"mV,
>xsoo- / )
1000 s 4
ol L i
o 0 500 1000 1500 2000 2500 3000) 3500 4000
: ! g d Amplitude (mV) |

Amplitude resolution <1% at large values
(well below ECAL resol. ~ 5.7%/~E in the whole range)
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Pico TDC test (CAEN-+INFN)

PMTs + Led Driver
Test setup: f

Led Driver CAEN SP5601°
(A~400 nm) + fiber splitter
two KLOE PMTs (test + reference)
test PMT signal splitted:

Pico TDC

Digitizer 730S 14 bit @ 500 MS/s
Resolution comparison
TDC: Start on ChO with trigger from
LED Driver. Stop on Ch1 and Ch2 @
(dual threshold) with variable
amplitude.
Digitizer: autotriggering on ChO.
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Counts

Pico TDC test (CAEN+INFN)

Time Reconstruction (using ToT-Walk correction)

Walk (ns)
w

» Acquired pulses at 7 different
amplitudes over a 40 dB dynamic

Time resolution after correction low threshold

200007 Moo ns range, the walk causes ~3-4 ns [ T O
17500 spread on AT: 7 separate peaks appear on the hlstogram
15000 J Low threshold: 10 mV (sample independent from calibration sample)
oo « AT corrected by ToT using calibration data with a 5™ order
polynomial fit of the ToT-Walk points taken at the lower
0 threshold (10 mV)
72007 » Corrected AT histogram presents one single peak:
5000 1 « Time Resolution ~ 70 ps
250(;: " Walk-ToT Histogram low threshold - V(Z?sl)k be?«iin(z)s) afi%“(‘;)
118 119 120 121 122 123 124 16 - 1 S T —
ToA (ns) o i‘ 500
14 ‘_ 400
g 121 H 2
B 10 = i
8 4 200
L
(peak at 119.1 ns at limit) , , , , ,
116 118 120 122 124 126

Walk(ns)
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Pico TDC test (CAEN+INFN)

Counts

¥

Time Reconstruction (using ToT-Walk correction) -

Time resolution after correction high threshold

8000 A

7000 A

6000

5000 A

4000 -

3000 -

2000

1000 -

u=120.72 ns
0=0.06ns

120.0 120.5 121.0 121.5 122.0 122.5 123.0
ToA (ns)

Time Resolution ~ 60 ps

(ECAL resol. ~ 54ps/\E + 100 ps)

ToT (ns)

12

10 ~

2

6

— Thr = 10mv
—— Thr = 100mV

0.0 2.5

5.0

7.5 10.0
ToT (ns)

Walk-ToT Histogram high threshold

12,5 15.0
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.

o 8

Walk
(ns)

120.0 120.5 121.0 121.5

Walk(ns)

Sigma

before (ps)

122.0 122.5

123.0

Sigma

after (ps)

17.5

250

200

150

Counts

100

A. Di Domenico

DUNE ltalia — Ferrara — 28-30 October 2024

24



Counts

Pico TDC test (CAEN+INFN)

500 ° T‘hr =10 r‘nV
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. . / /
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200 /
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_‘__——o——"/./‘
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B 0 1 1
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128.4

40.6

Amplitude resolution from 3 to 6 % in the low/medium range
(well below ECAL resol. ~ 5.7%/~E in this range — see next slides)
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Pico TDC test (CAEN+INFN) Du(VeE
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Amplitude resolution ~ 3-4 % in the higher range
(below ECAL resol. ~ 5.7%/NE — see next slides)
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Pico TDC test (CAEN-+INFN)

25\

comparison with Ecal resolution

From previous studies on dynamic range:
. Vdis(maX) = Vp,—eamp(maX) * 05 - CATT= 20V
. minimum discriminator threshold possible V4= 2.5 mV

Amplitude resolution obtained from
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Implementation of ToT in SAND simulation

* PMT signal simulation:

- a gaussian distribution in time is associated
at the arrival time of each generated photoelectron - =
- each gaussian is convolved with an exponential e

- all distributions are then summed

IS
°

800 |-
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400 &
200 |-

» Two thresholds, low: 10mV, High: 100mV
Comparison with the experimental calibration curve

Calibration curve
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Choice of FEE for SAND/ECAL 0\

Four possible solutions investigated with CAEN
Digitizer VX2730
— Fsampl ~ 500 MS/s =>~ 3.5 Meuro

. 5 =
o'a’a’e” o’e’e’’

Digitizer VX27458B
— Fsampl ~ 125 MS/s
+ shaper 64 ch. =>~1.6 Meuro

PicoTDC + discr. double threshold with ToT =>~ 790 keuro

RAch?égg with PicoTDC + discr. single threshold with ToT (for all signals)
|  picoTDC + peak sensing ADC with slow shaper — dead time 20us

' and good resolution (for rarer signals of large amplitude);
feasibility study in progress => ~ 520 keuro
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In

tegration with DAQ SAND »

* Reference endpoint hardware: an optical transceiver and a PLL

* DTS also provides reference firmware and a software library

* Built in delay compensation and control/monitoring functions

18 Nicolo’ Tosi | Part 1: Timing INFN [)U'(\)E

BOLOGNA
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Conclusions

Studies for the optimization of the working point of the SAND calorimeter read-out electronics have
been performed.

The dynamic range and pile-up of the signals have been studied with MC.

PMT preamplifiers have been tested for linearity and are well compatible with needed dynamic range
and proposed FEE solutions, with the additional advantage of lowering the PMT gain (and HV), that is
beneficial for PMT lifetime.

The features of preamp saturation could be exploited to partially recover input signal information
during saturation regime and measure amplitude even for saturated signals.

Possible solutions for the FEE that could constitute a good compromise between cost and
performance are being investigated in collaboration with CAEN.

The picoTDC with double threshold discriminator constitutes a good option.

Next steps:
1.  Optimization of the thresholds for the best perfomance in the whole expected dynamic range
(2.5-2000 mV) and in the preamp saturation regime.

2. Improve simulation of the PMT signal and FEE electronics in the official SAND MC
simulation; implementation of Walk-ToT correction, ToT amplitude reconstruction, preamp
saturation etc.. (in progress)

Test of PicoTDC and ToT with KLOE modules at test stand in Frascati.

Other solutions based on PicoTDC + amplitude meas. (RADIOROC chip) are being
investigated in collaboration with CAEN and appear very promising.

5. DAAQ integration after the choice of FEE

B w
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