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ZDC Design (Subjected to Changes)

ECAL

LYSO Crystal
20*20 cells
3cm*3cm*7cm / cell
60cm*60cm

7cm ~6.5X0inZ

ZDC = ECAL + HCAL
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- Sampling calorimeter G?“"‘”am?‘z"?ﬁn ESR foil scintilator tiles
- provide good position resolution (0.015¢cm)  radius=3.1 cm
cover thickness=0.3 cm
(0.04 cm)
®* Requirements of energy resolution are for hadrons and . . :
photons are 50%/sqrt(E) + 5% and 20%/sqrt(E) + 5%, HCAL : sam pl ing calo!'m]eter . .
respectively. Furthermore, ECAL has sensitivity to 1. 1 Iayer = steel + scintillator tile + SiPM

UESIE TR UG 2. 64 layers, 8 slice/layer
3. 65cmin X, 60cminY, 163cmin Z



1, Prototype

CITI
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ROC (160-400pC

Crystal Sensor
Detector Sizeofone | | . | A - Sensor
name cell eng rray ype Jerystal DAQ
1st prototype . N SiPM .
2023-2024 LYSO + SiPM | LYSO [ 0.7cm*0.7cm | 8cm (8XO0) 8x8 Onsemi
MICROFC-60035 1 CITIROC




CITIROC DAQ

LYSO +SiPM (CITIROC_A (32ch) SpaceWire Mk4 Pata_ (" | aptop )

(64ch) ~ 7 CITIROC_B (32ch)
\ ” S Controll pata taking

|

3 UART = — = -
: Low voltage (12V) Control
|

Monitor
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Temperature \_ J

CITIROC spec.

TRL Technology Readiness Level: 8 - Full system using ASIC running - learn

more

* CITIROC is a 32-channel front-end Detector Read-Out: SIPM, SiPM array
ASIC designed to readout silicon photo- Number of Channel: 32
mUltipIierS. Signal Polarity: Positive
- Dynamic range up to 400pC Self-Triggers: Programmable 10-bit DAC with min threshold = 1/3 p.e
= Shaper OR trigger: for timestamping and start of conversion
- Peak Sensenig ADC [ Dynamic Range: 0-400 pC i.e. 2500 photoelectrons @ 10°6 SiPM gain ]
High and low gain branches, with 1:10 ratio for a total 0.95-600 amplification
range

« Data, slow control (threshold, gain, etc
setup), online monitoring (DAQ deadtime,
temperature) are all through laptop interface.

8-bit input DAC for channel-by-channel fine bias adjustment

Slow shaper with adjustable shaping time from 12.5to 875 ns

Energy measurements by Track&Hold or Peak Detector ]

1% linearity energy measurements up to 2500 p.e

Power consumption: 7 mW/channe



1, Prototype : SIPM Saturation

50-800 MeV
positron beam
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. Non-linearity

" HVAED ~ 24.84 V
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+ Test beam at RARIS on 2024 Feb, using 50MeV - 800MeV positron beam.

* Most of data points lying in the non-linear region

* only the 47 MeV data set retaining about 60% of events within the linear range.



1, Prototype Data : Event Selection

clustering

Beam profile @ 47MeV
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Cut Criteria
1. 2.5 MeV < Epax <20 MeV
* Selects data within the linear response range.
* Removes low-momentum photons originating from the
beam.
2. Both Left and Right Crystals Fired
* Requires hits in both FEE-left and FEE-right channels.
* Eliminates events containing only noise.



1, Prototype Data : Data — MC Comparison
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The comparison between data and MC for the
47 MeV positron beam shows an overall all

reasonable consistency.
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1., Prototype : Energy Resolution w/o Energy Regression

47MeV positron
‘% - 1 =33.525 £0.137 | E5x5
6000 =4.728 +0.099 [+ « Data
[ o=0.664 +0.023 « Fettig . xps BIBR% L
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Eﬂﬂ_ 125 247.79(3) 2.00(2) 2.02(0)
- 150 207.30(2) 5.20(2) 1.78(0)
- 175 346.81(2) 5.31(1) 1.53(0)
200 .
- Energy resolution of 47MeV
100F momentum resolution = 11.6%
0] 740 50 60
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Energy resolution without energy regression is 14% for the 47 MeV beam. After
accounting for the beam momentum resolution provided, the energy resolution
improves to approximately 11%.



Design of the 2,4 Prototype

Choice of crystal

Material Light yield (photons/MeV) Relative to LYSO
LYSO ~32,000 — 38,000 1.0
PbWO, ~200 - 400 = 1/100 of LYSO
Choice of sensor
Sensor Typical Gain Relative
SiPM ~10° - 10° 1.0
APD ~10%-10° = 1/1000 - 1/10,000 of SiPM

« 15t prototype @ 2023-2024 : LYSO + SIPM, saturation
* 2nd prototype @ 2024-2025 : reduce the gain.

- LYSO + APD
The gain of an APD is about 1000 times lower than that of a SiPM.
- PbWO, + SiPM
The light yield of PbWO, is about 100 times lower than that of LYSO.
* We continue using CITIROC as DAQ system.




2.4 LZDC EMCAL Prototype

Crystal Sensor
Detector -
name | Size of one cell Length Array Type sensor/crystal DAQ
. 8x8 APD

2 prototype LYSO + APD LYSO 1cm*1cm 6.6cm (6X0) 8em*8em | C30739ECERH 1 CITIROC

2024-2025 _ 6x6 SiPM

PbWO4 + SiPM | PbwO4 2cm*2cm 5.3cm (6X0) 12em* 2em Onsemi
MICROFC-60035 2 CITIROC
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2.4 Prototype : Beam Test Setup

M- \/ 1
50 800 MeV
p03|tron beam

"
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LYSO + APD PbWO4+SiPM

We add beam monitor system in order to
evaluate position resolution.
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2.4 Prototype : Linearity

" LYSO + APD PbWO4 + SiPM
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Linearity: The detectors showed good linearity when tested with an electron
beam from 50 MeV to 800 MeV.
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2.4 Prototype : Energy Resolution (w/o Energy Regression)

LYSO + APD (APD=405V) PbWO4 + SiPM (SiPM=32.6V)
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®* LYSO +APD : Poor performance ~ 35% energy resolution with 700MeV positron beam.
* PbWO4 + SiPM : Reasonable performance ~ 15% energy resolution with 700MeV positron beam.
* The energy regression is not performed.
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Residual of Position Measurement

PbWO4 system @ 739 MeV

Residual Residual in X Residual in Y
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Position resolution
2 _ 2 2
A% = oy + Oppwoa

Since the resolution of BMs (2mm pitch) are very
small compared PbWO4 crystal (2cm pitch). The
position resolution ~6.5mm is mostly from PbWO4
crystal itself.
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PbWO, + S1PM Performance (Preliminary)

Energy resolution Position resolution
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*  For 2" prototype, only PbWO4 + SiPM system gives reasonable performance.
- Energy resolution: ~15% @ 800MeV positron beam
- Position resolution : ~ 6.5mm @ 800MeV positron beam
* Meet the requirement, but we need to measure with higher energy beam to have full picture.
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MC Simulation Condition

e 50MeV ~ 796 MeV positron beam
e Beam spread

- perpendicular beam

- gaussian random

Center (x,y)=(11.4, -4.98) mm
Sigma (x, y) = (-4.98, 8.62) mm

* PbWOA4 crystal array is shifted
(x, y) = (10, -1) mm, compare to alignment
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Beam Profile Data-MC comparison
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ADC to MeV Conversion
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Data (ADC) = MC (MeV) * 370.73 + 8417

18



Data - MC Comparison : Emax

MC E,, VS Data ADC,, @98 MC E,,,, V'S Data ADC,,, @197 MC E,, VS Data ADC,, @297 MC E,,, VS Data ADC,, @395
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Nice consistency except for 98MeV because of 50MeV threshold cut
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Data - MC Comparison : E5x5 w/o Threshold Cut

MC E,,; VS Data ADC,,, @98 MC E,; VS Data ADC, @197 MC E,,; VS Data ADC, . @297 MC E,; VS Data ADC, .@395
o 1.21 o 1.2r o 1.21 o 1.2r
= [ Fit: MC ADC ~ Fit: Data ADC ¢ = [ Fit: MC ADC ~  Fit: Data ADC = [ Fit: MC ADC . Fit: Data ADC 4 = [ Fit: MC ADC /. Fit: Data ADC
=] [ u=81.46 +022 [ %~ u=67.65 +040 =1 [ n=156.00 +0.18 i % n=116.33 +0.73 =1 [ u=202355 +0.37 S\ u=17475 +034 =1 [ n=28682 +047 ¢\ 1=23261 £055
8 1 — =848 £0.13 — —0‘— 6 =793 +0.33 8 1 — o=14.62 £0.02 sf—\ -\ c=21.55 +0.66 8 1 [ 0=2206 £0.25 o S +¢ o =31.64 £0.32 8 1 [ 6=20.51 £0.27 ;ﬁ 4# 6 =37.39 +0.46
- Coom=toatzotes £ L 0 ol=1172 4049% | o [ om=937 002% [ + Aol =1853 £058% | o [ ol=987 2041% 4 ﬂ* Lol =181 £049% | o [ oh=1028 £010% [ 4" T} oli=1607 t020%
o} S ! + : o} 3 F ; o} S ; ' : o} F » :
[ 0 B [ [ [ : Vy ] [ ‘ &.
% 087 i % 087 Jh, % 087 ;# ‘L * % 087 + #’? |
g r AT g _F g _F LA e I PR
506" . 506" R 506" foey o 506" BT
. - : P 1 : o4y : VA AN
045 0.4 041 VA 0.4 P '=.
5 . 3 | r y 3 L & E L * |
0.2F =+ 3 02 . 7 L 0.2F P, / PO 0.2} s h %
r * iy r +-.- . 5 r - e .o * r *oes” *
83—0\74\'\7I R = s 8;—& R T SO < R 8" TS S P bele ool gma?’t'\".‘.'| [ . S0t o
[&] [ Qo [ Q [ [&] T +
S 15- S 15- S5 - S 15- ++T++ .
= 1 e = 1 + - = A R = 1 =
= osh < o05F L L o5+ ~, < o05F + ..
g 020 40 60 80 100 120 é 0 50 100 150 200 251 g 0 50 100 150 200 250 300 350 é 0 50 100 150 200 250 300 350 400 450
Energy[MeV] Energy[MeV] Energy[MeV] Energy[MeV]
1o MC E,,, VS Data ADC, @492 i o MG E,, V'S Data ADC,,, @584 1o MC E,,, VS Data ADC, @706 i o MG E,, V'S Data ADC,,,@796
’2 "I Fime ADC et ~  Fit: Data ADC . ‘3 "I Fit: Mc ADC s ~ Fit: Data ADC ’2 "I Fimec ADC sxs ~ Fit: Data ADC ¢ ‘3 "I FitmcaDc - Fit: Data ADC
=1 [ u=34441 +051 A~ L% w=28412 1051 = [ n=39436 +128 S w=32007 £ 10 =1 [ u=460.02 +1.60 SN w=391.87 +0.58 = [ n=50879 +1.80 W =43612 + 158
8 1~ 0=3694 +0.14 N +++¢+ o =44.29 +0.40 8 1 o=45.81 060 ’mﬁ? ﬁ“ﬁ =53.21 +0.92 8 1~ o=5851 +098 Q‘##ﬂ G =62.25 +0.46 8 1~ 0=6505 +1.13 ; =68.35 +1.22
S [ ol=1073 t004% A % g Ol=1559 £0.14% | o [ om=1162 £018% / g * ou=1613 2029% | [ o=1272 +022% ;v. # A O =1589 £012% | = [ o =1279 +0.23% +++ﬁ+++* olu=1567 +0.29%
Nos[ A Nos[ A Nos[ Fa N o[- e
s r T AT T T AN s r JEy T T
E & EE AN E I I B E & Fiyt E I
s 0.6 U T 5 0.6 ! # PO s 0.6 LAY 5 -
< ¢ VR z F d W Z t A % P F
i Y i LA B E FT g
0.4 C -p' *"" \‘. ‘ 0.4 n :5 '?.' \ , 0.4 a :Ov' L 7
r ¥ L r ;¥ | r ' r
02 rf:.‘/ L 02- P 02- 74 3 -
L !E-:-" LR 5 . s
) 8"* T++*+++Y UASY I o 8 * Hﬂﬁﬁ”ﬂ o Qi +++ =, &) 8 HH Hﬂ' Bttt
L +, L e L 5
=18 Pt . =13 4 i =18 IHHW A = 150 I
< qg[ - < g5l 41T o < qel . < qsf I
[ 0.57 j . = 0.57 [ 0.5 e [y 0.5¢ . ",
E,: 0 100 200 300 400 500 g 0 100 200 300 400 500 600 70 g 00 100 200 300 400 500 600 700 800 g 00 100 200 300 400 500 600 700 800 90C
Energy[MeV] Energy[MeV] Energy[MeV] Energy[MeV]

20



Normalized counts
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Data - MC Comparison : E£5x5 with Threshold Cut
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Data - MC Comparison : Energy Resolution
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Notice that MC and Data are w/o energy regression.

But they both satisfied the requirement.

Performance of MC is around 2% better than Data.

We might need to push to higher beam energy to see >1GeV performance.
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Data - MC Comparison : Position Resolution
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Position resolution of data does not match the
MC description
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3.4 Prototype: Photon Sensors

* Onsemi SiPM (MICROFC-60035) : https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf

* Hamamatsu SiPM (S14160-3015PS) : https://www.hamamatsu.com/us/en/product/optical-sensors/mppc/mppc_mppc-
array/S$14160-3015PS.html

Feature onsemi SiPM (MICROFC- Hamamatsu SiPM
60035) (514160-3015PS)
Active area 6 x 6 mm? 3x3mm?
Gain ~10° ~10°
Bias voltage ~24-30V ~38-55V
PDE (peak) ~40-50% ~45-55%
oymamicrnge(pe) | 1S peliel |10 el
Limiting factor Microcell saturation Microcell saturation

* Next prototype, we will move to Hamamatsu SiPM.
* Smaller area (more microcells per unit area) and larger dynamic range gives the Hamamatsu
SiPM better linearity than the onsemi device. We expect to keep the linearity up to 29 GeV.
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3.4 Prototype: CITIROC vs H2GCROC

Power & Data
Connector

CITIROC
* Dynamic Range: 160 fC — 400 pC
* Per-Channel Bias Control:
0-4V, 8-bit DAC for SiPM gain equalization
* Dual-Gain Preamplifier:
* Low Gain: x1-x60
* High Gain: x10—x600
(higher resolution, smaller range)
* Signal Shaping
* Self trigger
e Automatic Gain Selection:
Auto HG/LG switching or LG-only mode

H2GCROC
 Dynamic Range: 160 fC — 320 pC
+ Digitization:

+ 10-bit ADC @ 40 MHz (integrated charge)

* 12-bit TOA (TDC 24 ps)

* 12-bit TOT (TDC 50 ps)

* |f ADC is saturated, then automatically switch to
TOA and TOT mode.

« Trigger & Data Flow:

« FPGA supports self-trigger or external-

trigger mode
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3,4 Prototype: Mechanical Support

Add H2GCROC
Potentially adding one
more BM.

Add shielding boxes for
all electronics.

CITIROC
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3,4 Prototype: SIPM Board

Size of
a crystal

Implementation of LED Monitor.
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Planning for the 3., Prototype

Crystal Sensor
Detector -
name | Size of one cell Length Array Type sensor/crystal DAQ
SiPM
st
1 zo'c’zrgt;otgze LYSO+SiPM | LYSO | 0.7cm*0.7cm | 8.8cm (8%0) |  8x8 Onsemi
; MICROFC-60035 1/crystal CITIROC
* APD
. LYSO + APD LYSO 1cm*1icm 6.6cm (6X0) 8x8 C30739ECERH 1crystal CITIROC
24 prototype ,
2024-2025 SiPM
PbWO4 + SiPM | PbWO4 2cm*2cm 5.3cm (6X0) 6x6 Onsemi
MICROFC-60035 2/crystal CITIROC
3 prototype SiPM
20252026 | p\yoq 4 sipM | POWO4 | 2cm*2cm | 5.3cm (6X0) | 6x6 Hamamatsu CITIROC
(developing) $14160-3015PS 16/crystal HGCROC

* The 3rd prototype will use the same crystals
- SiPM will be changed from Onsemi - Hamamatsu
- DAQ will be upgraded from CITIROC - H2GCROC

* Possible test beam opportunities:

- DESYin Germany @ June : 1GeV - 6GeV electron/positron beam

- RARIiSinJapan @ July : 50MeV - 1 GeV electron/positron beam
* System to be tested in the coming test beam

- PbWO4 + Onsemi SiPM board + CITIROC : reduce noise and test again

- PbWO4 + Onsemi SiPM board + H2GCROC : 1% try to use H2GCROC

- PbWO4 + Hamamatsu SiPM board + H2GCROC : test new SiPM board + new DAQ system

- LYSO + Hamamatsu SiPM board + H2GCROC : redo LYSO
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Lab test of H2GCROC

’

—Clock; SiPM and C[y,st/a{ Adapter board
,~//'/

* Pedestal calibration (OK)

e Decoding (OK)

* Gain calibration with LYSO + SiPM + H3GCROC : connector issue (pending)
* CR test with LYSO + SiPM + H3GCROC : connector issue (pending)
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Beam test 1n July

12 () 13 (fTh) 14 (7xH) 15 (f12) 16 (#1=) 17 (#000) 18 (¥1H)
Preparation

19 (#07%) 20 (#1t) 21 (FN) 22 (1) 23 (K&8) 24 (+—) 25 (+2)

RARIS Beam Test

Preparation  Preparation

» Beam testin July 21-24
B Expect to arrive on July 17, and start experiment set up on July 18 (Sat.)
B Complete necessary trainings before beam test.
H PbWO4 + SiPM + CITIROC / PbWO4 + SiPM + H2GCROC
* Determine optimal setting:
SiPM HYV, threshold, amplifier gain, beam energy
« Position & energy scan
o5x5 crystals & 7 beam energy

» Expect 4 minutes for each run, a total of about 32 hours for the beam test

30



Preparation for the Beam Test

* PbWO4 + Onsemi SiPM board + CITIROC : reduce noise and test again
* Data analysis (online plot) : Done
* Data and MC comparison : Done
* New mechanical support : Done
* Noise test : Done
e Beam Monitor calibration : Done
* Cosmic ray test : Analysis undergoing

* PbWO4 + Onsemi SiPM board + H2GCROC : 1% try to use H2GCROC
* Data analysis (online plot) : Undergoing
* Mechanical support : Undergoing
* LED test (SiPM gain calibration) : Undergoing
e External trigger from two BM systems : Undergoing
* Radiation source test (ADC to Energy conversion) : To do
* Cosmicraytest:To do

* PbWO4 + Hamamatsu SiPM board + H2GCROC : test new SiPM board + new DAQ system
* SiPM board layout and production : Undergoing
* Data analysis (online plot) : Undergoing
* Mechanical support : Undergoing
* LED test (SiPM gain calibration) : To do
» Radiation source test (ADC to Energy conversion) : To do
* Cosmicraytest:To do
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Support from Japan Groups & Open Discussions

» Support from Japan groups:
e Xilinx FPGA evaluation kit
* SiPMs
e Support frame from Kawade-san

» Other items specifically for the beam test?
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Noise Test and Cosmic Ray Test

T Mk4
| BM1/BM2
’ G e (2 LIEL vso/pbwoa | =] GTM (2°CITIROCs) }{
@ M Y UART
Power supply(12V)

e BM1/BM2/LYSO/PbWOA4 all have * Grounding choices
several components need to be - Negative bias of power supply
grounded. - Ground of power supply

- Box for crystal/scintillators - Ground from the wall

- Ground of SiPM board

- Ground of GTM board (CITIROC)

- Box of MK4 module (data stream)
- Box of UART module (slow control)
- Support frame

Noise level is currently at 12 MeV ~ 18 MeV.
During 2025 test beam, it was 50 MeV.
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Beam Monitor Calibration

* Using flux of 2°2Na source to do the beam monitor
calibration.
d

 Channel flux « Q « [[ R TOERTIV D

* Flux distribution results with source placed at
different positions after calibration

dxdy

Before

FubeDisinfion

Flux

- Position -/ Position 2 .~ Position 3

Fult Distiuton Fult Distiuton Fult Distiuton

Flux
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1. Find good setting for central channel
3 different HV x 2 threshold x 2 gain x 4 Energy =48 runs
3 HV =29.5V ~ 30V -~ 30.5V for CITIROC; 24V ~ 26V -~ 28V for H2GCROC
2 threshold = 10mV, 30mV
2 gain = x4/x10 for CITIROC;
4 beam energy =[50, 200, 350, 700] MeV
4 mins/run : 48*4 = 192 mins

2._position scan and energy for 5*5 crystal
5*5 crystals * 7 energy = 175 run
7 beam energy =[50, 100, 200, 350, 500, 650, 800] MeV,

175 * Amins/run = 700 mins

3. two kinds of systems, CITIROC and H2GCROC
(192 + 700)*1.05 = 937 mins = 15.6 hrs
15.6hr *2 = 31.22 hr , we need 3 (+1) days
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1.The test beam study will be performed using a PbWO, crystal calorimeter coupled to the existing SiPM
sensors, and two different readout electronics systems will be tested: CITIROC and H2ZGCROC. The purpose
of the measurement is first to determine the optimal operating conditions for the detector and then to study the
detector response as a function of beam position and energy.

2.The first stage of the test beam focuses on determining the optimal settings for the central crystal channel.
Several detector parameters will be scanned, including the SiPM high voltage (HV), discriminator threshold,
amplifier gain, and beam energy. Three HV settings will be tested for each readout system: 29.5V, 30.0 V,
and 30.5 V for CITIROC, and 24 V, 26 V, and 28 V for HZGCROC. Two threshold settings will be used (10 mV
and 30 mV), and two amplifier gain settings (x4 and x10) will be applied for the CITIROC system.
Measurements will be taken at four beam energies: 50, 200, 350, and 700 MeV. In total, this configuration
results in 3 x 2 x 2 x 4 = 48 runs. Each run is expected to take approximately 4 minutes, resulting in a total of
192 minutes for this scan.

3.After determining the optimal detector settings, a position scan and energy scan will be performed across
the full 5 x 5 crystal array. The beam will be directed sequentially to each crystal position, and measurements
will be taken at seven beam energies: 50, 100, 200, 350, 500, 650, and 800 MeV. This results in 25 crystal
positions x 7 energies = 175 runs. With a run time of 4 minutes per run, the total time required for this
measurement is 700 minutes.

4.Combining the parameter optimization and the position—energy scan results in 892 minutes of beam time for
a single readout system. The total time required per system is approximately 937 minutes (15.6 hours). Since
both CITIROC and H2GCROC readout systems will be tested, the total beam time required is approximately
31.2 hours. Therefore, we request three days of beam time, with one additional contingency day to ensure
completion of the measurements.
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Note:
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