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AC-LGAD applications at ePIC EIC

Six subsystems (BTOF, FTOF, BO tracker, OMD, Roman Pots, Lumi mon so far will use
AC-LGAD (1 using strip, 5 pixelated)

135 scintillating
crystals

Rails for
installation
& support

Readout &
cable space

4 Tracking layers

Barrel TOF 0.5*10 2.4M 30uminr - @ 0.01 X,
Forward TOF 1.4 0.5*0.5 5.6M 30uminx and y 0.05 X,
B0 tracker 0.07 0.5*0.5 0.28M 20 um inx and y 0.05 X,
RPs/OMD  0.14/0.08 0.5*0.5 0.56M/0.32M 140 ym in x and y no strict req.
Lumi Tracker
Exact dimension, sensor, dead area are under discussion: Off-Momentum detectors : 72 ( 3.2x3.2 cm”2) units or 288 (1.6x1.6 cm”2) units
BTOF: 128 staves (3.2x4 cm”2), FTOF: 736 sensors (1.6x1.6 cm”2) BO tracking: 168 (3.2x3.2 cm”2) units or 672 (1.6x1.6 cm”2) units

Roman Pots: 128 ( 3.2x3.2 cm”2) units or 512 (1.6x1.6 cm”2) units Lumi-PS: 72 sensors ( 3.2x3.2 cm”2 units) or 288 (1.6x1.6 cm”2) units ~ ~



AC-LGAD readout-chain (make it work)

Front end options: EICROC/FCFD, fast, low-jitter, TDC, ADC enable

Sensor
Pad width
DCoontact N\ scradnz  ACod s TET Now we have: EICROCO: 4x4
— N coupling AA(_’tiI‘(’e 7 EICROC1 (2025): 16x8
ag— 20.50 o L EICROC (final): 32x32
p-Si + AC-LGAD [Time Res] _ 10 bit TDC, 8 bit ADC

/ength: il

(1Tcm-1mm)
[capacitance]

Resistive layer
[Spatial Res]

PA
+discri

Slow
control

AC-LGAD: New tech, never used in any detector
very thin, fast, low noise, highly pixelated

BNL has lab that produces AC-LGAD
sensors, HPK Japan can produce it, o NI e
Taiwan can mass produce ™ e
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Now we have: BNL 500 pm, 4x4 sensor

Slot for ASIC _
Carrier-board 3



Sensor-ASIC bond
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AC-LGAD based systems: pros, cons

Pros: Small rise time+small jitter —> fast timing,

Precision )
4D trackingJ ‘

Spatial resolution

L, N\

Segmentation Large area

Strip Sensor Analog signal charge sharing —> small spatial resolution
FN'AL' 1?0 Gey p'rotlon be'arr'\ | _ B'NL20l20? 22'0V
: | ' Charge
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S -201— —
> N ] \_
401 Threshold Time resolution
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Time of arrival Time [ns] 'v

Less ionization, signal sharing Multitude of electronics
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Clustering with time-compatible points

Cons: Small gain, small signal, noise dominated



Readout chain of AC-LGAD based systems”

Off-detector 4 o )
AC-LGAD electronlcs > \Momtormg y

Optical link

( )
EICROCX
AN /

- On-detector electronics

Service hybrid

* For systems in vacuum like Roman Pots, BO systems service hybrid maybe
meter(s) away, sensor+ASIC+connector (flex board) :



All the elements at BNL
Ac-LGADJ @f:c:f::.cct: r j> @Onitoring
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Key development and optimization of the readout chain:
Compatibility with AC-LGAD pixel sensor integration with wire and bump-bonded ASIC,
measurement of jitter from ASIC, charge-injection, cross-talk, radiation source/laser, TDC/ADC
clock cleaning, clock phase, jitter measurements in various environments



ASIC focused Measurements with charge injection: pre- Amp

Inject internally
charge <25 fC

Pixel (0,0)
® 100

Pixel (0,1)
® 101

#05

into ASIC to study

#09

the characteristic
features

Pixel (1,2)

#06 ’
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Probe 0

180 |
EICROCOTest@BNL

160 |- PCB Board = G1 (ASIC + Sensor)
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AII Pulses
PCB Board = A1 (ASIC
E/IUthUt CFr:re Arr;p( ) ) Average Pulse
- Moae arge Injection -
I:?pué char e| 0 [D,?C unit] P00 (24911 fC)
eading Column= : _ |
- Evented 1K Trigger=CMD pulse (200mV)
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| | | l | |
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Jitter measurements

Probe

+
+7 L+
é ++

1
pix‘%%’ixel
.—@' - @ #00
ON

& o4 P #08

Pixel (0,1)
® 401

Pixel (1,1)

#05

Pixel (2,1)

Pixel (0,2)
® 402

Pixel (1,2)

#06 ’
1

Pixel (2,2)
#10 , #14

Pixel (0,3)

Pixel (1,3)n

1
Pixel (2,3)y

Synchronized

charge injection

on three pixel

Entries

Op0p0-20- 11.54 pS

EICROCOTest@BNL
PCB Board = A1 (ASIC)
Output = Pre-Amp

Mode = Charge Injection
Input charge= 0 [DAC]

(P00, P10, P20) (24.911 fC)

| OpP00-11 :l 11.00 pS

1 2
tpoo - tp11 —— J00-10 =
tpoo - tp2o 152 _
tp11-tp2o0 — 20_20

e e —
Opgo: /-84 PS 10—20
Op11- 7.72 pS _
Opog: 8.46 pPS

Nt | | | | |
-300 -250 -200 -150 -100 -50 0 o0 100

Time Differences [pS]

2700 | | | | |
EICROCOTest@BNL P10-P20 e
2650 ~PCB Board =A1 (ASIC) i
Output = Pre-Amp °c o
2600 ~Mode = Charge Injection -
. Input charge= 0 [DAC] |
Q 2550 Fp10,P20 (24.911 C)
al ' —
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o . .
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2300 | | | | |
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e s
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Injected Charge (fC)

ASIC jitter
measured
to be ~8 pS



ASIC measurements: ADC/TDC, S-curve, noise/threshold scan

14/04/2023
* : 16 channels (pixels) x 8 « time stamps” (according to the 40 MHz clock

20 | | | |
=> each 25 ns) x number of events EICROCOTest@BNL E:)’Eg: g ,?;
Ch#00 [pixel(0,0)] <event_number>; x8 15 I PCB Board = G1 (AS|C + Sensor) Pixel (1 :2) s —
Chi#01 [pixel(0,1)] <event_number>; x8 Output = Pre-Amp Pixel (1,3) =——
Chit02 [pixel(0,2)] <event_number>; ERGTISISIADEIEIRSITOCIVAINES: x 5 0
Ch#03 [pixel(0,3)] <event_number>; SnOt USed=;<ADC values;<TDE Valies; x

~ Mode = Charge Injection
Input charge 64 [DAC unit]

Ch#04 [pixel(1,0)] <event_number>; SOt USed;<ADC Value;<TDE Valies; x 8

Ch#05 [pixel(1,1)] <event_number>; Snot_used=;<ADC_ value>;<TDC values; x 8

Ch#06 [pixel(1,2)] <event_number>; Snot_used>;<ADC_value>;<TDC values; x 8

Ch#07 [pixel(1,3)] <event_number>; Snot_Used>;<ADC value>;<TDC values; x 8

Ch#08 [pixel(2,0)] <event_number>; Snot_Used;<ADC value>;<TDC Values; x 8

Pulse [mV]

Ch#09 [pixel(2,1)] <event_number>; SROLLUSEA;<ADC Value>;<TOCValleS; x s

Threshold
scan

Ch#10 [pixel(2,2)] <event_number>; Snot_Used>;<ADC value>;<TDE values; x 8

Ch#11 [pixel(2,3)] <cvcnt_numbcr>;— x8 10 F
Ch#12 [pixel(3,0)] <cvcnt_numbcr>;_ x8

Ch#13 [pixel(3,1)] <event_number>; Snot_used>;<ADC_value>;<TDC value>; x 8 15
Ch#14 [pixel(3,2)] <event_number>; Snot_used>;<ADC_ value>;<TDC values; x 8

Ch#15 [pixel(3,3)] <event_number>; SnOE Used=;<ADC value>;<TDC valies; x 8

" Input charge =0.5 fC ‘

-20 :
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Time [ns]
3‘ I I I I I | I I I I I I I I I I | I I I I I I I I
o — —]
; 100— -ll.ll.ll.ll.lI.ll.ll.ll.ll.ll.‘ll.‘ll.’. —
(&) — . * * —
T} L 2
C | PO | EICROCO Test @ BNL _
. n
S—.'; — ] ‘, - PCB Board = A2 (ASIC) —
T h reS h O I d = 80— . -- . Output = Datafile ]
. LU : '-: - Mode = Charge Injection :
O n S I g n a I | S E Input Charge = 0 [DAC] _
60— == PO FR- T —
[ seepo2 Do Z
o —  s=: PO3 - E =
40— : - n —
l— : ‘ - —
__ - s N0 —
| | . "
- . e : —
: 20— - o —
. . P5:sdev(CA) PG (CA) - | W]
pkpk( P2:: me »‘_; P3:m: 'T’L‘, i 9.0 46 — : an —_
‘ B : '. _
ol v L v 1 e fonedendandenden e e L
250 300 350 400 450

Threshold [DAC] 10



Measurements with charge injection, laser & source
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data analysis ongoing
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98.5

197 MHZz

98.5

0

98.5
1

Si5338
clock
generator
2
98.5 or
156.
3 290.25
PR 98.5
e . Hiaw U Bold - in final RDO
Y8y EPIC TOF ppRDO Board U.1 e e (S £33 - -
( &m oh 2004 ‘ N U e esd Radiation test
"‘ @ . ra— Final clock/fiber path
Direct clock (Option B)
test only
SFPext
(Option B)

LV power line of 4-5V, 4A
bias, 98.5 MHz input/output clock

Si5345
2 clock
cleaner

for EICROC2

197 MHz
for EICROC?2

Si53302

MGT225 (Main) MGT225 (Main
REFCLK1 REFCLKO
recovered clock TX clock

FPGA

MGT224 (test)
REFCLK1
REFCLKO (Radiation test)

clock  BToAsicaC )

fanout
buffer

3940 Mbs

3125 Mbs

98.5 _

SFP Main

MGT225
(VTRX+,FELIX; Option A)

SFP Test
MGT224
(Radiation test receiver)

Goal: Perform assessment of clock cleaning, clock phase stability, single event upset of FPGA,

clock cleaner & transceliver, insertion delay
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pre-prototyping readout board: clock cleaner

197 MHz
98.5 98.5 for EICROC2
0 2
197 MHz
98.5 , for EICROC2
1 Si53302
Si5338 Si5345 clock m
clock 2 clock fanout
generator cleaner buffer
2
98.5 or
15 .
3 _)6 2J
197 (loopbac
bl
e L T 98.5
STAR/BNL test
Final clock/fiber path MGT225 (Main) MGT225 (Main
Direct clock (Option B) REFCLK1 REFCLKO
test only ecovered clock TX clock :
‘ , et SFP Main
MGT225
SFPext FPGA (VTRX+,FELIX; Option A)
(Option B)
3940 Mbs
MGT224 (test)
] REFCLK1 SFP Test

REFCLKO (Radiation test) MGT224
(Radiation test receiver)

PLL output 98.5 MHz clock distribution
PPRDO test @BNL T] Histogram
Output: U2 PLL

Source: internal CLK

CLK freq: 98.5 MHz

Sample point: 10 M

Mooy FIOA ©< 7 ppRDO test @BNL
“Output: U2 PLL, 98.5 MHz

Seaj) |BOILIBA | Seoy oWl |

Clock jitter ~1.12 pS, deterministic jitter is 770 S 4000 ps




Quick summary of the current status

I Files EICrecon / src [ detectors / BTOF / (&
¥ main v Q .
Desktop ssedd1123 and Desktop ssedd1123 Changed sp... @B 52a9b33-5daysago Y History -
GEANT Hit
Q Go to file
This branch is 10 commits ahead of, 2 commits behind eic/EICrecon:main .
> [ docs
v [ src
Name Last commit message Last commit date ?
> [ algorithms S ) |
! egmenter module
|
> [ benchmarks .. | 5 , 0
v B9 detectors Y BTOF.cc Q Filter changed files v 196 EEEEE src/detectors/BTOF/BTOFHitDigi.cc (O] i (Nelghb()r flnder) i
i
i
> v Src -0,0 +1,196
B8 BOECAL [ BTOFHitDigi.cc - e e ! i
> BB BOTRK v BB algorithms/digi 1 + // SPDX-License-Identifier: LGPL-3.0-or-later | I ¢
Y BTOFHitDigi.h 2 + // Copyright (C) 2024 Souvik Paul, Kolja Kauder, | i O
> [ BEMC . S Y BTOFHitDigiConfig.h 3 Prithwish Tribedy, Chun Yuen Tsang : Dlgltlzatlon module I O
N BHCAL arre eighborFinder.cc [ —
[ v [ detectors/BTOF + // A general digitization for BToFHit from simulation & (TDC/ADC) 0 Q
I v @ BTOF [ BarrelTOFNeighborFinder.h [ BTOFHitDigi.cc 5 + // 1. Smear energy deposit with a/sqrt(E/GeV) + b + | 0 l
D BTOF - c/E or a/sqrt(E/GeV) (relative value) | 0 " m—
-cC [ CMakeLists.txt I [ BTOFHitDigi.h 6 + // 2. Digitize the energy with dynamic ADC range and | : O)
[ BTOFHitDigi.cc [ BarrelTOFNeighbor... add pedestal (mean +- sigma) i ; = —
o 7 + // 3. Time conversion with smearing resolution 1 0 U
(3 BTOFHitDigi.h [ BarrelTOFNeighbor... (absolute value) I :
D BarrelTOFNeighborFinder.cc v BB factories/digi 8 + // 4. Signal is summed if the SumFields are provided i i
- 9 + // [ |
[) BTOFHitDigi_facto... 10+ // Author: Souvik Paul, Chun Yuen Tsang L § "
11 + // Date: 18/07/2024
v [ global/reco 12 +
[ reco.cc <] e
14 + #include <bitset>
v [ services/io/podio 15 + #include <Evaluator/DD4hepUnits.h>
D 0 16 + #include <fmt/format.h>
JEventProcessorP... 17 + #include <vectors
18 + #include <TGraph.h>

Recently we finished first implementation of the digitization model for AC-LGAD-based BTOF

— work on other subsystems, FTOF and B0, is ongoing. 4



Task at hand

GEANT hit Digitized hit with charge sharing

TOFBarre LADCTDC.cellID = 18425352185949725020,

TOFBarrelRecHit.celllID = 18425070710973014364 18425070710973014364, 18424789235996303708,

TOFBarrelRecHit.position.x = 636.281799
TOFBarrelRecHit.position.y = 32.092369
TOFBarrelRecHit.position.z = 1077.500000
TOFBarrelRecHit.time = 4.2270@0
TOFBarrelRecHit.edep = 0.000184

18424507761019593052, 18424507782494429532...

TOFBarrelADCTDC.charge = 359, 785, 359, 34, 34
TOFBarrelADCTDC., timeStamp = 197, 194, 197, 215, 215 -




Put cell in local co-ordinate, find edges & neighbors

Original EICrecon:
* Pixels (cells) are populated in a regular grid from left edge to the right edge
* Original Y-direction pitch was 100 um instead of 500 um, X-direction no dead space

Y
k\
X \\
N\

Reality: | | cell with GEANT hit

* Dead space in the left and right edges.

* Dead space between every nth cell.
Finding the boundaries are next steps Neighbors Sensor boundaries Dead area

16



Input from sensor+asic+RDO

Amplitude (mV)

DC contact

o

-10

T - oxide | ’zhickness )
“ 20-50 um
—— ACTGAD [Time Res]
p++ (b)
Resistive layer Length:
[Spatial Res] (1Tcm-1mm)
[capacitance]

Pad width

AC pad #1 AC pad #2 AC pad #3

™ coupling Active

: I I | | | I I I | I | | | 1 I | : 140'

:’ ® e o o o _E

- = 120 }

= ePIC = 100 1

— simulation =

— = % 80 |

— ® AC-LGAD test beam data — 'g

E Normalized Landau Fit E E 60 |

= ] 40 }

— Ve arXivi2211.09698v2 = 2|

— [ ] ]

— ] ] | ] ] ] | ] | ] | ] ] ] | ] 1 | | 1 — 0 P=-. e e S, e

0 2 4 6 8 10 1000 -800 -600 -400 -200 O 200 400 600 800 1000
time (ns)

Centered position [um]

IPeak Voltage [mV]

EICROCO

180—
160 :_ EICROCOTest@BNL
E PCB Board = G1 (ASIC + Sensor)
140—  Output = Pre-Amp
B Mode = Charge Injection
120[—  Pixel P11
100—
. - 71.89/8
- ~453+1.876
- —0.1055 + 0.01644
40 —
20—
(”: | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 5 10 15 20 25
Input charge [fC]

Input from hardware on signhal shape, charge spread, pre-Amp output
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Energy & time to Peak (ADC) & TOA (TDC)

Event Generation & Transport: GEANT input: e A B A B B
1 . 0015 Analog Slgnal sirﬁglﬁion =
® 250k p~ particles ® Qgep: Area under analog signal 185" Analog signals placed -
— at ToF (from GEANT) —— 0.00009 GeV —
! 0.01F— - -
* 0GeV <p<30GeV * Analog signals placed at ToF - ' f ) —ooo020ey
. . 0.005 — —— 0.00027 GeV —
e °<® <180° Data-driven input: - .
0f- ~ -
g F T T T T 7] @ Analog signal parameterized - -
simulation _ . R . -0.005
3 g RTINS by Landau distribution = fio Q(fC) = —0.3875 x Q(DAC) + 24.911
Qd(?p - Ed(}p X q weee TOFbarrel_edep § . . —0-01:— —:
u ¢ Rlsetlme ~ 450 pS E MIP charge per unit energy * Edep E
2 ~ Charge carried by a MIP (fC) | , -0.015 - E ]
" 4= Energy deposited by a MIP (GeV) 3 ° Shape width ~294 Ps. i
u 0 2 4 6 8 10 12 14
. 1  # Voltage thresholds —— 8-bit ADC t(ns)
- 1 # CLK+START/STOP — 10-bit TDC >°* T T T T T ] :
B Energy . 0.04:_ wees START Signal ePIC -
1= — S ——— = wmm STOP Signal simulation
e o | "_" . " - " — o vV — Vi oPIC _ 0.03— —
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 o2k Vi = Viny + (n— 1) x Ymaz = Vins _epc = €, - 0.00058 GV -
Energy Deposited (GeV) - " e oocosGey 0.02}— - - Clock (T=25 ns) =
. - 0.01— Vt\M Vin 2 N — 0.015- f
g 1o* §_ sirﬁlt:llaciion _§ E E E E
8 E e S oF | ; o
B —_— N . -0.01 —
10° = — Torpaneldme 3 -0.01— Signal has crossed 4 voltage thresholds ~_|] g ]
- = - 7] -0.02— =
B ] _0.02— ADC — = -
102 = . — E E —0.03:— _:
Time (TOF) 3 <t BOADC S s TDC E
E E t (ns) t (ns)
L I H . Energy Deposited —Charge —Peak of Signal =>ADC
- T Y I A T Y Jd L 13
° ? ‘ © Time of light (ne) Time of Flight © Rise Time — Time of Arrival >TDC 18



Charge sharing: Pixel geometry

Charge sharing terminated
at sensor boundary

Charge is inductively shared
following a Gaussian in both

directions - A hit in Pixel H has a Gaussian-like distribution of charge
R vs distance (Charge shared inductively in sensor).

- The Gaussian peaks at the center of Pixel H, and has a
standard deviation in X and Y, that can be tuned
(Property of AC-LGAD).

 The maximum distance to which Pixel H can induce

1.6 cm

Pixel N "
charge can also be optimized.
Pixel H For hit at the boundary of
two channels, charge is
| distributed equally
—1- Pixel NN
-1 0 1

1.6 cm 19



Energy/ADC & time/TDC comparison

ADC and Eqep cOmparion TDC and ToF

7 12 =L L L L T T T

= ePIC § 10 L ePIC _

8 simulation O ; simulation -

— ADC | TDC _

—— TOFbarrel_edep 1 — TOFbarrel_edep |

10° =

Energy deposited - Time of Flight -

! [ + -

Charge deposited - Rise Time —

l 10 ! —

ll rT Peak of Analog Signal — | Time of Arrival -

.0 l r } -

LTk ADC - TDC _

H‘ ﬁ | il 10 ~

| I——— ] W : | | | :
0 50 100 150 200 250 0 50 100 — 150 — 200 20

ADC/Edep scaled to ADC TDC / ToF scaled to TDC

ADC and TDC distribution are final output consistent with GEANT input .



Other AC-LGAD systems

FTOF Layout (x-y view): Scenario 2 Row |modules| RB3 | RB6 | RB7 |AllRBs
0 0 1

— 1 3 1
Outer radius: 60 cm [l > 2 9 1 1 0 2
3 12 0 2 0 2
4 14 0 0 2 2 135 scintillating
5 16 1 1 1 3 crystals
6 17 1 0 2 3
7 14 0 0 2 2 Rails for
8 14 0 0 2 2 stallati
9 14 o 5 5 5 installation
Inner radius: 10.5 cm 10 17 1 0 2 3 & support
11 16 1 1 1 3
12 14 0 0 2 2
13 12 0 2 0 2 Readout &
14 9 1 1 0 2 cable space
15 3 1 0 0 1
Sum 184 8 8 16 32 4 Tracking layers
Total number of modules: 184*4 = 736 N Pixel AG-LGAD

Total number of service hybrids: 32*4 = 128

One square is one sensors

One square is four sensors

Pixel AC-LGAD
FTOF and BO digitization in progress ....
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Noise iImplementation

20 | | | |
EICROCO ASIC EICROCOTest@BNL EKS: 8(1);
15 + PCB Board = G1 (ASIC + Sensor) Pixel (1,2) - 45 4
UOUEUTNUUDUYUULUGUoIEoTuRy Output = Pre-Amp Pixel (1,3) =
:w?wgwnuun-ugwlupu?nu‘n g 10 |~ Mode = Charge Injection . 40 -
- 1 B Input charge 64 [DAC unit
g @ — 5L " 90 64l | 35 -
| = a- >
913% g. é a | | | |
' ):‘r\' \,s,.a-.,' § (G,,; O ‘a 30 ) -2 0 2 4
qo g ial §’=‘.‘.‘: : = g Time [ns]
(7ot g a . 25 -
g ol . EICROCO Jitter > 7 pS
= 4L Noise @ input charge = 63 DAC =0.5 fC _ 15 |
-20 ' ' ' ' 10 , ' ' , ,
-5 0 5 10 15 5 10 15 20 25

Time [ns] Charge fC

PLL output 98.5 MHz clock distribution Clock jitter ~1.12 pS

T] Histogram

1424

#0103

ﬁsmc TOF prDO Boal
1LY

® March 2024

&

Seaj |BOIJI9A | SeS| Swi] | |

2t
1rnn’?ﬂh’ﬁfﬁ€’}m%§§;\

Noise implementation in progress... -



Reconstruction: charge sharing

- - ' ' - - Xhit - Xrecon
Pixel Grid Pixel Grid Pixel Grid t - Xreco
P|Xe|Gr|d T T T T T T T T P_IerGnd O | | | | | | | P|xe|Gr|d 2
T T T T T T T T Entries v Entries 64 Entries 64 = 250 Highest Charge Pixel Center
=
50 Meanx  4.366 0 50 Meanx  -31.12 50 Meanx -30.72 |0 o Genter of Gravity
Mean y 8.739 0 Meany -30.57 o
Meany -18.55 Std Dev x | 5.884 StdD 6.141 —— Dynamic Threshold
Std Dev x | 9.992 [0 ) Vx| o 0
Std Devy | 9.555 B Std Devy | 9.965 B StdDevy | 6.23 200 ——— Mirroring + Threshold

0.0
- —0.0 i

0.0 i

0.0 0.0 150

0.0 -

(e)
|
o
|
llIII]]IIIII]]]IIII]]]]II

0.0 0.0
i i 100
0.0
0.0 2 R 0.0 il
0.0 0.0
00 5o 50
0 L Iy
0 50 50 0 50 =0 0 50 ﬂ'ﬂ
| _ Pixel Grid Pixel Grid N o = S T
Pixel Grid PixelGrd PixelGrid -15 -10 -5 0 5 10 15
PixelGrid Enties 144 | Entries 144 Xhit - Xrecon
Entries 144 .
0 Meanx  -38.02 50 Meanx -36.99 |0 _
Mean x 4.37 Mean y 876 Mean y _36.63 Yh |t YI’GCOI‘]
I\Sﬁtza[:eyvx _18.?2 O Std Dev x | 9.602 Std Dev x | 9.684 ﬂ 250_ Highest Charge Pixel Center
Std Devy | 9.999 Std Dev y Std Devy | 9.709 0 § B Center of Gravity
O -
00 0 ) O : Dynamic Threshold
200 | ———— Mirroring + Threshold
0.0 :
0 0.0 -
0.0 0.0 150 JL
0.0 -
0.0 -
100
0.0 :
0.0 -
O _50 AAAAAAAAAAAAAAAAAA 50_—
0 -
-50 0 50 R I
i fm]
Olllllllln lllllllll_l.rllllllll
: m =15 -10 -5 0 5 10 15
reconstruction In progress...
¢ Brookhaven
National Laboratory 23
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Summary of the package

ST harge Sharin
Digitization Charge Sharing
Energy deposited Distribute in neighbouring https://github.com/ssedd1123/EICrecon
(From GEANT) .~ channels based on a BTOFHitDigi.cc, BTOFHitDigi.h,
) Gaussian (tl’la|) within BarrelTOFNeighborFinder.cc, BarrelTOFNeighborFinder.h
: . Sensor boundaries in EICRecon/src/detectors/BTOF
Ch;rge (Trial Cluﬁgi”gnh% ?eséa%i’;huee;:enter 2 BTOFH1itDigi_ factory.h in EICrecon/src/factories/digi
(MIP) BTOFHitDigiConfig.h in EICrecon/src/algorithms/digi
E s DeteCtOr NOise Parameter Value
\/ . o Rise time (Landau MPV) 0.45 ns
Analog signal «---------cooanen Todowithinputfrom |

(Trial signal shape parameterized by
rise time & width from AC-LGAD test
beam, ASIC charge injection studies)

ADC (8 bit), TDC (10 bit)
(Using a 40 MHz clock)

ASIC testing data

Ext. parameters

Reference clock (T=25 ns)
Delay cells
Thresholds (Fixed gap)

ToF Quantization time

https://qgithub.com/ssedd1123/EICrecon/tree/main/src/detectors/BTOF

25


https://github.com/ssedd1123/EICrecon/tree/main/src/detectors/BTOF

Summary of Digitization in EICRecon

Importance:

e Crucial for realistic simulations driven by hardware parameters
Current Progress:

e Digitization efforts for BTOF (first AC-LGAD), FTOF, and BO are underway
* Package divided into two modules:

1.Segmentation

2.Digitization

Segmentation Module:

* Implementation of boundaries and gaps in sensors
* Ongoing understanding of geometry, gaps, and segmentation for FTOF and BO

Digitization Module:

e Charge sharing model based on published sensor data is implemented (with room for adjustments)
* Noise implementation strategy developed, awaiting execution

Next Steps:

 Assemble a team for reconstruction with digitized info. (including charge sharing and TDC with clock)
20



Calculate energy for each pixel.

» Currently in GEANT, each stave of TOF is one entire unit.

Particles arriving at TOF

Currently: Signal is registered
, Aacrossa wide length of the TOF



Solution: Write a class that interface with
UnevenCartesianGridXY to get cell boundaries

Particles arriving at TOF

Currently: Signal is registered
. across a wide length of the TOF

e ~—
-~

Ideal: Signal should be confined

0O one sensor

“Barrel TOFNeighborFinder”
class is developed to find all
cells In a sensor




Simulation results:
BarreITOFNeighborFinder is
able to find sensors for each hit




Current status

» Overarching goal: Develop
simulation software for TOF.

* Things to do:

1. Done: Put pixels in the right
place.

2. Done: Calculate energy for
each pixel.

3. Work in progress: Convert
energy deposition into pulse.
(Souvik is making good
progress)

* Beam
line




Event Generation & Transport

GEANT run specifications:
* Single particle generation (u-) using npsim in DD4HEP
 # Events = 250k

e 0 GeV < Particle Gun Momentum < 30 GeV
e (0° < Particle Gun Azimuthal Angle < 180°

Barrel ToF

/

Each hit deposits energy in a
BToF sensor at a particular
time (called Time of Flight)

Beam line

31



Energy deposition & Time of Flight

* Single particle generation (u-) using npsim in DD4HEP

c #
* 0

Counts

10°

10

-t

10

Events = 250k
GeV < Particle Gun Momentum < 30 GeV

0° < Particle Gun Azimuthal Angle < 180°

| I | | | I | | | I | | | I | | | I | | |
ePIC
simulation

[E ]=124.5 + 75.29 kEv
dep

- TOFbarrel_edep

E I I | I ] ] | I I I | I I ] | M I ] " ] E
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Energy Deposited (GeV)

For a hit, Qqep and the corresponding Time of
Flight are used to create an analog signal.

Counts

10°

102

10

-t

© uy

32

* Energy deposited (Eqep) is multiplied by a
constant factor q (~19/0.0001 fC/GeV) to
convert to charge deposited (Qqep) in a sensor.

B Charge carried by a MIP (fC)
1= Energy deposited by a MIP (GeV)

I | I
ePIC

simulation

[ToF] =2.6 + 0.5847 ns

- TOFbarrel_time

e R Il
8 10

Time of flight (ns)



AC-LGAD & Charge Sharing

* Multiple ePIC detectors will employ novel AC-LGAD
technology.

T T - | * Trial reconstruction using center of weight technique.

Charge sharing occurs along a -
2)|--- column, except for when the
hit is close to the next column

Strip NN

AC-LGAD sensors

7O\

Pixel Strip

For hit at the boundary
of two channels, charge | Strip H

is distributed equally - Strip N

3.2Ccm

- A hit in Strip H has a Gaussian-like distribution of charge
vs distance (Charge shared inductively in sensor).

Charge sharing terminated + The Gaussian peaks at the center of Strip H, and has a
standard deviation in X and Y, that can be tuned

prer s P s f
> at sensor boundary
, * (Property of AC-LGAD).

20 ~10 6 + The maximum distance to which Pixel H can induce

. . charge can also be optimized.
4 cm 33




Creation of Analog Signal

GEANT input:
® Qqep: Area under analog signal

* Analog signals placed at ToF

Data-driven input:

* Analog signal parameterized by Landau
distribution

® Risetime ~ 450 ps
® Shape width ~294 ps.

< |

é O [ ) e o o )

()

=

£ 10

o

£

-20 ePIC

simulation

® AC-LGAD test beam data

Normalized Landau Fit

. arXiv:2211.09698v2

IIII|IIII|IIII|IIII|IIII|IIII|IIII|III5I

> 0.02

0.015

0.01

0.005

IIII|IIII|IIII|IIII|

o

-0.005

-0.01

-0.015

-0.02

.t..r.'ts.e

Analog signals placed
at ToF (from GEANT)

| I I | | | | | | | | I |

ePIC
simulation

—— 0.00009 GeV
—— 0.00027 GeV

IIII|IIII|IIII|I1II|

Q(fC) = —0.3875 x Q(DAC) + 24.911

IIIII|IIII|IIII|IIII

© |IIII|III||IIII|IIII
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arXiv:2211.09698v2

Analog Signal, Voltage Thresholds & ADC

Voltage
Thresholds

Should be set at
the mean of noise

Vth i / Vth_max/1 0

Vin-2: 0.005
Vin n: Vin 2 + (N-1)*(Vin_max-Vin_2)/(28-1)

/ Nmax (fOr 8-bit ADC)

3<n<?256

# Voltage thresholds
crossed by analog signal

|

8-bit ADC

B | | | | | | | | | | | | | | | | | | | | | I | |
B ePIC _]
0.02— simulation —]
- Vi 1 Vin_4 —— E,,=0.00058 GeV  —
0.01— ) —
- l Vin_2 _
0 [=——— -
~0.01— Signal has crossed 4 voltage —
- thresholds -
~0.02 -
B \ 4 _]
oo 3-bit ADC =
: | | | | | | | | | | | | I | | | | | | | I | | | I | :

0 6 8 10 12 14

35
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Analog Signal, Clock & TDC

* Almost all hits occur in the 1st half-cycle of the

'

clock(f = 40MHz). When the analog signal S00c———— 1 1 T T T 1 T T T T T " T 5
: : — === START Signal —

crosses Vin_2 (Time of Arrival), the START 0.04 — Sir‘:":'gim —
_ . _ —  wmm STOP Si -
switch flips from 0 to 1. When the clock flips 0.03F- iy =
from the 1st to the 2nd half-cycle, the STOP o =T i:;:::s:ev Time of Arival E
switch flips from 0 to 1. = ' Vin_2 s
0.01 -

Vi b/

 (Consecutive delay cells propagate the START
sighal (140 ps delay) and the STOP switch (120
ps delay) in parallel until the START switch ~0.01
crosses the STOP signal (Mathematically, | _0.02
START-STOP| < 20 ps).

i

00000000000000000000000000000000000000000000000000000000000

‘

HRRRRANA

Tstart + Nn*140 = Tstop + n*120

o b b bbb
o

\ -0.03—
Quantization time of -0.04— 10-bit TDC
ePIC ToF detector N | | | |
_005 1 1 1 1 1 1 1 1 1 1 | 1 | | | |
0 20 40 60 80
t (ns)

# Times START/STOP switch moves — 10-bit TDC
36
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Summary: Digitization Model for AC-LGAD sensors

Energy deposited

l

Charge deposited

l

Peak of Analog Signal

l

ADC

Time of Flight
+

Rise Time

'

Time of Arrival

'

TDC

Digitization

Energy deposited
(From GEANT)

v
Charge -~
(MIP)

n @
[ &

, X
\/

Analog signal «---------

(Trial signal shape parameterized by
rise time & width from AC-LGAD test
beam, ASIC charge injection studies)

I
B EEEE R

¢
ADC (8 bit), TDC (10 bit)
(Using a 40 MHz clock)

37
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Charge Sharing

Distribute in neighbouring
channels based on a
Gaussian (trial) within

sensor boundaries

(Trial clustering using the center of
weight technique)

Detector Noise

--------- To do with input from

ASIC testing data

Ext. parameters

Delay cells
Thresholds (Fixed gap)



Energy Deposition & Time of Flight

GEANT run specifications: g F PR
g simulation B
. . . . . o E ]1=124.5 +75.29 KEv
* Single particle generation (u-) using npsim 10° Few S S
— arrel_edep —
 # Events = 250k -
* 0 GeV < Particle Gun Momentum < 30 GeV 107 —
* 0° < Particle Gun Azimuthal Angle < 180° -
10 -
I’E, 10° = " epiC — — E
g = simulation = - .
© - [ToF] = 2.6 + 0.5847 ns — i |
- B 1= =
10° — = TQOFbarrel_time __ — T T | I I I I -
— — 0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
- - Energy Deposited (GeV)
10° =
- - o Every sample of energy deposited is
10 = = converted to charge for digitization.
- - o Corresponding time sample (Time of Flight)
e | R I e IS used as input for TDC calculation.
0 2 4 6 8

10
Time of flight (ns) 38



Analog Signal, Voltage Threshold & ADC

 Energy deposited (Edep from GEANT) is multiplied by the realistic ™ **F 'Ar']a;oé ;ig'n;“s' pllalcel L e
AC-LGAD gain (~80) to give the area of the analog signal. o at ToF (from GEANT) __O:;O:GV_
* The tiise(~450 ps) and the standard deviation(~294 ps) of a real . ' Edep 000020 Gev -

0.005

o
o
o
O
N
~
Q)
<

AC-LGAD signal (obtained from ASIC charge injection studies),
and the area (calculated from Egep) are used to parameterize a vons
Landau-like analog signal. o

o

OMMTTTT TTTI T TTTI T TTT T I TT T[T TTT [ TTTT[TTT]
RN LA R RRRR LN R

-0.015

Should be set at

-0.02

the mean of noise 2 II4I§'6' 8 "10|'|12'|'1:()
) ns
O Vin 1; Peak — ADC
8) O % /Thmax/10 > ~ AL L L L L IR L T T o
CtU % Vin-2: 0.005 - ePIC
e 9 . 0.02— simulation —:
= = Vin n: The + (n-1)*(T hmax'ThZ)/(28\'1) - Vin - Vin_4 i =000058GeY
001 | Vin_2 E
3<nhn<?256 Nmax (for 8-bit ADC) oF \ l -
_o_of_ Signal has crossed _f
 The number of voltage thresholds crossed by the analog signal - 4 voltage thresholds =
(1 < n < 256) is converted to a 8-bit ADC code. s v | E
* Will be updated according to latest EICROC results. 0031 S-bi ADC =
0— | 2I - 4|1 — é — 8I — 1|0 — 1|2 — 1I4 _39

[
_—
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Analog Signal & TDC

* Almost all hits occur in the 1st half-period
of the clock(f = 40MHz). When the analog
signal crosses Vin_2 (Time of Arrival), the
START signal flips from 0 to 1. When the
clock cycle flips from the 1st to the 2nd half-
period, the STOP signal flips from 0 to 1.

* Consecutive delay cells propagate the
START signal (140 ps delay) and the STOP
signal (120 ps delay) in parallel until the
START signal crosses the STOP signal
(Mathematically, [START-STOP| < 20 ps).

Quantization time of/

ePIC ToF detector

* The number of times the signals move (1 < n < 1024) is converted to a 10-bit TDC code.

Time of Arrival —— TDC

S 0.05
0.04
0.03
0.02

0.01

-0.01

|llll|llll|llll

|
=== START Signal

w== STOP Signal

Clock (T=25 ns)

—— E,,, = 0.00058 GeV

l 1 1 I l I I I I

ePIC
simulation

Time of Arrival

1111 lllllLllllllll'llLL

ooooooooooooooooo

RN LA

-0.02 — _:

— Tstart + n*1 40 = Tstop + n*1 20 =

-0.03[— —

_0.04F 10-bit TDC 3

_0 05 : 1 l 1 1 | 1 1 1 I 1 | 1 I 1 :
=70 20 40 60 80 100

t (ns)

N
(@)



Time of Flight & TDC Comparison

ﬂ | I I I | I I I I | I I I I | I I I I I I I I I _H
c
S 404 — . ePIC _
10* | -
S " E TDC and ToF in agreement simulation =
[ TDC _
I — TOFbarrel_edep
10° = =
10° = =
10 =
: I I I I I I I I I I I
0 50 100 150 200 250

TDC / ToF scaled to TDC 41



charge vs distance.

e Strip H induces charge to the centers of Strip N,
NN, NNN, ... (depending on the number of pixels

in the sensor) in a Gaussian mannet.

has a standard deviation in X and Y, that can be
tuned (Property of AC-LGAD) and optimized.

* The maximum distance to which Pixel H can
induce charge can also be limited.

 Ahitin a pixel sensor also has a Gaussian-like
distribution of charge vs distance, but is
symmetric in X and Y, for the same standard
deviation in X and Y.

The Gaussian peaks at the center of Strip H, and

Strip N Trial Clustering

Ox = Oy = 0.8 Entries 1300000

@\\\\\\\\\\\l

Mean x 0.06267
Mean y 0.1575
Std Dev x 1.189

StdDnvy 0.7663
[ ]

ePIC
simulation

Strip NN

3.2cm|°

Asymmetric
(Gaussian
Contour Lines

4 cm

A hit in Strip H has a Gaussian-like distribution of Strip H (Using Genter of Weight technique)

—0.22
— 0.2
—0.18

- —0.16

— 0.14
0.12

0.08
0.06
0.04
0.02

Each AC-LGAD strip sensor has 8X4 = 32 channels

Barrel ToF — Strip Sensor

Endcap ToF —> Pixel Sensor
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Charge Sharing (Geometric effects)

Case-1

ePIC
simulation

ePIC
simulation

Ox = Cy = 0.8

@ rueHits
O Reconstructed Hits

Nearest neighbours

* The position of the hit pixel and the number of charge-sharing neighbours has an effect on the
reconstruction accuracy of the hits.

* Reconstruction accuracy decreases as the pixel hit position changes from central to corner.

* Central pixel has 8 nearest neighbours, edge pixel has 5 nearest neighbours and corner pixel has 3
nearest neighbours.

* Reconstruction accuracy for Case-2 is greater than that for Case-1.
43



Charge Sharing (More geometric effects)

(p] 35 I I I I I | | | I | I I I I | | | | | | | | | | I e
2 r— —
0 — ePIC _
2 an simulation _
- =y CoOrner pixel hit, Nearest neighbour sharing T
c,.) - Edge pixel hit, Nearest neighbour sharing —
O 25 _ | | —
9 e Central pixel hit, Nearest neighbour sharing ]
_CCU B e Corner pixel hit, Neighbour sharing \ ‘ \_/ T
O - =l Edge pixel hit, Neighbour sharing —
o 20 —
h = Central pixel hit, Neighbour sharing —_
@ [ Ao —
& e\ f -
- _
Z —
d p—
3 —
d —

I ] ]

2 2.5
Sigma (in units of Pitch) 44



Charge Sharing (Reconstruction Technique Comparison)  courtesy of Tommy Tsang

2.0 - ® true location D 2.0 -
® weighted average O -
i D O _
1.5 =S E 1.5
D e
1.0 - - O 1.0-
o 8
0.5 - é C 051
o,
0.0 2. "(:) 0.0
| = S5
-
— 4+
—0.5 - — o —0.5
g C
3§
=. S
—1.5 - LCI ] —-1.5
D =
—2.0 - —-2.0
_5 1 0 1 > —2 ~1 0 1 2
Reconstruction accuracy Reconstruction accuracy

remains constant with o. worsens with increasing o.



Summary & Future Work

Digitization Charge Sharing - do
= q T Distribute in neighbouring |
ne(rF%/m GeEFA)ﬁTS)' © _»  channels based on a 1. Delay correction.
- Gaussian (trial) within 2. Resolution studies with
: ) sensor boundaries -
v ,x" S (Trial clustering using the center of reconstructed O/p and dlgltlzed
Charge . /'/ weight technique) O/p
MIP .
( . ) 3. Effect of different charges on
vx Detector Noise charge-sharing.
Ana|Qg Signa| L. [AEEEERNS To do with input from 4. Incorporatlng realistic noise.
(Trial signal shape parameterized by ASIC testing data 5. Implementation of local work on
rise time & width from AC-LGAD test o . . . .
beam, ASIC charge injection studies) digitization in ePIC simulation
I Ext. parameters framework.
v Reference clock (T=25 ns)
ADC (8 bit), TDC (10 bit) Delay cells

(Using a 98.5 MHz clock) Thresholds (Fixed gap)



