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LGAD sensor

® |LGAD(Low Gain Avalanche Detector), silicon sensor
® Future particle and nuclear physics experiment have adopted LGAD

sensor for fast timing detector.

CMS for HL-LHC

| Barrel EM Calorimeter |

MIP Timing Detector (MTD)

New Endcap Calorimeters l v Barrel Timing Layer: LYSO Crystal + SiPM

v Endcap Timing Layer (ETL):
Sensor: Low Gain Avalanche Diode
ASIC: Endcap Timing Readout Chip

| v 30 ps of timing resolution

DC-LGAD

"4

Forward-TOF (FTOF)
1.84<n<3.61

ePIC for EIC

Barrel-TOF (BTOF) ,
-1.33<n<1.74 :

ePIC Tracking System




® |GAD has a thin gain layer making high electric field

 High electric field makes high signal rise time
and improves time resolution ; ~

LGAD sensor

« Gain:~20, <100

« Fast developing technology

DC-LGAD
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High-Luminosity LHC (aka Phase-Il) upgrade

Ambitious goal: L, ,> 2500 fb'in 9 years of operation (for a total delivered luminosity of 3 ab~")

Bunch intensity Peak lumi Pileup (p) Int. lumi / year
[protons / bunch] [cm—2s~1] [fo=1]
LHC design 1.15-10" 55 1.10% 23 30
LHC today Run3 1.6 - 10" 60/18 2.2-10% 64 120
HL-LHC Run4 2.2-10" 15 5-7 - 103 140-200 up to 300

Expecting 140 — 200
simultaneous interactions
per bunch crossing (pileup)

Increased radiation hardness
(up to ~10 MGy)




Why Timing is important at the HL-LHC?

HL-LHC’s high pileup requires unprecedented

. Simulated Vertices
/\05 3D Reconstructed Vertices new detectors technologies
—&—— 4D Reconstruction Vertices
—+— 4D Tracks = .
o4—Vertices overlap in z posmon aeoops Addition of
| [ separated in time ’!' w MIP Timing detectors (MTD) to CMS detector
C|o02—
S - 4 +
g r +4 ﬂg # REE R i ‘ | = 4D vertexing/tracking enables new capacity to
[ 0: m L A o ¥ i mitigate pileup, enhanced detection of VBF/LLP
.o.2:— 41“ b } }d’l W {f*’“ ﬂ* signatures, Particle Identification...
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CMS Detector and MIP Timing Detector

| Barrel EM Calorimeter | MIP Timing Detector (MTD)

New Endcop Calorimeters | v Barrel Tlmlng Layer: LYSO CI'YS'l'Ol + SiPM

v Endcap Timing Layer (ETL):
Sensor: Low Gain Avalanche Diode
ASIC: Endcap Timing Readout Chip

| v 30 ps of timing resolution
=

. Maintaining “Run-2 performance”
See Jeongeun'’s presentation D1.02
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CMS MIP Timing Detector at a Glance

A NEW MIP Timing Detector will be installed for precision timing of minimum ionizing particles

BTL: LYSO bars + SiPM read-out

> TK/ECAL interface ~ 45 mm thick

> |n|<1.45 and pr> 0.7 GeV

> Active area ~ 38 m? ; 332k channels -
> Fluence at 3 ab™: 2><1014 Neg/CM? R =S

16 SiPM channels / array

ETL: Si with internal gain (LGAD)

= On the HGC nose ~ 99 mm thick
>1.6<|n| <3.0

aver between tracker and calorimete & Active area ~ 14 m?; ~ 8.5M channels
e resolution o Op = Fluence at 3 ab™: up to 2x10"° nyy/cm?

b o= “'2//7/

L BTLTray:

BTL detector

72 trays: 2() x 36(p)

9
et S BTL time resolution Y- 20
< 40 (60) ps/track (at EoL) < 50 ps/hit = 35 ps/track (until EoL)

ETL time resolution



How better can we do with MIP timing detector?

Table 1.1: Expected scientific impact of the MIP Timing Detector, taken from Ref. [8].

Signal Physics measurement MTD impact
H — 97 and +15-25% (statistical) precision on the cross section | Isolation and
H—4leptons | — Improve coupling measurements Vertex identification
VBF—+H— 17t | 4+30% (statistical) precision on cross section Isolation

— Improve coupling measurements VBF tagging, pT'
HH +20% gain in signal yield Isolation

— Consolidate searches b-tagging
EWK SUSY +40% background reduction MET

— 150 GeV increase in mass reach b-tagging
Long-lived Peaking mass reconstruction By 1 p from timing of
particles (LLP) | — Unique discovery potential displaced vertices

so as to achieve a level of performance comparable to the Phase-1 CMS detector at pileup of
about 200. The integrated luminosity x efficiency is increased and this gain is equivalent to
collecting data for three additional years beyond the ten year run planned for the HL-LHC.

CMS-TDR-020



Korea CMS(KCMS) MTD upgrade Group

~ 30 professors, Phd researchers, engineers
and students

5 institutes

- Kyungpook National University

- Korea University

- Seoul National University

- Chonnam National University

- Gangneung-Wonju National University




What Korea CMS MTD group is doing

CMS ETL development
- LGAD test

- Module assemble

- Beam test

General LGAD R&D for future experiment
- TCAD simulation
- Co-work with Korean foundry ( ETRI )



Roadmap of Sensor QA/QC

Wafer production —»> Sensor on-wafer testing:

- Optical inspection QA/QC procedure and Korea contributions

+ Sensor Quality check I
_____________________________ *L
Wafer post-processing:
.- UBM = Dedicated Market Survey is ongoing
o Korea-CMS : :
Thinning (if > 300um) : . Korea is responsible for
* Back metallization contribution - Wafer post-processing (25 % of total, 8K)
bicing in the red box « Hybridization (50 % of total, 16K)
(1Ix1, 1x2, 2x2, 5x5, 16x16)
I I —l = ETL QA/QC testing sites v
Test structure testing (< 10 %): | | Full size sensor testing: Hybridization
* Optical inspection * Optical inspection LGAD + ETROC * KNU, KU, CNU Korea
- Sensor Quality check » Sensor Quality check (bump bonding) ::Ztrﬁi;%rltos’:aly USTe China
'.Gain, single—p?d IV/CV * total IV, \{GL . ! ") Helsm’ki’ Finland ’
High-level testing (<1 %) * Pad IV uniformity, Hybrid module
> Ui [EEe Lo, :_ntelr(pad re&stance,b.l. assembly sites - A fraction of the diced sensors
* Collected charge eakage current stability (BU, FNAL, Torino, ICFA) will be re-tested in Lab
. !ntecrlpatq re:w:a(r;i 5. post) * the remaining part will go
* irradiation tes VS. . .
Test beam|(CERN,DESY directly to hybrid/assembly
KOMAC) 10




FBK UFSD Sensor Design and Specification

-
- ( FONDAZIONE
UFSD-K1 and UFSD-K2 : BRUNO KESSLER

UFSD-K layou
a4

6 inch (15.23 cm)

x 21 full-size sensor
per wafer

16x16 Type9 GR3_0
(21 x 21 mm?)

1.3 mm? pixel pitch

\

Carbon-Boron co-
implantation
in the gain layer

!

Type Nominal inter-pad Region A/B

width [pm] design
9 38 2 p-stops
10 49 Grid guard-ring
T9 T10

e (@)@
@) =)=

2 p-stop Grid guord.ringr

J.Y. Kim (KNUY's talk KPS 2025 Spring
11



Proton Irradiation Campaign in KOMAC

-, Siping JILIN Yanbian Korean
% R A

utonomous 4
Prefecture « Bnanug

KOMAC (Korea Multi-purpose Accelerator Complex) . /“’/ A

© TR23 (20 MeV versatile beamline)

procucts 20 MeV under

© High-dose proton beam research facility © Specifications of the TR23

. Pyongyang
et

/

P caand

e

S. *h Korea

For both room, beam flux would be 1E10-1E11/pulse ®
= Depend on the beam status Gyeongju
=>»| Beam size: 30 mm ¢
- insure the fluence within 10% uncertainty
- Outside the area beam is still active
=> only use single sample per each irradiation

With 100 MeV beam, deposited dose is so small and
expect larger irradiation time

= Decide to us el 20 MeV beamline (TR 23 ) I 2025 KPS Spring meeting; Daejeon, Seonghak Lee
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IV, CV Characterizations of LGAD (test array)

KEITHLEY 2470 KEITHLEY 6487
Sourcemeter Picoammeter

supply negative HV “Supply negative V

read total current (back)

. Guardring - ground
Guard ring - Ground read capacitance
| LCR-LO = |
- A Groumding Wi A £ L L
Pad - Current read \ 5 P ]
-@ CATINPUT T \; /
Wafi Back plane - Bias voltage supply ) o KEITHLEY 6487 D. ~
" \g namconme e | © © g | Prooammeter L water
Dark box read pad current of DUT
2
I-V measurement C-V, 1/C4%-V measurement
= 1074 T T 1e-10 1622
= CMS test array 1x1
c Preliminary ]
o 105 . “1
5 75
ot UFSD K1 : g
T
107 = % 50 S
HESERRS === )
] F2
] 14 :
10-° e Vg ~-23V
after post-processing . o
-10 I I ) | |- | 1 i
107% 100 200 300 200 500 3 s 5 = P e s

Voltage [V] Bias Voltage (V) 1 3



Static Test — IV/CV characteristic of LGAD

Static Test with Probe Station -V measurement C-V, 1/C2-V measurement
» After post-processing AII results @ room temperatu‘reg
£ "ITest array 1x1

Capacitance (F)

UFSD K1 (pre-rad)| !

102
UFSD K2 (pre-rad) ) ,
10- 700 200 300 200 500 : - T - - % p. % .
Vo"age [V] Bias Voltage (V)
310-2§.H"...‘_..‘_H.‘,H.,.H‘ = ‘ , , | [
= F —— UFSD-LF Wafer2 Pre-Irrad ~ 10
S gl - UFSD-LF Water! neg = 1.0e+15 1 8w .
S E —— UFSD-LF Wafer! ngg = 1.5e+15 S
O - —— UFSD-LF Wafer7 nq = 5.0e+15 g
10~ jo
F Y]
g O

10-6 LF (pl’e-l’ad). g 10_” | VGL(DP)= 22, 37, I} 46 V a
1 —— UFSD-LF Wafer2 Pre-Irrad ]

1077 (1.5e15 n_ /sz) = 3 UFSD-LF Wafer! neq = 1.0e+15

I —— UFSD-LF Wafer1 ngq = 1.5e+15

2 I o

- (5 0e15 n, /cm ) —— UFSD-LF Wafer7 neq = 5.0+15
E ey i e B I O Y R R B
0 100 200 300 400 500 500 0 10 20 30 40 50
Bias Voltage (V) Bias Voltage (V)

k(LV) = (A1/AV)X(V/I) > 20
T.W Kim and J.Y. Kim (KNU)’s talks (B1.04, P2-pa.012) KPS 2025 Fall
14




High-level Test — Gain/Collected Charge/Time Resolution

TET scan‘ging system I/

|

. emlaser Source
= 1065 nm —
g, -
a7 Stage. | Amplifier
) S (ghddec 40db)

Transient Current Technique (TCT) system from Particulars

KNU Test Bench with Laser (Room Temp)

Zasl” T T =50 T T T T
% 35 + 4 UFSD-LF Wafer2 Pre-lirad 3457 4 UFSD-LF Wafer2 Pre-Irrad E
= pre-rad UFSD-LF Wafer1 1.06+15 nygfem? | & UFSD-LF Waler1 1.0e+15 negfem?
& 4 & UFSDLF Wafer! 150415 Negfom? ‘5" 40 + UFSD-LF Walert 1.5e+15 neg/em?
-_lgzs b ¢ -4 UFSD-LF Wafer7 5.0e+15 nggfem? - 35 4 UFSD-LF Wafer7 5.0e+15 neg/em? -
= @
& 2ol ¢+ E g 30p IR (1065 nm) Gamma-Source -
t 3k T=+25C :
e +¢* ] © oPre-rad | ]
¢ .
10 ] 15} o E
L)
L 5.0e15n,,/cm? o e o 8IC 5
5 eq i3 ""'. ' 5.0e15n,,/cm?
of . o T
- - . 100 200 300 400 500 600 700
200 300 400 500 500 0
Bias Voltage (V) VOP Bias Voltage (V)
Gain (LGAD/PIN) vs. Bias V Collected Charge vs. Bias V

T.W Kim and J.Y. Kim (KNU)’s talks (B1.04, P2-pa.012) KPS 2025
Fall 15


http://particulars.si/

ETL Testing Site: KNU Clean Room

1 [H
h == il
Wire Bonding Machine / Probe Station

Air shower
* We built dedicated clean room (class 1000) as an ETL tesing site.

¢+ This room will serve a QA / QC site during entire ETL production period.

16



Wafer post-processing and Hybridization

1) LGAD wafer post-processing Courtesy J.H. Lee (KNU)

P+ gain Layer. P bulk

Wale(
. asslvatlon
\n. su
Spindle axis

Al Metal deposition

LGAD wafer e bt o e T g I e e :
from FBK | UBM Wafer ey :

Il (Under Bump ‘ Back-grinding ‘ Metal deposition ‘ Wafer dicing ‘,
: Metallization) (550um > 300um) |
I |
! i s
' - * Al pad
|
|
|
|

Test structure Full size sensor

attachment bonding measurement assembly

I

!

Solder ball * Flip chip ‘ Electrical * Module |

+ ETROC wafer (TSMC) :
i

s ““ | Full size ASIC chip

Boending force
444343333

2) Bump bondmg and module assembly 17



Test for full size LGAD (16x16)

New setup with probe card, switching matrix, Jig system, and DAQ system in development at KU.
To efficient QA/QC testing for full size LGAD 16x16 (256) channel:
SW update is ongoing : automated, scalable, and remotely controlled daq testing system

Probe station Switching matrix

Ribhhaon
cables

Raspberry
Pico

Daisy-chaining GPIB to USB

probe card

nso@ck -

USB cable
Custom-built switching matrix enables selective readout of any pixel w/o manual reconnection H.Y Jeong (KU)’s Talk (B1.07) KPS 2025 Fall

18




ETL hybrid Module assembly(FNAL)
Mechanics(CERN
Gantry (Fermilab Sidet)

[ , . N ,_v‘ AEROTECH Robotic Gantry

"+ - Precision placement at 10
r,_p

i)
= K SCARA Robot (IFCA)

Dongyub L .
| ALTES : Hanseul Lee(CNU)

= ‘_" V A, .
-

Enthalpy [J/kg]

Tube temperature




Test Beam Facilities

e
\
|
7
....... ) AWAKE
Secondary 2 " g
: Target o,
Primary " M%ls
Target Y —— 1 T ISOLDE
: b~ lm

\\

" DESY I

....................

CERNSPS - ‘i ==

D LEIR ity CEEAR
® Particle type: electron beam @ Particle type: hadron beam (pions, protons)
® Energy 1-6 GeV ® Energy 10 — 205 GeV
- Used parameters: - Used parameters:
® Energy = between 3 GeV and 5 GeV ® Energy = between 100 and 120 GeV
® Rate = ~1k particles/s-cm3 ® Intensity= ~108 particles per spill (4.8s)
® Beam Size = ~12x12 mm? ® Beam Size = ~20x20 mm?

20



Wonderful team — Never develop alone!

DESY TB 2025 Mar
4 ;,E a: ?:: i

= |l

o \ 3
N e >
L 1 3
/ J
B ) ‘
-

{CERN SPS TB 2025 Sepj




LGAD R&D
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LGAD Design and Fabrication in Korea

Design and fabrication of the LGAD by KCMS group (Photomasking ongoing)

Design & Simulation

Aluminum
Contact Oxide
X -stop n-type
-gainlayer D+ layer JTE P
1 ) (Junction guard-ring
Termination
Extension)

p-type Epitaxial layer thickness: 55 pm

Synopsys Sentaurus

TCAD Simulation

I-V curve I-time (Response)

| atBV-200 V

Gain 310

Total Current [A]

*._Gain 10

7 < 2.6x102cm2
Lo -

foltage [V) Time (s]

* TCAD: Technology Computer-Aided Design

Gu

Photomask design

Varying JTE width
- 5

6-inch wafer layout

# of sensors
per wafer

Sensor
setup

1x1 320

1x2 480

2x2 180
16x16 4

1‘f

ng setup: GR1 GR2 GR3

|:|F Ilyd ed reticle DP l ally dice dl:‘Nond\(ed(1G16)

Photomask
design

6 layers

by H.S. Ahn (KNU)

Fabrication

ETRI

National Semiconductor
R&D Policy Center

KCMS is collaboration with
ETRI (3t 241 A 74) for the
fabrication of LGAD using
photomasks & wafers

Full depletion voltage ~ 25V
Breakdown voltage ~ 250V
Gain ~ 10
Timing resolution < 50 ps

K.M. Lee (KU) and J.B. Yang (KNU) talks (B1.05, B1.06) in KPS 2025 Fall

23



Plan of LGAD R&D

« LGAD design
Based on the UFSD design
TCAD simulation for optimization of the design

* Photomask
The draft is almost ready

* Process design
The draft of run-sheet is almost ready

» Fabrication plan @ ETRI
Fab-in by the end of November

+ Goal
Working LGAD
AC-LGAD, Large area LGAD . ... = Future experiments & other applications

24



e CMS will deploy new precision timing detector for 4D vertexing reconstruction;
K-CMS is leading major pieces of the high-radiation Endcap Timing Layer (ETL)
effort.

e K-CMS team spans the almost full R&D chain: Sensor post-processing,
UBM/bump-bonding, hybrid/module assembly, QA/QC, irradiation campaigns,
and test-beam validation.

e Also, K-CMS wants to design and fabricate LGAD sensor in Korea, which
finalizes the full LGAD R&D process.

e The full chain of LGAD R&D process will be used to participate other future
experiment.

25



Thank you very much for hearing !

CMS for HL-LHC

I Barrel EM Calorimeter ]

MIP Timing Detector (MTD)

I New Endcap Calorimeters | v Barrel Timing Layer: LYSO Crystal + SiPM

v Endcap Timing Layer (ETL):
Sensor: Low Gain Avalanche Diode
ASIC: Endcap Timing Readout Chip

4 v 30 ps of timing resolution

DC-LGAD

4

) |
Forward-TOF (FTOF)
1.84<n<3.61

ePIC for EIC

Barrel-TOF (BTOF) ,
-1.33<n<1.74 o

-
Central Detector | | |

AC-LGAD



Back up
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Radiation damage study of LGAD

LGAD must be qualified up to ¢ ~ 1.5 — 2.5 x 10" n_,/cm?

(innermost ETL); Run cold (-25°C) with bias V margin;

Radiation damage mechanism:

Acceptor removal deactivates p+ doping in gain layer
= Degrading gain, collected charge Q

p*(®@)=p

3 . @ €a® = Acceptor removal coefficient

Strategies to recover the gain loss after irradiation

Carbon co-implantation (slows removal)
Raise bias V (keep E-field < 11.5V/um to avoid SEB)

ETL Targets:

Q > 15 fC, ~40 ps for unirradiated (pre-rad) sensor

Q > 8 fC, ~40 ps for irradiated sensor up to the EoL
Uniformity & Safety: maintain Q > 8—10 fC at EoL, out of
SEB region (< 605 V for 50um thickness).

* Single-event-burnout (SEB) from rare, large ionizing events where
excess charge leads to highly localized conductive path

Time resolution [ps]

Collected charge [fC]

CMS DP-2024- 035

FBK UFSD4 '
7o-(W|th Carbon)

65+ .
sotlels ncq/cm~
S5

5°pre-rad

40 r40ps

35{
L -
25f
20+
15+

101
5k

1.5e15 neq/cm2

CMS ETL Prellmmary

-.- FBK w7 pre-r. ad
—&- FBK W17 pre-rad
| FBKW7 le15 ngJem®

A FBKW17 1e15 nplom?
4 FBKW7 15e15 ng/em® o
—&- FBKW171.5e15 nogfcm?

| i i i A i i A 1 A 3 " |
0050 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

45+
40+
35r
30+
25r
201

15F15fC
lor 8 fC

V bias [V]

pre-rad

1e15 nm/cm2

CMS ETL Prellm/nary

-.- mmva rad
—- FBK W17 pre-rad

M FBKW7 115 nJem’

—&- FBKW17 1e15 ng/iem®
4 FBKW7 15€15n,/
&~ FBKW17 1515 njem? 7|

Epu > 11 V/pm]

2
5e15 n.qlcm

5k

oL

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

V bias [V]

SEB region|



https://cds.cern.ch/record/2901314
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https://cds.cern.ch/record/2901314
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HL-LHC timeline

550 fb-' pp
2021 2022 2023 2024 2025 2026 2027 2028 2029
3[FMAM 3 J[ATSIOINID| 3] FIMAIM 3| 3] ATS|OIN[DY 3| FIMIAIM 3 3] AISIOINIDY 3 FM{AM] 3] [ ATS|OINID} 3] FIMAIM 3] 3 [ATSIOINID| 3] FIMAIM 3| J[A/SIOINID| ) FIMAIM J JI»ﬁoINID.\Irl’MlAIMIJIJlAlsl‘olulnJ|F'M:AMJ'J ASIOND]
\ Run 3 1 Long Shutdown 3 (LS3)
We are here
|H||_LL“ Viveiirn
2030 2031 2032 2033 2034 2037 2038
J[FMAM 3 ASONDJFMAMJpﬁsioINIDJFMAMJJA: J[FIMAMJ[J]AlS J[FMAMJ[J[AlS|oND| AM 1[J]AISIOND J[FMAM 3| J]AISIONIDY
HL-LHC —» ‘ Run 4 LS4 ‘ Run 5
|H|||| ilirbvaloceni
2039 2040 2041 3000 fb~! pp
S[FMAM SISO [FMAMI[3[AISIo] Power of HL-LHC together with upgraded
e T okl sop detectors & ML/AI: huge scientific opportunity
EYETS Sl ey for our field — complementary in many ways
Hatdware comimissioniog to a future e*e- collider

Total delivered luminosity (ATLAS, CMS): 498 fb~"

500 Reference
CMS = 2010.7Tev. 45057 Hewrenee
_ m— 2011,7 TeV, 6.1 10 |
;3 w00l — 2012, 8 TeV, 23.3 ib™ 2024
= — 2015, 13 TeV, 4.3 0™ |
= 2016, 13 TeV, 41.6 b | | | 2025
§ 2017, 13 TeV, 49.8 it~ | |
= 300 fomemmmmeeeeees w2018, 13 TeV, 67.9107"  —--- (— LHC design value per experiment 300 fb / +
3 — 2022, 13.6 TeV, 41.5 0" | | - j
3 — 2023, 13.6 TeV, 32.7 o' | | |
® 200| — 2024, 136 TeV, 1222 fb" | 2018 | | .r/ 2023
I 2025, 136 TeV, 1076 o™ | / | |
= 1
= | | 2017
£ 100} | | / ]
= | 2015 | | |
2010 201 2012 Long Shutdown 1w | Long Sru‘éduww 2 | Mid 2026: Begin of
0 T -/F. i L | | | L | | | | L | Long shutdown 3
2‘3“ 201‘7. 2“\3 ,LQ\A ,LQ\E: 2“16 20\‘! 20\3 20\9 ,1320 ,10'1\ 2012 '1“@ -;_u’l“ 'LQ?;‘

Date

[ Run1(2010-2012) |[LS1(2013-2015) | Run 2 (2015-2018) [l LS2 (2019-2022) ][ Run 3 (2022-2026)




Key LGAD sensor Operating Voltages definition

Vop vMuxOp Vbd

| [A]
<
Q
<
o

The sensors can be operated between V  and V..o,
this range is requested to be at least 30 V in un-
irradiated sensors (IV not too steep) and will slowly
2 change with time

Bias [V]
* V, : Gain layer depletion voltage, proportional to the doping concentration and position of the gain implant

* V. Sensor full depletion voltage, proportional to the doping concentration of the sensor bulk

* V,,: Operation voltage, the voltage where new sensors will operate
* un-irradiated : Q(V,,) =15 fC,
* irradiated : Q(V,,,) = 8 fC

* Vyaxop: Maximum voltage of operation without extra noise
- At least 10 V from breakdown and Lower than 605 V (SEB limit)

* V4. Breakdown voltage



Plan for Irradiation Campaign at KOMAC in Nov

3000 fb™" 1.5x3000 b~ S0 rgon " | Nominal doses
Region | |y| |7 (cm) | z(cm) | ng/cm® | Dose (kGy) | n.,/cm® | Dose (kGy) || ° & fluences at
Barrel | 0.0 | 116 0 | 1.65x10™ 18 2.48%101% 27 10.5% various
Barrel |1.15| 116 | 170 | 1.80x10™ 25 2.70x 10 38 1% locati ]
Barrel |145| 116 | 240 | 1.90x10™ 32 2.85x10™ 48 % ocaflons o
Endcap | 1.6 || 127 | 303 | 1.5x107 19 23x101 29 o5 timing layer
Endcap | 2.0 || 84 303 | 3.0x10M 50 4.5x10M 75 18.6%
Endcap | 25 | 50 303 | 7.5x10M 170 1.1x10P 255 45.8%
Endcap | 3.0 | 315 | 303 | 1.6x10" 450 2.4x101 675 100%

HPK(low fluence, r > 52): 4.5E14 n,,/cm? (20%)

FBK (high fluence, r < 52): 2.5E15 ncq/sz (1 00%_00 CMS Simulation Preliminary 4000 fb%; Gie; = 80 mb (14 TeV)
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Proton Fluence calculation (NIEL factor)

« Updated Fluence
: 25X 10" ngg/em? @ EOL

8.E-16 VGL ((I)) — NA (CD) — e_C(NA(O))(p
7.5E-16 e | BH+1C — — )
TS T e a8+ 10) Var(0)  Na(0)
6.E16 | e e BL+1C
Eaes | Boron Low + Carbon V¢, : depletion voltage of the gain layer
Y3616 N N, : active acceptor concentration
2.E-16 ¢ _
1.15&336 _ : : Cn : acceptor removal coefficient of neutron
0.E+00 P seew @ e W S eaiom 5 vy Cp : acceptor removal coefficient of proton
1.E+00 11 ?&1 v 1.E+02 1.E+03 1E+04 LE+05
e
KOMAC TR 25 e (Mev/el Inl (%) 1MeV Neutron Fluencel‘ Proton Fluence
1.6 (10%) 2.5x10" n,,/cm? 5x10" n,/cm?
(1) (I) — kq) 2.0 (20%) 2.0x10™ neq/cm2 x 1/5 110 np/cmz
Neq — p p 2.5 (50%) 1.25x10' n,,/cm? 2.5x10'* n,/cm?
2.7 (75%) 1.875x10% n,./cm? 3.75x10* np/cm?
Hardness factor (NIEL factor) k = 5

3.0 (100%) 2.5x10'® n,/cm? 5x10* n,/cm?



Radiation Hardness: Fluence gradient
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Endcap Timing Layer (ETL)
Geometry:
* 31.5<R<120 cm
+z=23.0m

- At L= 3 ab’ (x 1.5) the expected fluence spans
1.5 (2.5) 10 ™ n_,/ecm? (highest at small r)

* Phase-2 radiation levels substantially exceed
Phase-1; Detector must operate reliably over

~10 years of HL-LHC to end-of-life (EoL) + ~15% High fluence area
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