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ATLAS High Granularity Timing Detector

* Pile-up a big experimental challenge at HL-LHC * ATLAS High Granularity Timing Detector (HGTD)

o At <p> =200 vertex spacing = 0.6 mm o Time information, track time resolution 50 ps
o Vertex separation in forward direction not possible with > |n addition luminosity measurement by particle counting
only ATLAS ITk (new inner tracking detector) (target 1 % precision)

z, resolution with ITk only
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ATLAS HGTD basic information

Two double sided instrumented layers
active region  2-3 hits per track
12cm <r<64 cm

ectronics

Double sided
layers

¥ location between barrel
. and endcap calorimeters

P

\
RN e P i
Rapidity coverage 2.4<|n|<4.0
Position in z +3.5m [ATLAS HGTD TDR]
Number of channels 3.6 M total thickness 75 mm
Pad size 1.3mmx 1.3 mm HGTD radiation hardness:
Operating temperature —-30 °C (CO,) Design for End-of-Life (EOL) fluence 2.5 x 10> n_, cm, TID 2 MGy
Track time resolution <50 ps Plan to replace Inner sections after this radiation level
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HGTD Sensors: Low Gain Avalanche Detector (LGAD)

* Hit time resolution ayi; £ 70 ps per layer is required - beyond standard HEP

devices
Otrack — Jhit/\/ Nhits
* Low Gain Avalanche Detector (LGAD) Avalanche
° n-on-p silicon sensor with additional p* Gain Layer I regten
. . . . . . . . . . e.Oh
o Charge multiplication by impact ionization — improved Signal-to-Noise Depietion l
o QOperation in linear regime with typical gain factor 10-20 Region
* Active sensor thickness in ATLAS HGTD 50 um, pad size 1.3 mm x 1.3 mm, sulk
= e bu
15 x 15 channels K PV
____________ -
—] Anode
w Ring
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LGAD radiation hardness

HGTD requirements after EOL fluence 2.5 x 10*> n_, cm™:

> Collected charge: 4 fC (25 ke) at V.. =550 V L TC 6250 60 T -
o i i . L) ® HPK-P2-W25/28
Time resolution: 50 ps o 8 ATLAS HGTD Preliminary e FBK-UFSD3.2-W19
m FBK-UFSD3.2-W7
. . N ® CNM-R12916-W1
: Vg| (gain layer depletion voltage « NAcceptor): | M, Gain P | L S e NDL-V3-B14
40 O i IHEP-IMEV1-W1
. ] . . . — ° T IHEP-IMEV2-W7Q2
* Electrical deactivation of Boron dopants in gain layer — acceptor = N ~—— _g ustcviiwn
removal — c: smaller V,,, E-field, Gain =0 N

(e]

B.,+1>Si+B; B.+0->BO,

Compensated for by higher bias voltage ... but safe operating voltage
limited, E_ . < 11 V/pum due to destructive Single Event Breakdown

» “avg =

[e]

* Carbon implantation reduces acceptor removal rate
C shielding substitutional boron — improved radiation hardness _ o Reagtornautrons O Fem?) e

[e]

*  Two sensor designs selected for HGTD:
IHEP (Beijing, China), USTC (Hefei, China), both produced by IME

Preproduction started in 2023

@]

o
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ALTIROC: HGTD readout chip

* ASIC produced in 130 nm CMOS process by TSMC (radhard)

M 1 b DIGITAL
Front End

* Pixel chip with low number of channels optimized for timing
o Small jitter: 25 ps at 10 fC (< 70 ps at 4 fC)

o 2 fC minimum discriminator threshold

TOTTDC

* Time-to-Digital Converters (TDC) for measurements of
o Time of Arrival, w.r.t. LHC clock

o Time over Threshold, for time walk correction (approximating
constant fraction discrimination)

* Development status
o ALTIROC 0 & 1: small prototypes for analog front end tests

o ALTIROC 2: First full size prototype (15 x 15 pixels) with full electronic
chain

o ALTIROC 3: Current version, performance up to specifications on
testbench and after irradiation

o ALTIROC A: Planned production version, minor fixes to ALTIROC 3
design, planned submission February 2024

[ATLAS HGTD TDR]

TREDI 2024: ATLAS HGTD LGAD RESULTS fastcommand elink  320MHz clock 12Clink 320Mb/s, 640Mb/s or 1.28Gb/s 640Mb/s elink to
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ALTIROC performance

* ASICs extensively studied with dedicated setups
Tests with ASIC-only and ASIC+LGAD (hybrid)

Tests with hybrids with 90Sr and in testbeams

[¢]

[¢]

 ALTIROC 2: minimum threshold with LGAD 3.8 fC
Improved in ALTIROC 3

Jitter close to 25 ps @ 10 fC (with sensor)

(¢]

[e]

Jitter (with std error) for one TZ pixel versus input charge.

ATLAS HGTD preliminary 200 — :
1.0 ATLAS HGTD preliminary t  ASIC+HPK LGAD, All TZ ON, Pixel 165
ALTIROC2 ALTIROC2 t  ASIC alone, All matrix ON, Pixel 122
a=162 ps.fC floor=9 ps Fitjitter =1/ (§)? + floor?
0.8 150 ZZZ7Simu analog front-end post-layout view Cd=4pF
(with LGAD-like calib. pulse + assuming 10 ps Rj PLL
- E + ignoring jitter from TDC/quantization)
[} —
c 0.6 v [
5 < ‘
0.4 o ty
.
4
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HGTD testbeam campaigns

iy 2
A\ l\\“\:

AIDA-TLU

Pions

(E, =120 GeV) . Digitizer

Chiller

DESY CERN SPS . Analysis based on
5 GeV electron beam 120 GeV pion beam Corryvreckan (R
EUDET beam telescope AIDA beam telescope d

2022: sensor R&D tests (irradiated)
2023: preproduction sensor tests (irradiated), hybrid tests (unirradiated) — analysis ongoing
2024: in addition irradiated hybrids

. |
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Testbeam sensor results 2021/2022

ATLAS HGTD Preliminary Test Beam ATLAS HGTD Preliminary Test Beam ATLAS HGTD Preliminary Test Beam
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4 fC collected at EOL fluence for Resolution < 70 ps achieved with Hit efficiency > 95 % (within specs)
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. . . . . . Ntracks (g>Qthr)
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Testbeam measurements with LGAD + ALTIROC hybrids

2.5ns Measurement Window 2.5ns F Time-to- DlgltalConvorter (TDC)
* Measurements of time resolution with ol i 120ps  120ps 12008  120ps  120ps
unirradiated hybrids (Sensor + ALTIROC) in 2023 f{mm | . . F1 i P2l |
o Asynchronous hits (in ATLAS in sync with LHC clock) ' —
Clock
e Tests of ALTIROC TDC functionality e '| '|

o Slow and Fast delay lines (START & STOP)

o Properties of Least-Significant-Bit size START m:. m‘::. Q;‘:: Q;::. : ::ma
o Design improvements in ALTIROC3 & A | |
dlscrlmmator

* Time-walk correction procedure using ToT

* Analysis ongoing

* First hybrids prepared for irradiation, testbeam
in 2024

ATOAL ) [ps]

ATLAS HGTD Test Beam Prellmnary
4l .
0%0 70 80 90 100 110 120 130 140 150 '160
Preamplifier Probe Amplitude [mV]
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HGTD Sensor production

*  HGTD will be built from 16,064 sensors produced by IHEP-IME and
USTC-IME

e 8-inch wafers with 52 Main Sensors (2 cm x 2 cm, 15 x 15 channels)
* Quality Control Test Structure (QCTS) next to each Main Sensor

* Sensor preproduction started in 2023
o 130+ preproduction wafers being processed
o 7 wafers available for preliminary testing
o Main production starts in first half of 2024

Gate Controlled Diodes MOS Capacitor
Surface currents - Si0, properties

1x 1LGAD, 1 x 2 LGAD
- LGAD performance

PIN diode
- Si bulk properties
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CV: Acceptor removal parameter in HGTD preproduction sensors

IHEP-IME USTC-IME
27
‘ ATLAS HGTD Preliminary Mgl = Vgl,O x @ ¢ __>_: ATLAS HGTD Preliminary
>"25
I Combined Vo= (23.5%0.1) V !
§- ‘e W1-W3: c=(0.95 +0.04)e-16 cm? T ® USTCAmE-W2
T g e, WAL Vgo=(262£02)V e * USTC-IME-W24
. c=(1.30 + 0.09)e-16 cm? ” B e
------ . - T S
V, =V, ,xe® e
® IHEP-IME={1  F8 gl ” Yglo !
i V. £ g 19 W2 V,,=(242£0.16)V
e — g c=(1.11 +0.08)e-16 cm?
® |[HEP-IME-W2 - ST — 17 | W24: V,,=(23.8+0.15)V
x IHEP-IME-W3 T=20°C c=(1.31+0.15)e-16 cm? T=20°C
15
0 1E+15 2E+15 3E+15 4E+15 0.00E+00 5.00E+14 1.00E+15 1.50E+15 2.00E+15
Equivalent fluence ¢ (n., cm™?) Equivalent fluence ¢ (nq cm?)

* CV: Acceptor removal parameter c in all IHEP-IME and USTC-IME wafers is around 1e-16 cm2 (slight differences)
* Promising result in terms of acceptor removal = indicates good radiation hardness
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HGTD Irradiation Tests

* lIrradiation tests (IT) to monitor sensor radiation hardness throughout production
o Main test site is JSI Ljubljana — neutron irradiation (TRIGA) and tests on Quality Control Test Structure

o 1-2 tests per wafer (total = 1000 tests) — need fast method, extract many parameters with a single measurement

* New Transient Current Technique (TCT) test method — TCT-IT
o Top-TCT within interpad region between two LGADs using focused infrared laser (MIP-like charge deposition)
> Measure response of LGAD and interpad region (no gain 2 PIN diode)
° Extract V, Gain as function of V;,, Interpad Distance, Leakage Current
o Wafer acceptance criteria to be defined on preproduction statistics based on results from several methods (TCT, Sr90, IV/CV)

[TCT-IT method working plot example]

scan direction

o
w
T

o
o
T

charge (a. u.)

LGAD2

—
[0)]
>
O
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"V, = 100 V]
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[CT-IT Results: V,,and Gain

P
[TCT-IT method working plot example] (
aé’ - * TCT Irradiation Test: V, vs Fluence TCT Irradiation Test: Gain (100 V) vs Fluence
8 5t e ! 25 75
o t I * % ATLAS HGTD Preliminary i % IHEP-IME W1
4 Vi 1 ATLAS HGTD Preliminary
- . 23 x IHEP-IME W1 20 o » IHEP-IME W2
3 = 0
g / N * ® IHEP-IME W2 g < IHEP-IME W3
o Vei.(and Ve depletion) rn > 15
- i/ from linear fits = 20 4 x IHEP-IME W3 S * x |HEP-IME W4
- —_ —
1 = X % IHEP-IME W4 o
: f__Vy=202V 19 : % 10
%20 20 60 80 100 120 18 % & )
u(v) 17 5
[TCT-IT method working plot example] ¥ % X % ®
< 16 ¥
af 09 15 ’
- g ’ 0 1E+15 2E+15 3E+15 4E+15 0 1E+15 2E+15 3E+15 4E+15
3; . ' Neutron fluence (n,q/cm?) Neutron fluence (n,,/cm?)
2F a
1: *f& Gain@100V =4.2
C &
- . N
0_****M* . . .
S RN R AR A A * V, and Gain at 100 V (= fixed voltage) well separated for different fluences
0 20 40 60 80 100 120 5 e
u(v) * Good method sensitivity
[ Gain = Signal (LGAD) ] * Consistent behavior between different wafers
Signal (PIN) * Gathering more statistics to derive selection criteria
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HGTD IT 2°Sr measurements

* TCT-IT not directly measuring MIP charge and
time resolution — calibration by Sr90

* Setup with two LGADs (time reference and DUT)
* Trigger on reference LGAD + PMT (“MIP” selection)
* DUT cooled to —30° C, not part of the trigger

sosy
23
MBq

collimator

7.5mm

UCSC board ref. det.

2. stage amp.

. heat remowver heat remover
Peltier
element

Preproduction sensors well within radiation hardness
specifications

TCT-IT results for 2.5e15 a rough outline for selection criteria:
Vgl > 17 V, Gain(100 V) > 3 after EOL fluence

16
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Collected charge Sr90 (-30 °C)

ATLAS HGTD Preliminary o IHEP-IME W1 Oe14 (IHEP)
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Bias voltage (V)

Time resolution (-30 °C) J
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Summary

ATLAS HGTD will provide precise timing information (50 ps) and luminosity measurement (1 %) at HL-LHC

Challenging radiation environment: 2.5 x 10*> n_, cm, 2 MGy
LGAD sensors by IHEP-IME and USTC-IME

* Carbon implantation for improved radiation hardness — acceptor removal parameter =~ 1e-16 cm2

* Operation within specification in test beam (DESY, CERN)

ALTIROC readout chip — final version ALTIROC A to be submitted soon
* Timing performance within specifications 25 ps (10 fC), 70 ps (4 fC)
* First tests with unirradiated LGAD + ALTIROC 3 hybrids in test beam
Sensor preproduction currently ongoing

* Very promising performance in terms of radiation hardness
* Introduced new TCT method for wafer Irradiation Test Quality Control, working on wafer acceptance criteria (statistics)
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HGTD Radiation Environment

* Radiation damage in HGTD after 4000 fb* up to 8.3 x 10*> n., cm™, 7.5 MGy (including safety factors)
* HGTD designed for End-of-Life (EOL) fluence 2.5 x 10*> n, cm™, TID 2 MGy —> detector replacements planned

* Segmentation in three concentric rings:
> Inner ring (r £ 230 mm) replaced every 1000 fb! 4380634 32 3 28 26 24 | 4583634 32 3 28 26 24 |

T T | | | | [
1o Middlerin r<470mm re IacedatZOOOfb—l B B B B = I e e 22
g ( ) P ATLAS Simulation G, 107 — ATLAS Simulation =
o Quter ring (r < 640 mm) will not be replaced 108} FLUKA Simulation o @ [ FLUKASImuaton =
[ L, -4000" Yo ] 1 @ -0 -
!l..- * Neutrons . = : 2
_!...'. o Other Pﬂﬂ|C|GS . “;;;. ) (.)mer Layér E
53...' - : s R T S e ] =
o %, E ° Inner Laygr
106 I S Og:g’ - R [

Si1MeV, 4, fluence in the outermost layer [cm?]

ol | L i L | L | L 105 ‘_|| v ...I...I.'Z';II';ZI'i;I.I..I...I...I..i.Z;'II;'II'I'I'.I.I'I*ri'ﬁ'i"ﬁi"ﬁi"ﬁII"I'i"I'II'ZI'II'Z"II'Z"III
20 30 40 50 60 70 20 30 40 50 60 70
Radius [cm] Radius [cm]
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FLEX tail

HGTD Modules

HGTD Module = Two single-chip Hybrids (sensor + readout chip)
connected to the same flex PCB (Module Flex)

o Total dimension 2 cm x 4 cm, 15 x 30 channels (15 x 15 per Hybrid)

o Bump bond interconnections

o Two sensors sharing same high voltage = need sensors with similar Wacponding
evolution with fluence, fluence gradient along r

Module FLEX

2 LGADs (2x2cm?)

* Total of 8032 modules

Rows of hybrids connected via Flex Tails to the Peripheral Electronics HV wire-bonding
Boards (PEB) @ 660 < r <920 mm

[e]

*not to scale

* Module overlap optimized on each ring, ensure 2-3 hits per track
Inner Ring: Middle Ring: Outer Ring:
70% sensor overlap 50% sensor overlap 20% sensor overlap
20mm
- - ﬂ .H . Sensor
5.5mm ., 84mm 14.5mm mm psic [ Module
W 3 W [ Cooling plate
W\ W W [ATLAS HGTD TDR]
120 mm 230 mm 470 mm 660 mm

— .
20 | ATLAS
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Peripheral Electronics Board (PEB)

e Circuit for distribution of services & control to modules, data
aggregation and optical links

* Located at 660<r<920 mm

*  “The most complex electrical circuit of high energy physics”

° Up to 9 groups with 12 IpGBTs, 52 Bpol12v, support up to 55 front-
end modules per PCB

o 22 layer PCB, Micro-via size down to 0.1 mm — difficult
manufacturing

21
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Module and detector assembly

* Module Production: Hybridization = Flex gluing = Metrology = Wire bonding = Module testing
° 6 assembly sites — Europe, Morocco, China

* 10s of Modules grouped into Detector Units — mechanical support and cooling
o 24 Detector Units per quarter disk

* Flex tails to connect modules with Peripheral Electronic Boards

* 54-Module Demonstrator being assembled at CERN
o Two out of four Detector Units delivered

o | [ rouos 3L
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HGTD production timeline

Feb 2024

Sensors 4
Hybridization

ALTIROC A

Mo Jule Flex ’ \ Detector
| ’ Units
. \ prepared for installation
Support Units
e Fall 2026  Spring 2027
—

Modules

Flex Tails

HGTD A HGTD C

PEB

23

TREDI 2024: ATLAS HGTD LGAD RESULTS
21.02.2024



LGAD Single Event Burnout (SEB)

800
* Single Event Burnout — Catastrophic failure in 200
highly irradiated LGAD devices
o Caused in particle beam by rare events with massive e00
charge deposition (10s MeV) < 500
o Localized destructive electrical breakdown, “crater” _'E 400
* Threshold at average electric field in LGAD >§ 300
exceeding 11 V/um (550 V for 50 um thick
devices) 200
100
*  “Natural limit” for LGAD radiation hardness
0

o Cannot further increase bias voltage to mitigate gain
loss due to radiation damage

ATLAS HGTD Preliminary
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10

FBK-UFSD3.2 (2x2, SPS)
survived

HPK-P2 (5x5, 5??;_.‘,

FBK-UFSD3.2 (2x2, 5PS) @

HPK-P1 (single, DESY) @

SAFE ZONE
<11V/pm

The line is is a fit: Vgeg in=K - thickness
k=12.1 V/um

20

End-Of-Lifetime Test beam results 2021 (DESY, SPS)

30
thickness [um]

40
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ALTIROC radiation hardness — TID

Spec at 4 fC . . _ A _ e A MA

TOA RMS [ps]
)

w
o

Specatl10fC

N
o

—— Q=10fC ATLAS HGTD preliminary

0 50 100 150 200
Total ionizing dose [Mrad]

=
o

TID Dose rate: 3 Mrad/h
Temperature: 22°C
Jitter stays stable with the increasing TID
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Time resolution —why gain?

5 5 5 5 O andau -+ NON uniform charge deposition by MIP (limit 25 ps in 50 um thick sensors)
—_— H _ _ -1
Odet. = Olandau + Oeclect Oclock Ofec - from readc.).ut electronics (25 ps/70 ps — start of HL-LHC/4000 fb1)

Ocock - LHC clock jitter (15 ps)

trise ’ V;‘,h,fr ’ TDCbin ’
Uglec: + + | ——
S/N S/trise | pars V12

Jitter Time walk TDC Quantization
error
Need high Signal- Corrected by
to-Noise ratio to constant fraction TDC bin 20 ps in ALTIROC
minimize discrimination / ToT
correction
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