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Large Hadron Collider (LHC) ATfAs ITk

HL-LHC

Last update: Oct 2024
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The current innermost detection system of

ATLAS is the Inner Detector

Present layout

https://atlas.cern/Discover/Detector

ATLAS Getting Ready!

ATLAS X ITk

HL-LHC
era

Future
layout

wwww

—————— Pixel Detector: 92 million https://atlas.cern/Updates/Fe
channels ature/High-Luminosity-
. ATLAS
- Semiconductor Tracker: 6 —
\\ B.<‘:rrelsemlconductortracke mI”IOﬂ Channels ID Wi" be replaced by the

7 Barrel fransition radiation tracker
End-cap fransition radiation tracker

“" End-cap semiconductor tracker

Max Acceptance |n| = 2.5

Transition Radiation
Tracker: 350.000 channels

Inner Detector (ID)

all-Si tracker ITk

httos://atlas.cern/Discover/Detector/Inner-Detector /

Y\I\Wmn coverage  new and upgraded forward
and luminosity detectors

new High-Granularity
Timing Detector (HGTD) Max Acceptance |n| = 4.0

trigger and DAQ
increased readout rates

In nér Tracker (ITk)

ITk Pixel Detector: 5 billion
channels

ITk Strip Detector: 60 million

channels
3




Inner Tracker - ITk ATLAS ITk

ITk Pixel

ATL-PHYS-PUB-2021-024

ITk Strip |

For the ITk Strip,

see Katie W.
Pass’ talk

T
ATLAS Slmulatlon Prellmlnary
35Tk Layout: 23-00-03

» Closest to the interaction point

« Atleast 9 hits/track

» Occupancy kept < 1% thanks to the higher granularity

» Compost of two parts: Tk Pixel (this talk) with 5 pixel barrels and
rings and ITk Strip with 4 strip barrels and strip disks

« Replaceable two innermost layers at half of the lifetime: ITk Pixel
Inner System (1S) with Endcaps and Barrels

Number of Silicon Hits
Number of Tracks




ITk Pixel ATLAS X ITk

ATLAS-PHOTO-2024-044-3
S m——

« The ITk Pixel Detector is made of 9400
modules covering 13m?2 n=40
« Minimized material budget: Ilow mass
mechanics and colling and serial powering

1S

.. " 7k Pixel . R e AR | . ITk Pixel
« Radiation hardness up to 1016 n/cm? S el Mo Ty e inner Barel
M Outer Barrel & = —
A ﬁ § Outer Barrel
ATL-PHYS-PUB-2021-024 & u/
Inner System N
LO Ll 450: T T T T ‘ T T T T ‘ T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T -
400 — ATLAS Simulation ATL-TDR-030 . LHCC-2017-021  nclined Duals -
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Outer Syst 2005 E
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100 = Y g U
# of modules 4772 2334 50 p Inner System —= LO
| | ‘ | | | | ‘ | | | | ‘ |

‘ L | ‘ L | ‘ L
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CERN-RD53-PUB-24-001

/ Al S \‘;\

. Developed by the RD53 collaboration
 65nm CMOS technology
« Common ASIC for ATLAS and CMS, with few differences in:
v’ Pixel matrix
v’ Pixel analog front end
* Production design of the ITkPix v2 is part of the framework
RD53C
* Prototype: RD53A
* Pre-production: RD53B = ITkPix v1
* Front-end chip is connected to the sensor via bump bonding

& ' g Y

bump <5l "5l Photo done in Milan
Fg of a chip ITkPix V1 —
- R with Indium bumps .
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Front-End ASIC

]{:D 1

ITk

ATLAS

ITKPix V2
Pixel matrix: 384 rows x 400 columns
Pixel bump pitch: 50 x 50 pm?
Chip dimension: 20 x 21 mm?
4 data link per chip at 1.28 Gbps ->
read-out with data compression
Data merging to reduce quantity of
cables
Shunt-LDO regulators integrated to the
front end -> constant current for serial
powering the modules

12 CERN-RD53-PUB-24-001

e —Top passivation
— Aluminum

“ - "nerior layers

lu
1u

F—

50u

|— 38u

.

Cross section (not to scale)

Figure 6: Bump bond pad dimensions. Matrix layout on the left and cross section on the right.
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Tk Pixel 3D Sensors

» Single-side technology: both
columns, n-type and p-type,
etched from the same side

« 150 pum active substrate

« Sensor thickness 250-270 pm

« Dimension: 20 x 20 mm?

« Small pixel cells -> improved
radiation hardness

ATL-ITK-PROC-2020-007

50 ym
100 um
a o
/. 5 =" 3
Ly=52 um
Leg=35 um
LO ring LO barrel

ITk

ATLAS

Front-end ASIC
wire-bonding pads

Bump bonded to a 20 x 20
mm? front-end chip: single
bare module

* n+ columns used for

read out Photos done in Milan

of a single bare

N i - Passivation e module ITkPix v1 (top)

: and a 3D sensor

oxxie Indium bump on the (bottom)

| r\/‘ """" contact of the n+ column
p* Ohmic column
p-spray
p- HR sensor wafer

n* Junction column _

p** LR handle wafer Location of
the

Metal to be deposited after thinning p+ column

Handle wafer to be thinned down

Y. Tian, ICHEP2024 (poster)



ITk Pixel Planar Sensors ATL]\S ITk

bump

Planar sensors used in the Outer

System + the outer layer of the
Inner System (L1-L4)
« Simpler production process
than 3D
* Lower cost

Single-side technology: n-in-p
1Y HY.

n’ pixel (0V) Guard Rings
p-substrate

P
HV

A. Rummler, VERTEX2023 (talk)

100 or 150 pm active substrate
Dimension: 40 x 40 mm?

Bump bonded to four 20 x 20
mm? front-end chips (FE):
guad bare module

Y. Tian, ICHEP2024 (poster)

Sensor

Photos done in Milan of a ITkPix 8
guad bare module ITkPix v2



ITk Pixel Module

The bare module is assembled to a

LN RS a2 2l \Vacuum

Pressure o tubes
sensor U

flexible PCB, which

connection for power, DCS and data:

« Araldite is applied to the back of the
PCB.

 Bare (sensor backside) and PCB
are joined together, letting the

adhesive curing for at least 8h =P

Cables

Different techniques and tools are used
according to the module flavour and
assembling site.
* Quad:
« Common tool produced in
Gottingen and used by the
sites from the US, Italy,

Common Quad module assembly tool . Photo from
the Milan setup.

France, Germany, the UK o e
(except OXfOI’d) ebond connection
« Japan and Oxford designed pads

and produced their own

assembly tool
« Triplet: each site developed its own
technique and tools

Readout chip /Bump bond

ITk

ATLAS

Then, the PCB is connected to
the read-out ASIC and to the
backside of the sensor via wire
bonds.

Wire bond connecting the back of the sensor
(inside the red circle) and the PCB, for the
sensor bias. Quad V1 from Milan.

Flex PCB
Glue

Sensor

Pixel implant

Guard rings

A. Rummler, VERTEX2023 (talk)
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move +atoineres. 11K PIxel Module ATLAS X ITk
e = == 18 Uy . ‘ ;, TRIPLET module 33|nle bare modules+aerX|bIe PCB
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Photo made in Milan of an ITk Pixel quad module v1

— L l

Sensor thickness Pixel T LT [T
Layer Module type Sensor type (um) size (um?)
LO barrel Triplet 3D n-in-p 270 25x100
iy
LO ring Triplet 3D n-in-p 250 50x50
L1 Quad Planar n-in-p 100 50x50
) NIMA 1063 (2024) 169309
L2-4 Quad Planar n-in-p 150 50x50 10




mmim ITk Pixel Module Coating ATLAS X ITK

4

Coating the module

: with parylene Other benefits
Increasing High Possible spark ’
Igher sensor between sensor around 7-8 um of

radiation depletion and ASIC ground this polymer is

damage voltage connection deposited on both

module surface via
vapor process

» Mechanical Protection

* Increased wire bond strength

made by J. Giraud
Parylene coating

Min=9.9gram, Max=14.9gram, Mean=12.9gram

Min=7.7gram, Max=11.1gram, Mean=9.7gram

Wirebonding Count=28, Stdev=1.0
(700 wires) SR, S No coating With parylene
ColimiE Cpk=3.4
PCB Flex (LSL=3.0gram) (LSL=3.0gram)
Glue (Araldite 2011) Force Distribution . Force Distribution
7 o
Sensor chip
(~0.6M pixels) "
5 o}
Bump bonding
(indium balls) g 4
)
4 Front- End ]
chips e e a &
ATL-ITK-PROC-2024-018 : . . ._
Al il 111 o I

10.2 108 114 121 127 133 14.0
79 83 88 92 96 100 104
Results from a RD53A 1

guad module in Milan
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ITk Pixel Module QC ATLAS X ITk
QC aims the early identification of low-quality modules « The modules are constructed with different
that should not be part of the detector and are done for materials -> extra stress on the bumps due to

the huge temperature gap between assembly
(~ +20°C) and the HL-LHC coolant (~ -45°C) .

 To verify their capacity to work under these
conditions, all modules are thermally cycled
before loading, with 100 cycles between -55°C
and +60°C (nowadays +40°C)

all modules in different stages

Summary of tests that are part
of the QC

* modules XYZ are within
envelope requirements
* Visual inspection

No disc bump area
Disc bump area Scan done after thermal cycling

Ouad Module 20UPGM22110377 Occupancy

* Sensor IV Visual Inspection of an ITkPix v1 : e
 Module performance at module in Milan showing a chipped : : I g a ‘ l
room and  operational ASIC border 1 - Nt

temperatures (~ -10°C) B B - 1 = N
- See digital, analog and time-over-threshold | . “, £

response TERI= 0T " HE
* Tune threshold _ ‘;__m i e hm & - E""'
- Check pixel noise, crosstalk and disconnected | = w @L b e

Ro w

bumps X-ray scan of two quad modules v1 assembled in Milan %7



Counts

I Tk Pixel Module (PRE)Production ATLAS X ITk

Sensors already in production

PRR of both quad and triplet modules approved with recommendation in November 2024

Module Construction is moving now from pre-production to production

500

Data from 22 November 2024 moduleType
450 @ L1_QUAD_MODULE
ITkPix V1 and V2 @ OUTER_SYSTEM_QUAD_...

400
@ TRIPLET_LO_RINGO.5_M...

@ TRIPLET_LO_RINGO_MO...
@ TRIPLET_LD_STAVE_MO...

Plots available on:
https://module-qgc-statistical-
tools-atlas-itkpixel-data-
reporting.app.cern.ch

e
&

-
w

July September Movemnber 2024 March May July September Movermnber

Date 13



Testbeam ATLAS ITk

ATL-ITK-PROC-2024-002
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1 0.975 E Planar quad sensor 5 - Planar quad sensor -
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B \i 0.97 ——#— KEKQ9 (HPK), threshold = 2ke | - s+ KEKQ16 (HPK), threshold = ke |

lMImOba 6 1 ’ E --------- required average efficiency: 98.5% |- 0 95:_ --------- required average efficiency: 97.0% N

. sensors 0965~ ATLAS ITk-Pixel Preliminary ] T ATLAS ITk-Pixel Preliminary

C L I L 1 1 | 1 L 1 I 1 1 1 ‘ 1 1 1 ] L L I 1 1 1 1 | L 1 1 1 I 1 1 L 1 | L 1 1 1 I 1 N

an, ICHEP2 4 (p 0.96 20 40 60 80 100 120 0.94 400 450 500 550 600
II"“F @ (

Bias voltage [V] o Bias voltage [V]

— ATLAS ITk-Pixel FBK 3D sensors

T o) = A R 100 e T L g L LT T
lg\ 95.{.;’::_:_::::::::::::::' afeiepeiupup ""':::._.._::::..:::::::::::::::Z::::é E B : :

- - - - c

* Average efficient of planar (top) g ook 1 8 L o7 ]
= - = = Q5 e bbb —
and 3D sensors (bottom) S g o s N -
. . . . ) B ——8—— SCC 48, fluence @ = 1.8x10"° n,Jem’, tilt ¥=0° e L .
Un|rrad|at9d and "TadlatEd. g 80:_ SCC 48, fluence @ = 1.8x10'* n, Jor?, it 4=15" | ] - : : ? ; .

o = ——¥— SCC 1S, fuence ©=1x10" nfernt, i o=0* | 7 QO i - SlCC 29 25x100 - .=00_1¢.:
* These sensors were assembled < Rbeiwebawanuodl E : T scoz zenion. s -0 |
: : = G001 uniadisted tit om0 E i —=— SCC 3 50x50 - 6=0°- 0.60 | |
to ITkPixV1 ChIpS 655 45 ettt E a5l | —=— SCC 350x50 - 6=15°-0.60|
H H H F ] - ’ = - = 108, 2 .
* In all cases, it is higher than the soL- e ey 5 B © =10%n,/em )
efficiency required (dashed lines) 55 | ATLASITkPixel O
0 20 40 60 80 100 120 T 20 40 60 80 100 120 140

) Bias voltage [V]
Bias voltage [V] 14



» Outer Barrel and :
:Endcap local support :
already In production "

F. Munoz Sanchez

Inclined ICHEP 2024

Half ring

ATL-ITK-PROC-2023-003
ATL-ITK-PROC-2024-024

Q143 «—RD53A_» Q30

D9 D7
N ITKPiXVL

Q -
Q ITk Pixel
2%6 Outer Endcap

ITk

Local Support ATLAS

Inner Barrel
ATLAS-PHOTO-2024-044-3
S ATL-ITK-PROC-2023-003
n=2.5 12 quads
n=3.2 }
n=4.0 [

R, R A /Il// /r
‘ "".'Q_\‘lq > P S /I' /I iUy )=~
A 'd. Ry ) r,‘h‘:k ¢ :

KE)

8 linear triplets

Inner Endcap

ITk Pixel

Outer

Endcap

[k Pixe =
y ATL-ITK-PROC-
o2 & € \ITkPixl 2023-003
Modules are A3 v@ § Outer Barrel
N
glued to the * N —
local support -
RO: 20 Quads andf

6 triplets modules R1: 20 quads

Carbon-based structures that
provides mechanical support to
the modules + cooling and part of
the services

RO.5: 10 triplets modules

F. Munoz Sanchez
ICHEP 2024 15



Serial Powering and Data Transmission ATLA %ITK

Shunt-LDO circuit: chip voltage constant

V2 Optical based data transmission to share up to 6 modules on one single optical link
mn < -——- - = < Electrical Signal € — —sgs — - - - - s > € > Optical Signal < >
CE RN'RDS S'PU B'24'001 \I\In —————— > 1.28 Gb/s > 10.24 Gb/s >
l\rlodult:° &
Vout OPTOBOARD
A A LDO |« ref I'
1 v T
Chlp L /Ls/ E
Ioad Shu nt E ‘ - l_)a;a_ - 12BGh/s -~~~ =~~~ cccccc e mmm e e e ——- - - ~ 256 Gb/s R o
: gnd
Chips in a module are connected in parallel, but modules « Module <-> PPO (on local support) via
are powered in series with constant current Kapton/cooper flexes
* PPO <-> Optoboard on Twinax cables
Readout R .
— 1 « Optoboard performs signal aggregation and
o ey ey e electrical-to-optical signal conversion

* Optical signal <-> FELIX

Controller \
iZ“éZ’é"“":-=TTT=0=TTT=F ..... TTT T Reduction of cable
compter material

power (V)
oolin N 16
v - ATL-TDR-030 . LHCC-2017-021 [ 4




Material Budget ATLAS X ITk

Apart from the use of less cables, also the cooling was
1Tk proposed to minimize the overall contribution of services to
the budget.

« CO, cooling
 thin-walled titanium pipes

NIMA 1045 (2023) 167597

T+ r T r|rrrrrrrr 1 rrrr

ATLAS
Simulation

[o2]

T T T T ] T T T T
I Dry Nitrogen
<~ Patch Panels 0 + 1

== Electrical Cabling
====< Titanium Cooling Pipes
I Support Structure ID Run 2
- Pixel Chips

Active Sensors
#3444 Beam Pipe

Radiation Lengths [Xo]
» (8}

w

Illllllllllllllllllllllll

TT

ve
ooooooooooooooo

..,
o

0.6mm

Integration test of L2 cooling system internal
on mockup half shelf @Milan diameter Ti
- N capillary
@Miilan

w
)

—— Moderator .
— PP1 and enclosure ATLAS Preliminary
4t Dny Nitrogen Simulation

o Sl oo and c0olng - AT| LPHYS-PUB-2021-024

s Strip modules : ITk Layout : 23-00-03 I Tk
——= Pixel services and cooling

PiXel Supports
Pixel modules

w

n
4

Radiation Lengths [Xo]

N

—_
(6]

0 s D N S l i 1 L'J: 'l'j l:J A I S 19,

15 2 25 3 3 4 45
n

Services and cooling have " an

important contribution to the ITk
material budget. L. Vannoli and S. Carra, XVII ATLAS Italia Workshop, 2024 17

junction to inlet line




ITk

System Test ATLAS

ATL-ITK-PROC-2024-035

LLS: M6 longeron ’ f’ . Qheck the modules performance in
different stages. Bottom: A RD53A
FE of a module on an OB local
support
_ 1. Module construction
Local mech:"ica' 2. Module Loading on local
el supports
R . .
Local support B 3. After PlgtallAssemny
aandliagissing 4. Integration
S . F i < 1000 2 . g _
¢ ™ threshold W ¢ | noise wrE 2T ToT e
Modules are _glued to I_ocal £ o ; ]| Bod — gmoog— —
support, which is mounted in a = ~stagez || ~stage2 || £ 0000 ~Stage
5 200 Stage3 E [ Stage3 | | B gogof Stage3
structure close to the real one, § oot || 2™ : st || B oo
with all services available " st Za0-
. 400 L C
« Powering s y B
« Data transmission ‘ sl 2000} -
. 50— i
« Cooling : _ 1000f
* DCS 071'0'0'0' 1100 1‘200{.1‘300 1400 1500 {é°°+:,‘7l°°;‘15({d] 034.7 5|o - '13;;0?_],_"1';5’% = ‘23341' ’[e; ot éﬁ “1‘. lel;' 1Joﬁ7f§ ' ‘1‘4' ' '1Js
1

ATL-ITK-PROC-2024-035

Mean ToT [BC]
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ITk

TkPix Early Tests  ATLAS

—e— Q12Chipl Q15Chipl —e— Q18Chipl
3.0 1 =e= Q12Chip2 Q15Chip2 == Q18Chip2
. - L OlZChip3 QlSChip3 e 018Chfp3
Next stage Is to load ITkPix 2 T e et - bt
modules for system test o Q13Ghips x| Quschip3 | e Q19chipS
201 5 Qi3chipsa —e- Q16Chip4 | | —- Q19Chip4
s
> 1.5 M
.............. e anll
1.0 Juaszeeze L 1
So far, these modules have 1| ‘O
. . |
been used for serial powering s |
2 |
tests at Lawrence Berkeley o o ' —% £4 0o : — . é
National Laboratory (LBNL) ATL-ITK-SLIDE-2022-674 e
Setup with 8 ITkPix V1 quad modules connected in series. For a certain current, Vin for all chips are the same
19 T e — T T - v . + T T
LBNL1 LBNL6 LBNL7 LBNL8 1.8+ e " I..‘ :|
17 1.7 4 § ' ] ]
S i gttt P
2, 164 2 16+ "ll‘l .. . * ‘m\wuv'.n
© . B VoA for 1470
2 2 oot s
% 1.5 8 1.5 f‘ 8- VoAl 1410
> S ¥ ven
+@- § 134 g 134 ; VoA for 12700 e serkal chain
= -
12 124 Voff -
Ground Shorting Jumper to close the loop 114 1.1 S T e
: . E 50 55 60 65 70 75 80 85 90 95 100 50 55 60 65 70 75 80 85 00 985 100
4 linear triplet modules connections. The fifth (red circle) is Input Current (A) _ Input Current (A)
not connected Voltage per chip as funcuon or tne input current 1or 2 ot

the 4 ITkPix v1linear triplets powered in series ;4

NIMA 1063(2024)169309



ITk Pixel Status ATLAS X ITk

Path to completion B
Challenges during RD53A/B program

« Sensors and ASIC in production
Gluing highly affected by the operator ->
use of a common tool for quad assembly,  Modules: just passed Production
which reduced also the overall assembly time Readiness Review (PRR)
Delamination -> improve of hybridization « Moving to production once
technique production PCBs are delivered
Contamination of flex WB pads—> visual
iInspection of those during flex reception QC « Hybridization: 2 out of 4 vendors in
Parylene on data and power connectors -> production
minimized by use of common tooling
ASIC chipping during dicing -> extra metal - Most of the other areas with PRR
free area + better dicing technique coming soon

». | Tk Pixel Detector Completion in 2027 ¢
20
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Summary ATLAS X ITk

The ITk Pixel detector has been designed to replace the Inner Detector of ATLAS for
operating in the hasher environment of the high luminosity era of the LHC:

« Higher granularity

» Better radiation hardness

« Higher acceptance

Most of the activities are in pre-production, getting ready to the Production Readiness
Review

In production
* Sensors
« ASIC
» Outer System local supports
» 2 hybridization vendors (out of 4)
* Modules: soon, missing production PCBs

ITkPix modules are needed in many areas for validation, system tests and demonstrators.

21



ATLAS % ITK

Thank you
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