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Collisions at the HL-LHC

Increasing the luminosity tenfold

25m

Pixel detector

Toroid magnets

Muon chambers Solenoid magnet
Semiconductor fracker

Transition radiation fracker
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Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters
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Collisions at the HL-LHC

Increasing the luminosity tenfold

Pixel detector

LAr eleciromagnetic ca

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Increased instantaneous luminosity
7.5x 10%* cms!
and pp interaction per bunch crossing
<p>"~ 200
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<p>~ 200

Increased integrated luminosity
3000- 4000 fb*
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Collisions at the HL-LHC

Increasing the luminosity tenfold

44m

25m

Pixel detector

LAr eleciromagnetic ca

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker <u> A 200

Increased instantaneous luminosity
7.5x 10%* cms!
and pp interaction per bunch crossing

<p>"~ 200
Higher data rate Increased detector occupancy
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Increased integrated luminosity
3000- 4000 fb*

<

Increased radiation environment
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The new silicon tracker

Replacing the old Inner Detector by a new all-silicon Inner Tracker (ITk)

Barrel SCT
Forward SCT

25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector \

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker
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The new silicon tracker

Replacing the old Inner Detector by a new all-silicon Inner Tracker (ITk)

25m

Tile calorimeters
LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

Strips tracker

Pixel detector
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Forward SCT

Barrel SCT

Pixel Detectors
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Goals and challenges of the ITk

Layout goal: Maintain or improve resolution and particle

identification performance of current ID

High speed

&

Radiation tolerant

High granularity

t Low cost

Low power

Low mass

DESY. ITk Strips, Diez, ICHEP2022 Page 7



The strips tracker

The outermost region of the Inner tracker . p

. S — —————
- e

3 Se— e ——

4 barrel cylinders, 6 EC disks per side

180 m? of silicon, 15584 silicon “modules”, 60 M channels
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The strips tracker

«“ t ” «“ t In t
Stave” and “petal” concep PETALS

6 types of single-sided silicon
s/ modules per side

Carbon fiber “sandwich” structures supporting
multiple strip silicon modules inside the tracker

STAVES
14 identical single-sided silicon
modules per side

Modules are directly glued onto the structures

Single power/data cable per stave/petal side
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The strips modules
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The strips modules

R5 EC module (IFIC/DESY)
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sensor

sensor
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Barrel SS module (UCSC)
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Hybrid controller

The strips modules chips (HCCs)
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The strips modules
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Front-end
wirebonds

Barrel SS module (UCSC)
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ITk Si microstrip sensors
n+ strips in p-type FZ substrate (“n-in-p”)

Faster and more rad-hard than p-in-n

Good signal even under-depleted

Well established technology (HPK)

Guard Ring
y— Bias Ring

p-spray/stop ﬂ e
p-bulk

Un-depleted

Al
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ITk Si microstrip sensors
n+ strips in p-type FZ substrate (“n-in-p”)

Faster and more rad-hard than p-in-n 6” wafer technology (~10x10 cm?)

Good signal even under-depleted Spatial resolution ~ 20 um (75um pitch)

Well established technology (HPK) Time resolution ~ 3 ns

2 barrel flavors: SS (4x~2.5 cm), LS (2x~5 cm)
Guard Ring
\/- y— Bias Ring
p-spray/stop ﬂ e
p-bulk

Un-depleted

p-l-

Al

6 endcap flavors: RO to R5
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ITk Si microstrip sensors
n+ strips in p-type FZ substrate (“n-in-p”)

Radiation hardness well

Faster and more rad-hard than p-in-n 6” wafer technology (~10x10 cm?)
understood over the years

Good signal even under-depleted Spatial resolution ~ 20 um (75um pitch)
Sensors meet specifications after

Well established technology (HPK) Time resolution ~ 3 ns irradiations

2 barrel flavors: SS (4x~2.5 cm), LS (2x~5 cm)

CCE_500V distribution

14
Irrad with neutrons

Guard Ring
\/- y— Bias Ring
p-spray/stop ﬂ e
p-bulk

Un-depleted

12

” After 1.6e15 n,,/cm?

Counts

p-l-

Al

10000 12000 14000
CCE @ 500V [e]

6 endcap flavors: RO to R5
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Sensor production

Sensor is in the middle of production phase

Initial slow ramp-up expected, also due to

pandemic
Accumulated number of sensors accepted vs. schedule
3500
13% sensors “ready for modules”, typical —a—Barel
rejection rates ~ 3-4% 000 T
2500 1. = schedule Barrel
Significant acceptance tests and QC/QA o
effort, building up statistics 000 {77 HE -

1500 * -

Normalized current @ 500V

Entries =1032
Median=1.10
Mean = 3.47
Std.dev = 24.78
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ABCStar

Readout and control electronics
AMACStar HCCStar

A single chipset for all module flavors — e ———

130 nm CMOS (Global Foundries)

Old, but consolidated technology node

Cost-effective

Technology continuity guaranteed -

(" aBcstar \ [ Hccstar ) [ AMAC )

Front-end On-hybrid On-module
chip digital monitoring
Binary interface and control

\_ readout AN chip VAN chip )

Hybrid
Hybrid |
(&) [B1 8] (8] (8] (8] [B] (8] [(B] (8]

Radiation-hard by design:

Enclosed layout transistor geometry to mitigate total dose effects

E AL

Triplication logic to mitigate Single Event Upsets (SEUs)
-> “Majority wins”

(&[RRI ][&][R]I(R] (8] (B[R]
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ASIC production

ABCStar in production, HCCStar and AMAC about to start

Z-=Setup for heavy jons .
= {rradigtions (Le Iain)
Barrel Endcap PP2 T?:L;L\LpS :ZZZE;: |
ABCStar HCCStar
Pre-Production e =
ABCStar 10,159 6,248 0 16,407 35
HCCStar 1,016 783 0 1,799 4
AMAC 672 392 265 1,329 3 e,
Production
ABCStar 196,282 117,608 0 313,890 668
HCCStar 19,629 14,713 0 34.342 62
AMAC 14,447 7,357 2,218 24,022 50
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Module building

Putting everything together
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Module building

An “industrial” production

- Visual inspection - Visual inspection

- IV curve - Bond-pull tests

- Bond-pull tests

!

HV tab attachment

to sensor

- IV curve

Typical Module production diagram

—

Testframes

- Visual inspection (Assembled)

- Visual inspection

- Reception tests
- Electrical tests
- Bond-pull tests - Electrical tests

- Bond-pull tests

Gluing hybrid and

powerboard on sensor

- Metrology

v
Bonding

Bonding of module

.’ to test frame

- Module testing!

DESY. ITk Strips, Diez, ICHEP2022

~ 25 module building sites distributed in 6
clusters and 4 continents

Reception tests of components
Assembly

Functionality tests

Quality control (QC) and quality assurance
(QA)

-» each is a small production line!
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Module production
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EoS Master

Low mass support structures

Minimize material, optimize performance

Silicon modules . S

Bus tape + facesheets <&

Ill

Stave and Petal “cores”: carbon fiber-based sandwich
structures with embedded cooling

- Carbon foam

Rigidity and stability
Mechanical precision > Carbon honeycomb
Bottom closeout

Thermo-electrical performance

Low mass

LP insert
~w=—- Tube/foam

Honeycomb

3 4 '\Electrical breaks

Foam: EoS region

«— C(loseouts
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Fully loaded stave and petal structures

Manual and automated approaches for barrel and endcap

----I-""““‘\

sEusEBEBUBRBRRW,

50

40

30

# entries

20

IWIll\\\lllllllllll‘\\lllI

= l;.l I..\\.TI‘...EI |
—? 00 80 60 40 -20 0 20 40 60 80 100
error fum]
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Global structures

A skeleton for the staves and petals Insertion rails Stiffening disk Service trays

Outer rings

Structural Bulkhead

PST(LO) and L1

Inner rings
L2 and L3 shells

Inner cylinder

Z-Braces

) Blades
Interlinks between shells
Rods
Global structures mostly made out of CFRP or CFRP sandwiches
Modular electrical and cooling services
Low mass, low cost, low power
Page 25
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Where are we? "

Pre-production is in full swing

4.‘-51 ! ‘1 /

L

' Barrel System Test setup
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Thank you



The strips modules

Barrel SS module (UCSC) S0 ‘ R3L1_IN
J ~ Rre[JLCB_IN

=~ p7[JBTC_IN

>

R5 EC module (IFIC/DE

E—

&

%

T o

Bond-of f
[

ATLASYITR @ =
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Sensor production

Sensor is in the middle of production phase

Initial slow ramp-up expected, also
due to pandemic

13% sensors “ready for modules”,

typical rejection rates ~ 3-4%

Significant acceptance tests and
QC/QA effort, building up statistics

Accumulated number of sensors accepted vs. schedule

3500
—&—Barrel
3000
—a—EC
2500 = = Schedule Barrel
”
'
2000 = = Schedule EC ”
1500
1000
500
0
P % o o g P g
S S RN G I A G G AN
P o T P P
65 63 d& N d¢ 63 GA dA 6¢ G$ €$ GA 63 6A G)
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Count

Count

Normalized current @ 500V

'Entries =1032
Median=1.10
Mean = 3.47
Std. dev = 24.78

200 A

1.0 15 2.0 25 3.0 None
anm@soov[%]

Breakdown voltage
|[Entries = 1032 |

916
915 - ”

917

0 100 200 300 100 500 600 700
BDV [V]

Count

Full depletion voltage

140 4

120 4

100 4

804

60 4

404

20 %

Entries =906
Median =263.41
Mean =263.18
Std.dev=29.17

280 300 320 340
FDV [V]

360 Above 36(
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The TID “bump”

Unexpected effect at low ionizing doses on 130 nm CMOS technologies

‘ i leak‘
1
] Low Temp/High Dose Rate /
i High Temp/Low Dose Rate
i c :
o leak
)
8
© /
©
-
E - Ieak“
L
S
O /
1 - leak
~ 0.7 Mrad
TID v

Very significant effect on power consumption at the
early stages of the detector

Digital currents recover after a few Mrad
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The TID “bump”

An unexpected solution for an unexpected problem

Chipset dies are pre-irradiated up to

Digital Current Increase Ratio

~ 5 Mrad even before module
construction

w
(8
IIII|IIII|IIIIIIIIlllllIlllll|IIIIIIIIIIIIII|IIII

d—l
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VXCVOT1H_350_irradiated

= VXCVQ1H_70_un-irradiated

—— VXCVQ1H_80_un-irradiated

— VXCVQ1H_351_irradiated
VXCVQO1H_361_irradiated

— VXCVQ1H_270_un-irradiated

— VXCVQ1H_022_un-irradiated

Pre-irradiated
ASICs

\

0.5

1 1.5 2 25 3 3.5
Dose[Mrad]
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High speed electronics
Coping with 1MHz trigger rates

640 40-160
The STAR architecture Mbps Mbps

Clock &

H CCSta r Data Control signals
i ' ' i ABCStar T Outtostave | from stave
640Mbit/s downlinks from each hybrid controller chip A Aadc GG THCCStar 1
1ABCStar ! i :
HE e ’ : :
Input N~ 1 I
fom 112 2o P i [ s P Py Conrrran | |
atgOu -
Sensor-!_ = } toHcC i Input input | .| Input |
ABC : : : Channel || Channel Channel :
1 Command Top logic ! [ N f_______‘_________ A
1 1 1
1 decoder 1
ABC R o :!; 6 Mbps -F ...... y
T rom ABCs To ABCs
ABC « Clock & Commands
" & trigger from HCC
= : 40-160 Mbps
ABC .
1 1 "
ABC iacstar_ ]
—— 2 i = 1
HiS A+
ABC Inputs_i_ ; HH Lo Event Cluster Readout 160 Mbps
T from : buffer > buffer > finder > block Data Out
ABC sensor_l_ ; | taoila_lcg
| | 1 ]
1 1
1
ABC i Command Top logic :
1 | I decoder :
ABC — E S 40-160 Mbps
b ; Clock & Commands
ABC Hoo & trigger from HCC
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High speed electronics

640 40-160
Mbps Mbps

Clock &

HCCStar Data Control signals

Out to stave from stave

ABCStar

Packet Builder
buffer buffer finder block

HCCStar
1
1
T
-I— ';‘ H Lo Event ~ Cluster Readout
1
sensor | [ Datg Out
'I_ > ) e cc Input Input || Input
: : Channel || Channel Channel
1 i
1 1
1 1
1
1

Control Path

C;)mmdand Top logic I A 1
640 Mbps eye diagram 7 0 — 1. _________________ 160 Mbps|  =------ To ABCs
Hybrid on a petal, looking 50cm away & origger fom e
: 40-160 Mbps
iaBCStar_ i
HISL ]
Inputs : .y 160 MbpS
T — Lo Event Cluster Readout
from buffer buffer finder block
sensor ! = Data Out
-!— > ! toHCC
1 I
i Command Top logic !
1 decoder 1
I S L

40-160 Mbps

& trigger from HCC
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Module flavors

2 module flavors in the barrel, 6 in the ECs

e

Jnerm il
bar el c Iiritieréw
# RED




Module building

Site qualification

DESY. ITk Strips, Diez, ICHEP2022

Step Number

Qualification Step 1 Status 1 Ready for Review? Review Status

HV Tab Attach

PB Reception

Hybrid Assembly/Testing

Hybrid Reception

Module Assembly/Testing

General

Bonding Procedures

Needs Development No Not Reviewed ~

Sensor Reception

Qualification Ready

Sensor Storage

Qualification Ready

Sensor |-V

PB Reception

|RevlewDocsInoompIete Not Reviewed ~
Qualification Ready

PB E tests

RequresParts Not Reviewed -

PB Vis Insp

Qualification Ready

PB Storage

Qualification Ready

Storage + shipping of glue

Qualification Ready

Assembling hybrids

Qualification Ready

Glue weight measurements

Qualification Ready

Bonding procedures: hybrids

ESUE Do N R

Metrology: hybrids

Qualification Ready

Visual inspection: hybrids

Qualification Ready

Hybrid Burn-In

el Pars Not Reviewed -

Hybrid Storage

Qualification Ready v

hybrid QC: single panel testing

Review Docs Incomplete

Reception tests: hybrids

Qualification Ready

Storage of hybrids

Qualification Ready

Storage of modules

Qualification Ready

Cleaning module jigs

Qualification Ready

Storage + shipping of glue

Qualification Ready

Removing hybrids from panel |Review Docs Incomplete ~ No Under Review ~
Module Assembly v No Not Reviewed ~
Metrology: modules v No Not Reviewed ~
Bonding procedures: modules hd No Not Reviewed ~
Module Thermal Cycling ~ No Not Reviewed ~
Single module Electrical Tests v No Not Reviewed ~

Cleanroom standards

Qualification Ready

ASIC Compliance & Handling

Qualification Ready

Bond Pulling Procedures

Qualification Ready
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Module production
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Low power

Minimizing power dissipation and cable losses

~65 W per petal ~5.1 W per SCT module
(~57k readout channels) (~ 1.5k readout channels)
— 1.1 mW/ch — 3.3 mWi/ch

...in one cable ...in one cable

HV filter Control DCDC Power Block

Power board:

Buck DC-DC converter with switch power

I B -
DC-IX fransistors

onstant
voltage (F
s0NUrce

DESY. ITk Strips, Diez, ICHEP2022 Page 37
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LV and HV control circuitry and monitoring




“End of Substructure” (EoS)

Data concentrator boards to the outside world

0 ;
" Stave-Right-
i u S (A-side)

Stave-Right-M (C-side)

640 Mbps eye diagram
Hybrid on a petal, looking 50cm away

i
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Carbon fiber facesheets
Bus tapes co-cured with CFRP pre-preg

185 um thick

1 mil PI{25um)
1 mil Adh (25um)
1/2 Cu (17.5um)

1/2 Cu (17.5um)
1 mil Adh (25um)
1 mil P1{25um)

* Vacuum foil
_____________ Breather
............. Release film

.

L I Peel ply
I $ 0 --—-—- e Prepreg lay-up

|

------------- Bus tape
I - Release film

e

Optimized for 640 MHz differential signals

Co-cured together in autoclave with lay-up of
K13C2U/EX1515 CF pre-preg
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