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High Luminosity - LHC

High Luminosity (HL)-LHC will bring major changes to the detector’s
environment:

1.—1

» Luminosity increaseupto & =5 — 7.5 X 10°*cm™ s~
o Integrated Luminosity up to 3000 — 4000 fb~!
» Up to 200 1nelastic pp collisions per beam crossing (pileup)
* Increased luminosity — ~10 times higher radiation

= Harsh environment for the tracker
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EXPERIMENT

HL-LHC tt event in ATLAS ITK
at <p>=200

Event Displays from Upgrade Physics Simulated Data



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradeEventDisplays

Upgrade of the ATLAS Inner Detector
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The ATLAS Inner Tracker
(ITK) to replace the existing
Inner Detector

 All silicon - Pixels and
Strips

* Higher radiation tolerance

* Finer granularity (# of
channels) larger coverage

» Faster response
* Reduced material budget
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https://cds.cern.ch/record/2776651
https://cds.cern.ch/record/2875395?ln=en
https://cds.cern.ch/record/2257755?ln=en

ATLAS-TDR-025

The ITK Strips Layout

Endcap Barrel Endcap

Quadrant view of the (ITKk)
~ B I [ [ I | I | I I | I I I I l I I I [ I I | | I | I I I I
1400 —ATLAS Simulation
o —ITk Inclined
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1200~ n=1.0

Pixels _
200 Pixel Detector  Talk by Stefano
% 500 1000 1500 2000 2500 3000 3500
Z [mm]
Barrel : 4 layers (double sided) Endcap(s) : 6 disks (double sided) per endcap
» L3/L2 (outer layers) with long strip (LS) staves * Disk0-Disk5: 32 1dentical petals on each disk
* L1/L0O (1inner layers) with short strip (SS) staves  Variable pitch and length due to geometry
. Upto ~ 33 MRad dose and 7.2 x 10'* neq/(:m2 . Upto ~ 50MRad dose and 1.2 x 10'° neq/(:m2
Strips # of Layers # of Detectors Surface [m?] Channels [M| Strip Pitch [pm] Strip Length [mm)]
Barrel 4 392 Staves 104.86 37.85 75.5 24.1 - 48.2
Endcap 6 384 Petals 60.4 22.02 69 - 85 19 - 60
Total 776 165.25 59.87 M
k‘,\ Brookhaven
National Laboratory 4



https://indico.cern.ch/event/1184921/contributions/5574639/
https://cds.cern.ch/record/2257755?ln=en

Poster on Sensor

T'he ITK Strip Sensors
b /e
p Talk by Luise on Curing early

breakdown in silicon strip sensors
with radiation

Barrel

rrrrrrr
MD1

* Silicon: n-type implants in a p-type float-zone silicon bulk (n™ — in — p) with NS
aluminum AC-coupled strips

* Produced by Hamamatsu Photonics K.K. (HPK) in 6-inch, 320 um thick wafers
2 variants for barrel, 6 variants for endcap(s)

 Miniature sensors, test structures, monitor diodes, and other structures are laid out in
the “halfmoons”

= Validating the characteristics/performance of the sensors
 Operating bias voltage is set to backplane at =500V (OV onn™) at ~ — 30°C

, _ 500 HPKIVS _preproduction
HPK performs initial tests against the T 4s0b  aniasuss
specifications 5 400h e
* Visual inspection edge chipping and 3 350E  rmacran |
scratches 9 300E e / Zil
* Electrical tests such as Overall capacitance & 2505 ™™™
(C-V) and the leakage current (I-V) 200F
* Pre-production (1041 sensors - 5%) showed %
; ; 100F =
that quality of the sensors “as produced™ 1s cof E
excellent. B
0 100 200 300 400 500 600 700
? Brookhaven Pre-Production  all 8 types HPK 1,041 9.2m? completed Blas Voltage [V]
k National Laboratory Production all 8 types HPK 20,800 190.3 m? ongoing NII\;IA;89 (2021) 164928

Y. Unno et al 2023 JINST 18 TO3008



https://www.sciencedirect.com/science/article/pii/S0168900220313255
https://iopscience.iop.org/article/10.1088/1748-0221/18/03/T03008
https://indico.cern.ch/event/1184921/contributions/5688514/
https://indico.cern.ch/event/1184921/contributions/5688514/
https://indico.cern.ch/event/1184921/contributions/5582407/
https://indico.cern.ch/event/1184921/contributions/5582407/
https://indico.cern.ch/event/1184921/contributions/5582407/

ATL-ITK-PROC-2023-002

The I'TK Strip Sensors - QA/QC

e 120 T
Chipping = | ATLAS18 Pre-Production
Extensive QA/QC 1s carried out in several institutes for either 5 0 :2 :2; -
all sensors or sample of them: S go MRs  HRs .
“6_ . —SS =Ls

» All Sensors S 6o/ -

* Visual inspection, planarity (<1% failures) sl -
_ 2 :

* IV (Vs = 500V & 1 < 0.1 pA/cm”) under dry ool -

conditions (3.5% failing) Poster on Humidity : :
exposure by Vitaliy 0

300 305 310 315 320 325 330 335

e Subset of sensors:

Physical thickness [um]

* Thickness measurement on test sensors with calipers

. T | ; T T

= i - -

(320 = 15 um) S [ VPX32502 : ]
T 10°F : A

* Long-term stability (40h at 400-500 V, 2-35% of sensors) 5  F :
e Full Strip Test, probing each strip, measure currents and £ 10g "
Rbias =1 -2M§, Ccoupling > 20 pF/ Chl L _______________ wwﬁ
QC Test Vis. Insp.  Metrology Thickness IV CV LTS Striptest o EOS o mOTs mOTe =018 =019 02 2 -
10 ' =021 *023 -+ 024 026 027 028 029 %_5

Yield (Fails) 99.6% (4) 100% 99.7% (2) 96.5% (36) 100% 99.3% (4) 99% (4) = =030 - 03f 034 035 03 037 040 3 3
[ 041 042  +043 =046 =

Talks on QA/QC: by Eric & by Christoph 10_2(5 - 1(|)() - 2(|)() - 3(|)o - 4(|)() - 5(50 - 6(|)O - 70() -

Talk on Sensor recovery by Ezekiel
k? Brookhaven Posters on QA/QC by Andrew & by Paul Vi [-V]
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https://cds.cern.ch/record/2846511
https://indico.cern.ch/event/1184921/contributions/5688525/
https://indico.cern.ch/event/1184921/contributions/5688527/
https://indico.cern.ch/event/1184921/contributions/5585260/
https://indico.cern.ch/event/1184921/contributions/5585261/
https://indico.cern.ch/event/1184921/contributions/5574844/
https://indico.cern.ch/event/1184921/contributions/5688526/
https://indico.cern.ch/event/1184921/contributions/5688526/

The I'Tk main element: Module

Wire-bonds

The main detector element 1n ITk 1s the module
which consists from: mr:'-..

. . HCCStar Power ABCStar
* Diced Sensors W'j:nds “ board ;f
—————r Hybrid

* Hybrid board (glued on the Sensor) consists of
ABCStar custom frontends and HCCStar custom i
readout ASICs

* wire-bonded to the sensor Sensor

* Power-board (glued) which has AMACStar
ASIC for controls, HV multiplexer, DCDC
(lnPOL12V, bPOL12V - CERN development)

* wire-bonded to Hybrids

~97mm

‘ >

~97mm

Short strip module
exploited view

ATLAS-TDR-025
L=> Brookhaven
National Laboratory 4



https://cds.cern.ch/record/2257755?ln=en

Core supports

» Carbon-fibre structures form the support for the modules and the EoS

Petal exploded view

— e e e e e e e e e e e e e e e e o e e e e e e e e e e e e o e e e e e e e e e = e = = o = = — — oy

Module\y

* Copper on Polyimide (kapton) bus-tapes are used to route electrical
connections (Inc. power)

 Titanium pipes used for evaporative CO, cooling in highly thermal-
conductive carbon-fibre honeycomb - operation at ~ — 35°C

* Modules are glued on either side of the core and wire-bonded to bus-tapes

Stave Cross section Carbon Fibre

_____________________________________________________ «——— Readouf ASICs |
Polyimide Hybrid N Hon eycom b
o < Silicon Sensor
Polyimide Bus Tape —>: ' __ Carbon Fibre Bus Ta pe

Modules

HV on sensor back

Carbon fibre Facesheet

(C-channels)

Automated Bonding
(TAB) bonding

— T \:Kr_‘ . ™Y y L\;i
High Thermal Conductivity Foam Carbon Fibre Honeycomb Titanium Cooling Tube

E closeouts - : plane by Tape

e —~——

"""J - 6

Sensor back side

HV tab

Petal core

Poster on local support
structures by Sergio

k‘,\ Brookhaven
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https://indico.cern.ch/event/1184921/contributions/5688491/
https://indico.cern.ch/event/1184921/contributions/5688491/
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Barrel detectors: Staves

e Modules are loaded 1n structure to form Staves
e Staves consist of 28 modules 1n total, 14 on either side of the stave core

LSO reEJLCB_IN
==
= RS

* Modules are rotated by 26 mrad to the stave axis to provide stereo
information

* The End of Substructure (EoS) facilitates the communication through the
CERN developed ASICs:

* [pGBT (Low Power GigaBit Transceiver, 65 nm CMOS ASIC)
e VTRx+: fibre transmitter - receiver (10 Gb/s - 2.5 Gb/s)

Type 3

mmﬁ\ b module orientation

BTC_IN

=" B O]

LSO ref]LCB_IN
= g7l
— RS

Y

8l Short Strip Stave

S ||
. 5':;' U [ s
48
|
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Endcap detectors: Petals

* In a stmilar way Modules loaded 1n trapezoidal structures form Petals

* Petals consist of 6 module variants - 1in total 18 modules, 9 on either
side of the petal core

» Contrary to staves, petals feature strips which are rotated by an angle
¢, = 20 mrad around the center of the sensor to provide stereo
information

* Petals have more variations of hybrids due to the nature of their shape
but all the ASICs and the EoS have identical to staves functionality

Y The arcs AD and BC are centered at O.

A Strips have F as focus.

Outer edges, AB and DC, have F' as focus.
Sensor center Ow at radius R.

R_occ : circumscribed circle of the
vertexes of "flats approximation" which
inscribed circleis R _o.

abcd: "Virtual corners" of active region
ABCD: Outer corners (after dicing)

o s e T Masm s T R
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Not pre-irradiated

o
Electronics and Readout ¥ ’
g 5 = . = = = = No pre-irradiation
o)) — /7 R = = = = Pre-rradiated (no annealing)
§ 55 ' "\ / - = — = Pre-Iradiated + 2m annealing @ 8o C
o 45— ,' R = = = = Pre-iradiated + 5sm annealing @ 8o C
* All three ASICs (ABCstar, HCCstar, AMACstar) are produced by Global S E \ e acitea - om anveaing & 50
. Poster on SEU by g 4:_ I: \\\ -—- zre-::ra::I:+2.5m runn:ng:t::
Foundry (GF) in the 130nm technology Shaogang b oI pmmm—
« ASICs are pre-irradiated to 5 Mrad with %0Co since their current N N 77T Pemmammmimmanr
consumption becomes more uniform afterwards 255_ \
. . . . . . g ',' | | \\\
Performance evaluated 1n test beam campaigns and extensive simulations, 2t | Pre-irradiated
* Readout performance (1MHz with link occupancy <90%, 6ps latency) and = 1s- | b
developments studied at dedicated System test setups ) S PTT i A T r S rabis
0 0.5 1 15 2 2.5 3 3.5
Dose [Mrad]
Barrel System test at CERN Endcap System test at DESY
° RX elinks (x14) @ 320 Mbps | | M. |
FELIX [t IpGBT | ) @320 MbPs N 4
: TX
elinks
(x4)
160
Mbps Talk on System
tests by Jan
ABC* (x10) || = W NV —W v =p7u ) : °
x14 HCC* total XS
Off detector . On detector
k‘,\ Brookhaven /- N
National Laboratory Yy N Mo ------- R\ 11



https://indico.cern.ch/event/1184921/contributions/5688474/
https://indico.cern.ch/event/1184921/contributions/5688474/
https://indico.cern.ch/event/1184921/contributions/5574848/
https://indico.cern.ch/event/1184921/contributions/5574848/

Global Structure :Outer Cylinder (OC) Bulkheads:
tru Ctu re Hosts the ITk Close the volume on either end of OC
3 e O Al IR NENET T

Highlights

Global

Insertion tool at i
-_;:—?:, F:q.li'- ‘
= -
— i =
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Integration

Barrel Integration at CERN 2x Endcap(s) - Integration at DESY, Nikhef

384 Petals -

iy,
ez,
iz

» Outer Cylinder (not visible)
» 4 support cylinders
 pre-dressed with stave

locking brackets  Endcap stiffening disc

* 6 Wheels

L&

Complete ITk e — ' —
Strips detector | ‘

&‘Bmokhaven' Clean room preparation at CERN

National Laboratory 13




Current status - Towards production

» Sensor (>50% delivered) and ASIC production Prototyping pre-Production Prodietion :
(>90% manutactured) running smoothly Talk on ASIC T ASICe
Production by Modules
* Unfortunately on May 2022 before modules aya John Staves / Petal Sensors

enter production, a technical issue was Loading

discovered” ez T
 Excessive noise once at “Cold” temperatures 1
below —20°C a.k.a “Cold Noise” - ji ¢ b
» Dedicated studies tracked down to capacitors e u;
in the DCDC domain of the powerboard a8 J R =
vibrating at 2 MHz and those vibrations sl || 1
traveling across the sensor and coupling back \ NP7 7 | ‘R
into the sensors ©e " - | i
» By May 2023 a mitigation technique was put 5 ool
in place: changing the glue which minimises 1000}
the noise S ool A e
2 400 Module :
= 2004 coomrriz pown [ gy e
¢ Brookhaven 00 128 256 384 512 640 768 896 1024 1152 1280
k' National Laboratory 14
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https://indico.cern.ch/event/1255624/contributions/5445245/attachments/2663117/4742456/TWEPP_Dyckes_Kurth.pptx
https://indico.cern.ch/event/1184921/contributions/5582376/
https://indico.cern.ch/event/1184921/contributions/5582376/
https://indico.cern.ch/event/1184921/contributions/5582376/

Current status - Sensor cracks

* Although a mitigation action has minimised the
issue of “Cold Noise” another technical
challenge was discovered

* In June 2023 we started to observe that we had
higher levels of high voltage breakdown during
stave tests than expected

* Investigations led to the discovery of cracking

ABCStar

ABCStar

ABCStar

HCCStar

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

|

41e1SOOH

ABCStar

ABCStar

Power Board

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

ABCStar

SEensors
o o . . . . UV glue/loctite
* Studies are ongoing, FEA simulations indicate the s
. . o . Polaris/True Blue/False Blue
issue 1s the CTE mismatch between hybrids/ =]

SE444

powerboards and sensors

Carbon Support + Coollng Structure

* Issue of different stiffness of the glue below and
above the sensor

» Mitigation actions are explored and studies are
ongoing

k}\ Brookhaven
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Summary

* In view of HL-LHC, the ATLAS experiment will upgrade its complete Inner
Detector with an all silicon Inner Tracker (ITK)

» [Tk 1s expected to improve the ATLAS performance operating under a harsh
environment

* The Strips detector has been through many years of design and R&D with the
pre-production smoothly ongoing in several areas

 Major advancements on the construction of structures, services and
preparation for integration

* Two major technical issues have derailed the production schedule though:

* The community 1s working hard to address and mitigate those 1ssues such that
production of Modules can be launched

 Initial results from mitigation techniques are encouraging

National Laboratory

(,\ Brookhaven
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LHC Long term schedule

2021 2022 2023 2024 2025 2026 2027 2028 2029
J[FIM[AIM|1|3|A[S|ON|D| 3|FIM[AIM| 3|1 |A[S|OINID| 3| FIM[AIM| 3| 1 |A[S|OIN|D| 3| FIMAIM| 3| 3 |A|S|O|N|D| 3| FIMAM| 3| 3 |A[S|OIN|D{ 3| FIM|AIM| 3| 3 |AlS|O|N|D{ 3| FIM|AIM| 3| 3 |AlS|O|NID{ 3| FIM|AM| 3| 3 |AlS|OINID{ 3| FIM|AM| 3| 3 |AlS
\ Run 3 Long Shutdown 3 (LS3)
2030 2031 2032 2033 2034 2035 2036 2037 2038
J|FIMAM 1|3|A|S|ON|D|J|FIMAM| 3[3|A[S|ON|D{ 3| FIM|AM| 3{3|A[S|OIN|D{ 3| FiM|AM| 3| 3 |A[S|OINID{ 3 |FiM|AIM| 3| 1 |A|S|O|NID| 3| FiM[AIM| 3| 1 |A|S|OIN[D| 3 [FIM[AIM| 3| 3 |A|S|O|N(D| J|FIM[AM| 1| 3 |A|S|OIN|D{ J | FIMAIM| ]| 1 |AlS
Run4 | 54 Run5 |
2039 2040 2041
J|FIMAIM| 1|3 |A/S|ON|D[ 3 |FIMAM| 3|1 |A|S|ON|D| 3| FIMIAIM| 3| J|A|S|O|N|D} Shutdown/Technical stop
, : ,_ | Protons physics
S5 Ions
- Run 6 | Commissioning with beam
| | | | Hardware commissioning

Last update: April 2023

k? Brookhaven
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Numbers

Barrel Radius # of # of # of # of # of Area
Layer: [mm] staves modules hybrids of ABCStar channels [m?]
LO 405 28 784 1568 15680 4.01M 7.49
L1 562 40 1120 2240 22400 5.73M 10.7
L2 762 56 1568 1568 15680 4.01M 14.98
L3 1000 72 2016 2016 20160 5.16M 19.26
Total half barrel 196 5488 7392 73920 18.92M  52.43
Total barrel 392 10976 14784 147840 37.85M  104.86
End-cap Z-pos. # of # of # of # of # of Area
Disk: [mm] petals modules hybrids of ABCStar channels [m?]
DO 1512 32 576 832 6336 1.62M 5.03
D1 1702 32 576 832 6336 1.62M 5.03
D2 1952 32 576 832 6336 1.62M 5.03
D3 2252 32 576 832 6336 1.62M 5.03
D4 2602 32 576 832 6336 1.62M 5.03
D5 3000 32 576 832 6336 1.62M 5.03
Total one EC 192 3456 4992 43008 11.01M 30.2
Total ECs 384 6912 9984 86016 22.02M 60.4
Total 776 17888 24768 233856 59.87M  165.25

u’\ Brookhaven

National Laboratory
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Electrical properties common to all types of sensors

Parameters Initial condition (*1) Post-irradiation (*2)
Wafer:
Material p-type Silicon, float-zone (FZ) --
Crystal orientation <100> --
Resistivity >3.5 kQcm --
Oxygen concentration 1.5x1076 to 6.5x10*7 (atoms/cm”3) --
Active thickness (tolerance) >270 um --
Sensor:
Full depletion voltage (V _fd) <350 V --
Breakdown voltage (V_bd) >500 V >500 V or V _fd+50 V
Maximum operating voltage 500 V (at sensor) —
Leakage current <0.1 yA/cm”"2 <0.1 mA/cm”"2
at 500 V, RH<10% —
Leakage current stability <15% —

at 500 V, RH<10%, 24 hours,
after temperature correction (*3)

Bad strips <8 consecutive, <1% per segment “—
Collected charge (MPV(*4)) >6350 electrons, at 500 V “—
Strip:

Resistance of n-implant strip <50 kQ/cm —
Resistance of AC-metal strip <30 Q/cm “—
AC coupling capacitance (C_AC) >20 pF/cm, at 1 kHz “—
Polysilicon bias resistor (R _b) 1.5+ 0.5 MQ 1.8 £ 0.5 MQ
Inter-strip resistance (R _int) >10xR_b, at 300 V —at400V
Inter-strip capacitance (C _int) <1 pF/cm (*5), at 300 V —at400V

to its nearest neighbors on both sides,

at 100 kHz or 1 MHz (main sensor or

mini sensor, respectively)
Q“ Brookhaven
National Laboratory 21




Radiation Safety Factors

Layer Radius Maximal Fluence Maximal Dose
[mm] [neg/cm? ] [MRad]
Strips
Long Strips 762 3.8x 10 9.8
Short Strips 405 7.2x10% 32.5
End-cap 385 1.2x100 50.4
Pixels
Layer 0 39 1.87 x 106 1268
Layer 1 75 0.59 x 10'° 549
Layer 2 155 0.22 x 106 129
Layer 3 213 0.15 x 106 87
Layer 4 271 0.11 x 10'® 53
End-cap 80 0.62 x 101° 477

L‘,\ Brookhaven

National Laboratory

TDR of ITk Strips

r [cm]

r [cm]

r [cm]

Figure 3.9: The fluence and dose distributions for the ITk layout. Top: The 1 MeV neutron equivalent
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https://cds.cern.ch/record/2257755?ln=en

The ITK expected performance
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I'TK Strip Sensor part flow and QC procedure
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I'Tk Strip Sensor QC procedures
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Figure 4. The R4 endcap sensor installed on the jig designed for leakage current stability tests (left). Dry

Figure 2. Metrology and Visual Capture setup installed in the clean laboratory of HPK and used by the storage cabinets Wlth slots for sensor Jigs or module test frames used for the leakage current stability
tests in Prague (middle) and SCIPP (right).

KEK/Tsukuba QC testing site (left). Evidence of the resolution achieved with this setup (right).

Figure 3. BATY Venture 3030 measurement system installed at University of Cambridge (left) and OGP
SmartScope CNC 500 machine used for metrology and Visual Capture tests in Prague (right).
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Figure 5. Semi-automatic Probe station Tesla 200mm installed in Prague.
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https://cds.cern.ch/record/2835012/files/ATL-ITK-PROC-2022-015.pdf
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