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LHC
The Large Hadron Collider
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ATLAS
A Toroidal LHC Apparatus
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Introduction
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The

ATLAS PIXEL DETECTOR



ü 1.7 m2 of silicon, 80 million channels, 1744 modules.

ü Three barrellayers and 2x3 endcap disks.

ÁRadius of 5.05 cm, 8.85 cm, 12.25 cm 
of B-Layer, Layer 1, Layer 2.

ü Angular coverage |eta| < 2.5

ü C3F8 evaporative cooling system.
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The Pixel Detector
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ü Sensor: planar n+-in-n sensor, 60.8 mm x 16.4 mm 
active area,  250 µm thick.

ü 16 FE-I3 frontend chips plus one controller (MCC) 
in 0.25 µm CMOS technology.

ü The frontends are bump-bonded to the sensors 
with solder and indium bumps.

ü Radiation hard to 1 x 1015 neq/cm2.

ü псΩлул tƛȄŜƭǎ ǇŜǊ ƳƻŘǳƭŜΦ

ü 10 x 115 µm resolution.

ü Pixel size: 50 µm x 400 µm.

ü 8-bit Time-over-threshold information per hit. 

Designed for a pile -up of 23
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The Insertable B -Layer (IBL)
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ü 0.2 m2 of silicon

ü 12 million channels

ü 280 modules

ü Two sensor types: 

Áplanar n+-in-n, 200 µm thick 

Á3D n+-in-p sensors,230 µm thick, at high eta.

ü Radiation hard to 5 x 1015 neq/cm2.

ü 448 FE-I4 frontends, 130 nm CMOS technology

Á two per planar sensor, and one per 3D sensor, 
solder-bump-bonded.

ü{ƛȊŜΥ н ŎƳ Ȅ мΦу ŎƳΣ нсΩуул ǇƛȄŜƭǎ ǇŜǊ frontend.

ü 4-bit Time-over-threshold information per hit. 

ü New innermost layer of the Pixel Detector, 
added in the 2013-2014 LHC shutdown (LS1).

ü 14 staves at a radius of 3.2 cm in a radial 
envelope of 9 mm.

ü CO2 evaporative cooling, 2 redundant plants.



ü In the first Long Shutdown LS1 (2013-2015), the new Service Quarter Panels (nSQPs) were installed into the 
detector.
Á Reproduction of the old Pixel service panels, but with the optoboards outside the detector volume, in an accessible 

region.

Á Double the amount of readout lines for Layer 1 to cope with the expected bandwidth in Run 2. To exploit this 
upgrade, the off-detector readout was unified between Pixel and IBL during the course ofRun 2.  
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New Service Quarter Panels (LS1)
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BOC ROD



Optoboardreplacement

ü A large number of optoboards failed during Run 2, due to 
dark VCSEL channels.

ü The failures started about 2 years after installation of the 
optoboards.

ü About 30 boards were replaced before the run of 2018. 20 
additional VCSELchannelshave died since then.
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Optoboard Replacement (LS2)
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ü For LS2/Run 3, an additional 400 optoboards
were produced, and ca 2/3 of all optoboards
were replaced during LS2, among them all 
failing and suspicious ones. In addition, the 
crates housing the optoboardswere sealed 
against humidity. 

ü No new VCSEL channels have failed since then.
ü Humidity is now the main suspect as failure 

cause.
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ii. DETECTOR OPERATION
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LHC Run 3
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ü In Run 3, almost 200 fb - 1 delivered 
already by now. 

ü 350 fb -1 in Run 2 + Run 3. 

ü expect (at least) another ~150 fb -1

until the end of Run 3 

ATLAS has been levelled to a target 
pile -up ȉof 64 in 2024. Only short 
periods of levelling in Run 2 (peak 
pile -up of 60).
Relevant for Detector Performance is pile -
up averaged over a Ăluminosity blockò 
(corresponding to about 1 minute), inst 
Luminosity and Level 1 trigger rate.

= pile -up

2024 extrmely smooth 
for LHC and ATLAS!

Inst Lumi 
regularly above 
2.1 10 34 cm -2s-1

2340 colliding 
bunches in 
ATLAS

pile -up levelling 
target of 64



ü ATLAS recording efficiency was 
94.3% in 2024

ü Pixel: Deadtime < 0.1% in 2024 
during physics data taking in stable 
beams

ü 99.7% data quality efficiency for 
Pixel. Inefficiencies comprise 
expected/accepted component 
accumulated in special runs to 
monitor the depletion voltage, but 
also a fraction of running 
misconfigured.

ÁEfficient Data Quality Monitoring 
is essential to spot the latter type 
ƻŦ ŜǾŜƴǘ όαƛƴǘƻƭŜǊŀōƭŜ Řŀǘŀ 
ǉǳŀƭƛǘȅ ŘŜŦŜŎǘέύ ǇǊƻƳǇǘƭȅ ŀƴŘ 
correct it.
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2024: Pixel in ATLAS: Data Taking Performance
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Ready for Physics ĂR4Pò flag is set when all subsystems reach nominal 
conditions after the declaration of stable beams, e.g. full High Voltage 



ü Pixel Detector non-working fraction (end of 2024):

Á 1.1% IBL (5 out of 448 frontends)

Á 6.0% outer layers (104/1744 modules)

ü Total number of disabled modules increases 
slowly with time.

ü Twomajorrecoveries:

Á ~30 modules recovered in LS2 by replacing 
optoboards with dead VCSEL channels

Á 6 Layer1 moduleswith one problematic readout 
link recovered in2024by going to half readout 
speed (i.e. from 2 to 1 link)

ü Failures inside the detector volume are 
inaccessible.

Kerstin Lantzsch (University of Bonn) 13

Detector working fraction

20.02.2025

Layer 2018 2023 2024

B-Layer 6.2 5.2 7.3

Layer 1 5.8 4.4 3.6

Layer 2 4.8 6.3 7.4

Disks 5.2 4.5 5.2

Pixel Total 5.4 5.3 6.0

IBL 

(Frontends)

0.7 0.9 1.1

% Disabled

almost 99% working fraction in IBL
and 94% working fraction in the outer Layers
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Reconfiguration at ECR
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ü Single Event Effects (SEE) can flip the state of global and local registers in the frontend, affecting an 
entire frontend or single pixels, typically causing noisy or silent readout cells.

ü To counteract SEEs, a periodic globalreconfiguration was implemented for IBL already in Run 2. The 
reconfiguration ƘŀǇǇŜƴǎ ƛƴ ǘƘŜ α9/w ƎŀǇέΣ ŀ нƳǎ ǇǊƻǘŜŎǘŜŘ ǿƛƴŘƻǿ ǘƘŀǘ ƛǎ ƎŜƴŜǊŀǘŜŘ ƛƴ !¢[!{ ŜǾŜǊȅ 
5 seconds. That means that the reconfiguration does not cause additional deadtime for ATLAS. The 
mechanism was also deployed for Pixel in Run 3, configuring 1 FE per ECR.

ü Pixel level reconfigurationin IBL was tested in 2018 and deployed in Run 3. Every pixel register gets 
updatedevery 11 minutes. Pixel level reconfiguration leads to a significant reduction of the noise level 
in IBL and reduces the number of broken clusters

ECR = Event Counter Reset



ü ROD-Level Desynchronisation: The Pixelmodulescan only buffer 16 events, and transmit events with 
maximum 160 Mbit/second to the off-detector ROD/BOC system. The bandwidth usage depends on the 
hit occupancy, i.e. (very) large events take longer (too long) to transmit. Once a trigger has been missed, 
the module event data will be out of sync with the rest of ATLAS until the next Event Counter Reset/ECR. 
A mechanism to reset the backend electronics and the FE chips at each ECR had been implemented 
already in Run 2.
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Desynchronisation
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ü In 2023, a new ROD firmware was deployed which 
keeps track of the number of pending triggers for 
each module. A module that is already handling the 
maximum number of triggers, will not receive a new 
trigger. The firmware will instead insert a dummy 
fragment into the data stream, keeping track of the 
ǘǊƛƎƎŜǊ L5ǎ όα{ƳŀǊǘ [м ŦƻǊǿŀǊŘƛƴƎέύΦ LƴǎǘŜŀŘof
secondsof data,onlysingleevents are lost. This is 
clearly visible in the number of ROD level 
desynchronisation errors.

Smart L1 forwarding 
for B -Layer deployed



ü The Pixel MCC (Module Controller Chip) flags intra-module desynchronisation, i.e. when the trigger ID 
between the 16 frontends for a given event does not match. This module-level desynchronisation depends 
on the pile-up (i.e. hit occupancy) and also the trigger rate. A dependance on the LHC filling scheme is 
observed.

ü The visible desynchronisation rate is due to the fact that the FE can not be effectively reset more frequently 
than every 5 seconds.

ü That means that the only handle on the remaining module level desynchronisation is the hit occupancy, i.e. 
the threshold.
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Desynchronisation, II

20.02.2025



ü The readout performance can be affected by Single 
Event Effects, and by limitations in bandwidth and 
buffer sizes. A continuous effort has been made to 
limit the effects on the performance. 

ü Towards the end of 2022, LHC demonstrated that it 
was possible to increase the instantaneous luminosity
above 2.1x1033cm-2s-1 without running into thermal 
issues in the arcs, whichis the limiting factor.

ü ATLAS target conditions were raised accordingly first 
to a pile-up of 60 and to 64 in 2024, at trigger rates 
above 90 kHz.

ü Pixel readout improvements make it possible to 
operate the entire detector including the B-Layer at the 
current ATLAS target conditions. 

ÁBut: in addition to the improved readout, the 
threshold was raised to limit the occupancy.
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Readout Performance

20.02.2025

2022 running 
conditions: OK B-Layer 2022

B-Layer 2023



ü Hit occupancyincreaseslinearlywith pile-up
ü Hit occupancyper pile-up decreases with integrated luminosity (radiation 

damage).
ü Balancing bandwidth and hit efficiency: Threshold is set in optimizationof 

keeping efficiency high while keeping the bandwidth manageable.
ü In 2018, the B-Layer threshold could be lowered for the first time without 

hitting the bandwidth limitations, counteracting efficiency losses due to 
radiation damage.

ü However, with the increased machine performancein Run 3, the frontend 
limitations started to play a more significant role than bandwidth 
limitations, and required the thresholds to be raised again
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Threshold Evolution
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Layer 2015 2016 2017 2018 2022 2023

IBL 2500 2500 2500 2000 1500 1500

B-Layer 3500 5000 5000 4300* 3500* 4700

Layer 1, 2 3500 3500 3500 3500 3500 4300

Disks 3500 3500 4500 3500 3500 4300

*Threshold only lowered in the central region, higher at high eta
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iii. Radiation Damage & Performance

Received Dose, 

End of 2024

Predicted Dose, 

End of Run 3

Specified Dose

B-Layer 1.4 x 1015 ~2 x 1015 1 x 1015 1 MeV neq cm-2

IBL 1.9 x 1015 ~3 x 1015 5 x 1015 1 MeV neq cm-2

ü In Run 3, radiation damage effects are getting to be the dominant impact on detector 
performance.

üModels and simulation are used to understand and predict radiation damage effects.

ü Some operational parameters (high voltage, thresholds, temperature) can be adjusted to 
counteract the effects.
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Depletion Voltage
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ü Depletion voltage increases with irradiation.
ü Adjust bias voltage at the beginning of each year to guarantee a full 

depletion region for each year.
Á After type inversion, depletionvoltage is measured with data. Scansare

taken each year. z-dependence observed.

ü Minimize warm time during cooling maintenance to prevent reverse 
annealing. 

ü Hardware limit: 600 V for B-Layer, 1000 V for IBL planar modules, 
500 V for IBL 3D modules



ü The evolution of the leakage current can be described with the Hamburg model. Global scaling factors are, 
however, required.Strong z-dependance.

ü With increasing luminosity, the leakage current is overestimated.
ü Extrapolation of the leakage currents to the end of run 3: well below theoperational limits of the high voltage 

power supplies and services, at the current operating temperature.
ü Using leakage current data to extract the fluence seen by the detector.
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Leakage Current
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üModelling the radiation damage to the Pixel sensors:

Á{ƛƳǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎ ŬŜƭŘ ŘƛǎǘǊƛōǳǘƛƻƴ ŦƻǊ ŀ ƎƛǾŜƴ 
ŀǇǇƭƛŜŘ ōƛŀǎ ǾƻƭǘŀƎŜ ŀŦǘŜǊ ƛǊǊŀŘƛŀǘƛƻƴ ŀǘ ŀ ƎƛǾŜƴ ƅǳŜƴŎŜΦ

Á{ƛƎƴŀƭ ƛǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ ǇǊŜŎƛǎŜ ŜƭŜŎǘǊƛŎ ŬŜƭŘΣ [ƻǊŜƴǘȊ 
angle and weighting potential maps, taking into account
ŎŀǊǊƛŜǊǎ ǘǊŀǇǇƛƴƎ ŀƴŘ Řƛũǳǎƛƻƴ ŜũŜŎǘǎΦ

ÁStandardsinceRun 3for ATLAS Monte Carlo generation.

ü Exploit the radiation damage simulationto train 
clustering/tracking algorithms.

ü Essential to understand and predict radiation damage 
ŜũŜŎǘǎ ŀƴŘ ǘƘŜƛǊ ǊŜƭŀǘƛƻƴ ǘƻ ǇŜǊŦƻǊƳŀƴŎŜ ƻŦ ǇƘȅǎƛŎǎ 
object reconstruction.
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Radiation Damage Digitizer
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Modelling radiation damage to pixel sensors in the ATLAS detector

Performance of ATLAS Pixel Detector and Track Reconstruction at the start of Run 3 in LHC Collisions at ã▼=900GeV

https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06012/pdf
https://cds.cern.ch/record/2814766/files/ATL-PHYS-PUB-2022-033.pdf


ü Track impact parameter resolution continues to be modelled well.

ü Fundamental improvement in the modelling of cluster charge.
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Radiation Damage Digitize r
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ü Also for IBL 3D sensors (FBK), very good agreement between data and Monte Carlo
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Cluster Charge
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1.8 fb -1 156 fb -1 203 fb -1

Sensor response and radiation damage effects for 3D pixels in the ATLAS IBL Detector

https://iopscience.iop.org/article/10.1088/1748-0221/19/10/P10008/pdf


ü Charge vs depth of charge generation is modelled well for IBL planar sensors.
ü For 3D sensors, the measured charge is ~independent from the depth of charge generation. 
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Depth of charge generation
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ü About30%of originalCharge Collection Efficiency (CCE) at the end of Run 3 for IBL planar sensors and B-Layer

ü Response of IBL 3D sensors at the same fluence shows a better behaviour in terms of CCE

ü Discontinuities in the simulation band are due to HV changes.

ü Number of hits on track affected to a significantly lesser degree than charge: expect loss of 2-3% of hits on track 
from today until the end of Run 3.
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Charge Collection Efficiency
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ü The ATLAS Pixel detector has delivered excellent performance in Run 3 so far.

ü Continuous Improvements are a guarantee for high quality data but ensure also the flexibility to react on ever 
more challenging LHC conditions. In terms of operation, we will focus now on operational stability.

ü Retaining expertise is difficult, but the importance can not be overstated.

ü Aging hardware is generally a concern, but has been proven manageble. The situation and availability of 
spares isclosely monitored.

ü Radiation damageeffects are growing ever more dominant with increasing fluence with compared to readout 
aspects. Tuningand optimising of operational parametershelp to mitigate the effects to a certain degree. 
The ability toquantitatively predict the effects in simulation and to accountfor themin data reconstructionis 
an essential asset in optimizing performance.

ü We are optimistic to continue to deliver good performance for the remaining two data taking years of Run 3.
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Conclusion and Outlook
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BACKUP

Kerstin Lantzsch (University of Bonn) 2820.02.2025



ü The Pixel Detector was designed for 
an instantaneous luminosity of 1x1034 cm-2s-1

and an average pile-up of 23.
Specified fluence 1x1015 MeV neq cm-2.

ü IBL was designed to serve ATLAS until the HL-LHC upgrade, i.e. for an expected 
instantaneous luminosity of 2.2x1034cm-2s-1, and for being able to cope with 
3x1034 cm-2s-1 and an integrated luminosity of 550 fb-1.
Specified fluence 5x1015 MeV neq cm-2.

Kerstin Lantzsch (University of Bonn) 29

Design values
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FBK and CNM 3D sensors
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Optobox Sealing

10.11.2021

Achieves extremely good 
humidity values!
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Data Quality Efficiency 2024 
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üOneout of 4 FEspoweredby a singleLV
channelisaffectedby anSEUand
manuallyreconfigured.

ÁVisible in the LV current

ÁVisiblein the moduleoccupancy(2 FEs)
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SEE in FE -I4
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ü Lƴ ŬƎǳǊŜ όŀύΣ ǘƘŜ {ƘƛŦǘ wŜƎƛǎǘŜǊ ό{wύ ǿŀǎ 
set to 1, and αл Ҧ мέƅƛǇǎ ŘƻƳƛƴŀǘŜ 
due to the SET onthe LOAD line, while 
low rate αм Ҧ лέƅƛǇǎ ŀǊŜ ŘǳŜ ǘƻ ǊŜŀƭ 
memory SEU. 

ü Lƴ ŬƎǳǊŜ όōύΣ ǘƘŜ {ƘƛŦǘ wŜƎƛǎǘŜǊ ǿŀǎset 
to 0, and αм Ҧ лέdominate. 

ü The values of the Shift Register are 
ǊŜŦǊŜǎƘŜŘ ǎŜǾŜǊŀƭ ǘƛƳŜǎ ŘǳǊƛƴƎ ǘƘŜ ŬƭƭΦ
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SET vs SEU
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Measurements of Single Event Upset in ATLAS IBL

https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06023
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Reco@ECR
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ü pixel level Reco@ECR 
new in 2024
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Reco@ECR
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ROD-level desynch in 2024
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Improvement in level of IBL ROD level desynchronisation is actually not due to the deployment of the smart L1 forwarding 
firmware (FE-I4 chip optimized for higher data rate , but thanks to the compensat ion in ROD firmware for a FE misbehaviour 
where a single event is split into two events.



ü Desynchronisationin Layer 1 affects number of clusters on 
track at higher pile-up

ü A mechanism that flushes FIFOs in the read-out electronics at 
each Event Counter Reset (ECR) wasintroduced for the new 
read-out in 2016and significantly reduces desynchronisation.
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Reset-At -ECR
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Readout upgrade in the Winter 

Shutdown to IBL style ROD/BOC

Layer 2* 2015/16

Layer 1 2016/17

B-Layer + Disks 2017/18Layer 1

Layer 1

A small fraction of Layer 1 was already upgraded in 2015/16



ü Current consumption of a single FE-I4b chip in data taking 
condition as a function of the total ionizing dose (TID). The 
temperature of the chip was 38C and the dose rate was 
120krad/h. After reaching the maximum of each peak the 
chip was annealed several hours resulting in the observed 
partial recovery.
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TID
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ü Increase of the current consumption of two single FE-
I4b chips in data taking condition as a function of TID.

ü Left: Lab measurements carried out at 38C (in blue), at 
15C (in black) and at -15C (in red) with a dose rate of 
120 krad/h. 

ü Right:Lab measurements carried out at 15C with a 
dose rate of 120 krad/h (red) and 420 krad/h (black).
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IBL ToT Detuning with TID in 2015
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ü The evolution of the mean and RMS 
of the measured Time-over-
Threshold (ToT) over all pixels in the 
IBL detector as a function of the 
integrated luminosity and the 
corresponding total ionizing dose 
(TID) in 2015, as measured in 
calibration scans. The tuning point 
was 10 BC (one BC = 25ns) for 16k 
electrons. 

ü Radiation effects caused the 
measured ToTto drift download with 
integrated luminosity, but short 
periods of annealing and regular re-
tunings brought the mean ToTback 
to the tuning point. The detector was 
regularly retuned. Each color/symbol 
series corresponds to a single tuning 
of the detector. 



ü t
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IBL ToT Detuning with TID in 2018
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ü Since2016, the TID 
peak is overcome 
and we are onthe
fallingflank of the 
curve. 

ü ToTdrifts upwards 
from the tuning 
point of 10 BC with 
dose.

ü Tuningdrift much
slowerthan before
the peak.

ü Regularmonitoring
andretuning.
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B-Layer Depletion Voltage in Run 1 and Run 2
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ü Before type inversion, the depletion voltage is 
measured by a cross-talk scan. Chargeis 
injected into a neighborof a given pixel that is 
being readout. 

ü The measurement is repeated over a range of 
bias voltages. When the sensor is fully depleted 
the pixels are isolated and the number of pixels 
without cross talk hits reaches a maximum. 

ü The depletion voltage is defined as the bias 
voltagewhen 90% of the 
pixels have no cross talk 
hits. 



ü IBL spatial resolution along 50 ˃Ƴ
pitch projection measured at 10 ˃Ƴ
at the start of Run 3.
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IBL 3D spatial resolution 
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ü Depletion Voltage evolution for CNM (left) and FBK (right) IBL 3D sensors
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IBL 3D: Depletion Voltage for FBK and CNM
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ü Run 1: 

Á 2011 (3.5 TeV) -> 5.08/5.46fb-1

Á 2012 (4 TeV) -> 21.3/22.8 fb-1

-------------------------------------------------LS1: 2013-15 ----------------------------

ü Run 2 (6.5 TeV) -> 147/156 fb-1

Á 2015-> 3.9/4.2 fb-1

Á 2016-> 35.6/38.5 fb-1

Á 2017-> 46.9/50.2 fb-1

Á 2018-> 60.6/63.3 fb-1

-------------------------------------------------LS2: 2019-22 ----------------------------

ü Run 3 (6.8 TeV) -> 183/195 fb-1 (ongoing)

Á 2022-> 35.7/38.5 fb-1

Á 2023-> 29.7/31.7 fb-1

Á 2024-> 118/124 fb-1

Á 2025-> estimate +120 fb-1

Á 2026 -> estimate +50 fb-1??
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LHC longterm schedule

20.02.2025



Kerstin Lantzsch (University of Bonn) 47

202 4
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202 3
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2022
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2018

20.02.2025



Kerstin Lantzsch (University of Bonn) 51

2017
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2016

20.02.2025



Kerstin Lantzsch (University of Bonn) 53

Run 1
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50 ns bunch spacing


