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The LHC

e The Large Hadron Collider at
i CERN
""""""""""" it e Largest and most energetic
gy , hadron collider
e - e Nominal proton-proton collisions,

2010 (27 km)

, TT42

i S~ AWAKE but also heavy ion operation
R e Operating at a centre of mass
[ AD _ FEnA M:ms energy of 13.6 TeV
[ 1999 (182 m) | 2020 31 m) | 1
BOOSTER >/ e, e Bunch structure with 25 ns
. = REHIE- | FastArea spacin
ngF “ 4 y . - 200172015 E /=-I—C ; Hp g I I
\ | e i e Ou|ses several large
multi-purpose) experiments:
mn T (multi-purpose) exp
‘ ALICE, ATLAS, CMS, LHCb
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Run 1: del. 5.5/22.8 fb! and rec. 5.2/21.3 fb-' Run 2: del. 156 fb™" and rec. 147 fb™ Run 3: del. 264 fb™! and rec. 249 fb™'
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The ATLAS Detector

e Typical HEP detector with muon
systems, calorimeters and tracking and
vertexing detectors

e The ATLAS Inner Detector constituted
of transition radiation tracker (TRT),
silicon strip modules (SCT), and pixels
(IBL+PIX)

e Innermost layers are pixellated silicon
detector — ATLAS Pixel and IBL
detector

e Collisions in ATLAS since 2009

HSTD14 - T. Bisanz (ATLAS Collaboration)
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The Pixel Detector

e The ATLAS Pixel detector
o 1.7 m? of silicon
o 80 million channels

o Three barrel layers (5 cm to 12 cm)

and three disks on each side
o |n| coverage up to 2.5
o C,F, evaporative cooling
o Innermost barrel layer: B-Layer
e Pixel modules

o Planar n-in-n sensors with 400 pm x

50 um pixellated matrix
o 250 nm CMOS read-out chip

o Radiation hard up to 1x10" neqcm'2

HSTD14 - T. Bisanz (ATLAS Collaboration)
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In ATLAS since
the start of
operation in 2009
and designed for
a <p> of 23!
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The IBL Detector

4, ’//"—{/ ”
4
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e The IBL detector (“insertable B-Layer”)
o 0.2 m? of silicon
o 12 million channels : _ Pl
o Single layer at 3.3 cm radius o o I AT
. . I &= &
o CO, evaporative cooling — il a_‘\\\\\_/
| a1 \k MR\
e IBL modules :
_ _ Installed for operation from
o Mostly planar n-in-n sensors with 2015 onwards!
250 ym x 50 um pixels
o n-in-p 3D sensors in forward region
o Read-out chip in 130 nm CMOS
o Radiation hard up to 5x10"° neqcm'2

oxide [l metal M passivation

p'Si M p poly-Si M n’poly-Si p'Si

[ oxide H metal M passivation
p Si p'Si B n'sSi
IBL 3D sensor designs

Publication on Production and Integration: 2018 JINST 13 T05008 (different vendors)
6
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https://iopscience.iop.org/article/10.1088/1748-0221/13/05/T05008
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Operations in Run 3 s R
¢ 1.0p LHC Fill 87r5e4lmmary'64§
% 08k —C wreconfig. —56.;-;
s Sttne o mergepiewn 188
e High <u> and long periods of LHC levelling 206 S )
make Run 3 conditions very challenging g 04r “’-2:
. - S 0ol -1
e Work on the system to improve stability and g o

O 0.0

resilience due to high hit rate and radiation 510 //:

e E.g. mitigation of single-event-upsets in the = 1.00— : . . :
: P T minosty biock
read-out ChIPS _ _ _ . / Induced noise due to SEU
o SEU will cause misconfiguration of chip
. . . T g ]
o Dead-time free reconfiguration of read-out £ S Py -Goé
. P 1071? s=13.6 TeY, 2‘023 datal :s;::sri g
chips &1 <
e Orreduction of desynchronisation with the help 'Y s e
of a novel read-out firmware B10% 11 e g E
o Reduction of desynchronisation by orders —___ #w*p  f s 2 a0
of magnitude 1078 e
023 2023 23 Month

Desynchronisation over time
HSTD14 - T. Bisanz (ATLAS Collaboration)



Operation in Run (2+)3

<dE/dx>[MeV g'1 cm?] or <cluster size> [pixels]

Very good performance, especially for a
detector in operation since start of LHC

While the first years in Run 2 were

dominated by read-out limitations we are

now in the era of radiation damage
Analogue thresholds given in table
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read-out limitations

T T A T T

2500 2500 2500 2000
B-Layer 3500 5000 5000 4300*
Layer 1,2 3500 3500 3500 3500
Disks 3500 3500 4500 3500

increasing and decreasing thresholds

1500 1500
3500* 4700
3500 4300
3500 4300

effects of radiation damage:
c.f. next slides



Performance in Run 3

e Working fraction of detector kept high

e Recently issues which require modules to
be disabled seem to increase a bit

e However, we are several years and twice
the expected dose above our design for
the original pixel detector

e Some issues can be mitigated by
increase in digital supply voltage, but we
are approaching (power) limits there as
well

e The IBL detector still in good shape and
only single read-out chips with issues

e Performance of individual modules less
important than overall data quality

e Data quality efficiency in Run 3 for Pixel
was 99.7% or higher

HSTD14 - T. Bisanz (ATLAS Collaboration)
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mid-2025 numbers

N
Disabled 2018 2024 2025
modules Disabled/Total [%] Disabled/Total [%] Disabled/Total [%]
Pixel B-Layer 18/286 6.2 21/286 7.3 22/286 7.7
Layer 1 20/494 5.8 18/494 36 19/494 3.8
Layer 2 33/676 48 50/676 7.4 61/676 9.0
Disk 15/288 5.2 16/288 5.2 15/288 5.2
Total 95/1744 5.4 105/1744 6.0 171744 6.7
IBL (Front End) 3/448 0.7 5/448 124 5/448 1.1
Total 98/2192 45 110/2192 5.0 122/2192 5.6

Overall good enabled fraction, but the detector is
aging and the situation is getting worse

Trigger Inner Tracker Calorimeters
L1+HLT Pixel SCT TRT LAr Tile MDT RPC TGC MM sTGC Solenoid Toroid Lumi. calib. Other
99.6 100 997 999 999 100 989 998 999 100 100 100 100 99.5 99.5

Muon Spectrometer Magnets Global



Radiation damage in IBL 3D modules:

2024 JINST 19 P10008

Radiation Damage - Depletion Voltage

Radiation to sensor bulk introduced deep defects — change
in the effective doping concentration — higher voltage for full

IBL 3D Cluster Charge MPV [ke-]

depletion

Regular scans where voltage is stepped through to measure
response (IV-curves or collected charge)

In particular also investigating IBL 3Ds which are of interest
for the ATLAS ITk upgrade (innermost ITk layer)
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https://iopscience.iop.org/article/10.1088/1748-0221/19/10/P10008
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Radiation Damage - Leakage Current
e Aside from depletion voltage, leakage current £ 4 ATLASFo rlminary it
important to monitor and predict s 1-2; M{i +¢+##****** ]
e Increase in leakage current could hit power §1-°; ) 1 1 ++++H
supply limit or thermal runaway 3 o8 ¥ } I g
e Modules kept at low temperature to prevent 06f- t ' REERRRIA i
annealing L
o  Decreasing the temperature would ozt D D | e ]
reduce leakage current, but not much 00—z T——— S50
headroom in cooling Bias Voltage [V]
o  Beneficial annealing would also reduce g == — :
leakage current, but not foreseen except T P
a few days when cooling maintenance % A VA e
e Predictions with the Hamburg model, need 3 4 BT E p”
scaling factors, but overall good prediction B
e Leakage current not expected to be an issue 1 _‘ / ~ B
even at end of Run 3 T | / ‘
%20 40 60 80 100 120 140 160 180 200 11
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Radiation Damage - Modelling
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more important f e ! » Sy s
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: . . pitch: 50 x - [ P T T REWT RET-T oy
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ATLAS Monte-Carlo production since N
Run 3 £ b
e Model uses E-fields from TCAD, g
computed Ramo-potential maps and a
trapping constants as input g o ]
o L imi anar
e Publication: JINST 14 (2019) P06012 S etorer o Dmaadtenimy ]
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https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06012
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e Decrease of charge collection efficiency g ] g Y~ é
(CCE) due to trapping because of radiation A N S ool .
damage % 0'75 ?szl'fs‘im.me ] % 0'75 As.’;l'fiim.sTe *"g’ A '
o CCE in IBL planar (and B-Layer) will 3 08 Lsorec | 8 08F mLremens<a<anm
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. . . £ F.. e Run3Data2022+2023 6 & . e Run3Data2022+2023 450
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charge collection distance and p-type
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e However, hit-on-track performance
deteriorates significantly less and we only 8 sk " ATLAS Preliminary |
0 ; gt V5= 13+13.6 TeV |
expect a loss of up to 3% hits-on-track due to = o e ]
this hE " MORed Start 202 | IBL planars 200 um thick
. o Data Start 2024 .
e Closely monitor these effects, we do not R N I Norsgoamge | — 16 Ke/MIPin
ticioate th dt d the th holds: Eo it 1 unirradiated case will drop
anticipate the need to reduce the thresholds: ot | . t0.4.8 ke/MIP (1.5 ke
IBL at 1.5 ke threshold, expect 16 ke at 100% e o E threshold, 100 e noise) at
CCE for a MIP I - g 30% CCE
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Summary

e The ATLAS Pixel detector is the most irradiated
pixellated semiconductor detector we have at a
collider based experiment

e As we are approaching the end of Run 3 and hence
the end of lifetime, some parts have exceeded their
design values by a substantial amount

e \While certain parts are aging, anticipatory planning
(e.g. installation of IBL, read-out upgrades)
improved the resilience and allows good operation
up to today

e (Good performance in recording efficiency and data
quality despite challenging conditions in Run 3

Thank you for your attention!
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Run: 496908
Event: 17131827
2025-05-05 14:22:14 CEST

recorded pp-event in ATLAS
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Pixel Modules

HV quard ring ATLAS Pixel Module

Type0 connector

e  Original Pixel system
o 16 FEs per module
o One MCC to control and aggregate
data (HCCStar for ITk strips)
decoupling o Planar n-in-n sensor
capacitors
e Insertable B-Layer (IBL)
o (mostly) 2 FEs per module
(mostly) n-in-n planar
(few) n-in-p 3D sensors in forward
region
e [Tk
I
™T o sensor " bump bonds dimensions: ~ 2 X 6.3 cm? o In the barrel 3x1 or 2x2 FE
welgeﬁt: o g modules

Innermost layer 3D
Outer layers planar n-in-p sensors

17
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ATLAS Pixels: The Readout Chips

250 nm CMOS

7.6 mm x 10.8 mm chip size
160 x 18 pixel matrix

FE output 40 Mbps (MCC
output at 2x80 Mbps)

e  Hitrate 200 MHz cm™

e  74% active area

HSTD14 - T. Bisanz (ATLAS Collaboration)

IBM 130 nm CMOS

20.2 mm x 19.0 mm chip size
336 x 80 pixel matrix

Each FE outputs at 160 Mbps
Hit rate 400 MHz cm™

89% active area

technische universitat
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ITkPix (ATLAS)
i 400 x 384 pix

TSMC 65 nm CMOS

20.0 mm x 20.9 mm chip size
384 x 400 pixel matrix

Four lanes output at up to 1.28
Gbps each

Hit rate 3 GHz cm

FE-to-FE data aggregation 18
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FE-I3 vs. FE-14 Digital Architecture
FE-l4 schematic view
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Redesign of the digital part | w

o T _olo olo olo olo [[ gl
ing f FE-I3 to FE-I4 | o oo =
Qo [e)[e] o
1readoutcel| B gOIng rom - o - g: 88 88 gg oo Olo E
= N . H Analog Front End Digital Pixel Region Analog Front End _O
] o)
OB Local hit buffer was introdueed, |} [, et 01 |2
= . . . 4| 4 ! e
A A only hits which are triggered Ot L o= | 71 [P0
s e Il are sent to end-of-column -
Address & time star Configuration bit ol - - Qo Ol [e)[e] Ol|o 7 [e][e]
og grgess glrgnes I':?gs’ Eﬂglgur&;{;,lsgg §‘§ § g E_T Ob oo OO oo, Od’ E
el ilsis Il s o] 1 A O EOC) gl[c_|f ol |[clo olo oo o [0
el st il s I o e A S N ( ol [0 |[NoloY][—olo olo_|[ @/ _|Zolo [ 0
1 e R 8o S0 Y cloJrolo ]Il Hcloro
1 e — —s onlv about 0.25 % of t (o IS AYSI Moo Mo oo Mo
D/Aconvenor\g §§ §§ E On y a Ou i 0 O EE OO\ bO lied ,,OO 2AQ E
> 5 oo 53 o H [®] [e][®] QO [e]fa] [o][e] [e][e] @]
Ellze hits are transferred to EOC, ®|le oo [ ol 88' Slof[-olo J[-o
oo o O [e][e] &) [e]
counmievr (oo I much reduced rate on DC bu e - ‘
omter CUIIEERME IS m““tHHH@H TN ] o itm“’]“””*‘“-“;‘:'dofcmmgm Joces T
am o “mm:’  On FE-I3 this bus activity can = sz:;:;:" s o e
Hit buffer J . .
iy = only be reduced by increasing ¥ ] e o
controller B Sca
. E - analogue threshold e
W —— ef. LI onv.
£hip address? iACIAOCAk ‘ Pad Frame [j DD fih v
Slow control +Sync : 58 e 1n Out Aux Ret Dam

Data output L1 Power supplies <in (3] [4] [3] Clock Clock -Out

HSTD14 - T. Bisanz (ATLAS Collaboration) 19



[PIX 2017- 009]

R

'Y

o S EERPAERERN REIE N TN S ATLASPreIlmmary E

. . . . NE 12; ATLf_\:cc;::‘:Bt:::nos"y fs=1aTeV E g E'Z;A§sumed L1 rate: 100 kHz _§

Run 2: Read-Out Limitations £ & s eas o |
= E ., W o 3 V/E -Lo =

c 2 Bgedh 7 o Fos U E

At the intensity ramp up in 2016, the Blayer thresholds & ‘Z? PRt #s 7 < g 05712 E
. . . . D = a s - 7 & E E

had to be increased in order to cope with high £ o ! : 1 894 <ecc jf ]
E O F s It < 03F e E

. . . . a 4 & . . =z E . B
bandwidth usage as LHC inst. luminosity was S 4 4. : W E Y BE E
: 34 cm-2sec! SE S . N P 3 g
exceedlng 1X10 cmsec 1?/04 12/‘05 12}06 13/07 13;08 13)09 15/10 15/11 .15. IR I ]g
Day in 2016 0"90 20 30 40 50 60 70 80

Average p per lumi block

Subsequent upgrade of the off-detector read-out
system for all layers reduced desynchronisation and

[PIX-2018-011]
H H T T T T | T T T | T T T I T T _]
recovered physics signal 3 4 ATLAS Pixel Preliminary ' =
S =8 Data2016: Data 2017 E Data 2018 7
A 1'8:_ Blayer oA oy 'l =
[PIX-2017-001] . [PIX 2017 007] 3 4 6;’0 : ' i =
E E T T T T T T T T T T w T T El — - LA : __
g Hap ATLAS: FuelProliminary ER- ATLAS Plxel Prellmlnary E 2 i ML'_ : — <dE/dx> 7]
2 . 3 FJ_ [ » 80MHz Qs ] 3 1.4—! . M"mtb‘-.’ —— Cluster size ¢ —
3 E «* 1 Y 107! = 80MHz ECR-Resync . 3] i H H — . =}
S T el B L= 160MHz, QS ECR-Resync, FE-Sync. o ® e 3 v 1 2—I: : fop = Clustontizez, ~
S E readou «* 3 = & n I - 3 N ¥ aany | -]
L NLEE 1 =102k . b both: layer-1 € T'i‘\_ii..x: i ‘ e
S 0.9F . = =10"¢ IT. 3 - - IS 1:. i -
f;’i E o] g 2 E 3 o - 7 el . N ]
3 oABE— ﬂﬂaaaﬂ - 2 : o § e K w ] read_out = T : rq.h\n_w{\“m._‘_’_*. ]
S 07t oot 3 1_3 10°E i A‘ L AN ] upgrade % 0.8~ Thr>38.5>>5ke | : -]
0.6F 4 g 3 ikt E - HV=350 V ¢ HV=350 V i HV=400 V .
0_52 é 5 C Figh 1 effects on % 0.6 [—Thr=3.5(5)ke’ i Thr=5ke i Thr=4.3/5ke’ ) —
Euns 1 o1 ey o s, o, o, o g o s o) 60 QTR - ! [ ToT=18BCs@20ke’: ToT=18BCs@20ke ! ToT=18BCs@20ke ]
S oer ‘ ‘ VR '% g jclusters and E 0.43(5)<ToT<150 | 5<ToT<150 ! 3<ToT <150 T
2 1045 . 5 @O a ] = EEEA RN T T Y AT RS
Z 102 atenm tesnta egen 0 3 st oa 0 Jdesyne Voo 20 40 60 80 100 120 140 160 180
M %0 & 40 1000 100 2000 25000 8900 Run-2 Delivered Lumlnosny%% 1

Average Average (u x Trigger rate[kHz])


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2017-001/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2017-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2017-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2018-011/

Run 2: FE-I14 Radiation Induced Effects

[P1X-2016-005]
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Publication on SEU in FE-I4: [G. Balbi
et al 2020 JINST 15 P06023]
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Run 3: Improving Desynchronisation

The ATLAS Pixel detector (including IBL) is a fully synchronous detector. Large events take longer to process.
Problem: FE-I3 pixel modules can only process 16 triggers — triggering them more often cause desynchronisation
Solution: skip triggers if 16 are pending — “smart-L 1-forwarding” (requires special data-taking firmware)
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