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Large Hadron Collider: very fast detectors needed
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https://alice.cern/sites/alice.web.cern.ch/fi
les/md-slider-image/201902-053_01.jpg 
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LHC timeline: collect more and more data
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From the high lumi LHC project

Pileup x 10
2032: LS4
Rate x 50 
for LHCb

LS = long shutdown: major upgrades!

Energy
Data x 6

Energy
Data x 2

Rate x 5
Data x 11

So we have collisions 
now?

https://hilumilhc.web.cern.ch/sites/hilumilhc.web.cern.ch/files/inline-images/HL-LHC_August_2020_1148x645.jpg
https://hilumilhc.web.cern.ch/content/hl-lhc-project
https://cds.cern.ch/record/1419213/files/itk_23.png
https://cds.cern.ch/record/1419213/files/itk_230.png
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Nikhef R&D group works with LHC experiments and 
Nikhef electronics group on pixel detectors for future 
upgrades of experiments

As of NOW!
So Nikhef detector 
R&D builds 
detectors?

https://www.nikhef.nl/en/nikhefdimensies/
https://www.nikhef.nl/en/nikhefdimensies/
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Pileup x 10 Pileup x 3 Fast timing 
needed!

2034

https://hilumilhc.web.cern.ch/sites/hilumilhc.web.cern.ch/files/inline-images/HL-LHC_August_2020_1148x645.jpg
https://hilumilhc.web.cern.ch/sites/hilumilhc.web.cern.ch/files/inline-images/HL-LHC_August_2020_1148x645.jpg
https://cds.cern.ch/record/1419213/files/itk_23.png
https://cds.cern.ch/record/1419213/files/itk_230.png
https://www.nikhef.nl/en/nikhefdimensies/
https://www.nikhef.nl/en/nikhefdimensies/
https://cds.cern.ch/record/2244311/files/PII_EoI_final_v3.pdf
https://arxiv.org/pdf/1902.01211.pdf


How to distinguish between these collisions?
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From Nicolo 
Cartiglia
(Nikhef colloquium 
on 2020-10-30) 

Multiple primary vertices per bunch crossing!
Color indicates point in time within bunch crossing

p p p p p

25ns between 
bunches

One bunch has
 2 ⋅ 1011 protons 

Example: 
inside the 
CMS 
detector

ATLAS and 
LHCb will 
face similar 
problems

Does every proton 
collide?

https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://www.nikhef.nl/evenement/online-colloquium-resistive-readout-in-silicon-detectors-by-nicolo-cartaglia-turin-infn/
https://indico.nikhef.nl/event/2667/


How to identify particles with time of flight?

7
momentum

v/c

t0

TOF

Measure time at t0 and TOF
 

https://doi.org/10.1088/1748-0221/14/06/C06023
https://en.wikipedia.org/wiki/ALICE_experiment#/media/File:2012-Aug-02-ALICE_3D_v0_with_Text_(1)_2.jpg


So we need fast detectors
What about fast timing semiconductor 
detectors?
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9A silicon pixel detector

https://cerncourier.com/wp-content/uploads/2022/03/CERNCourier2021JulAug-digitaledition.pdf
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ALICE inner tracking system:
 10 m2 of active silicon area

nearly 13 billion pixels

The largest pixel detector ever built!

THE largest silicon PIXEL detector

https://www.nikhef.nl/en/nikhefdimensies/
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A silicon pixel detector An ionizing particle 
deposits charge in 
the silicon sensor

The reverse biasing of the sensor 
diode structure drives the charge to 
the readout chip

The charge is integrated and 
a threshold is applied

Digital processing 
occurs

The data is read out of 
the chip



A hybrid pixel detector
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threshold

https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
http://www.umich.edu/~ners580/ners-bioe_481/lectures/pdfs/2017-06-MRSbulletin_Pennicard-semiconductorMaterialsForXrayDetectors.pdf
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif
https://upload.wikimedia.org/wikipedia/commons/2/22/Photon_counting_in_a_single_pixel.gif


Timepix: an ASIC for hybrid pixel detectors
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Timepix 4

Timepix4 with 200 ps bin 
size, 77 ps time resolution

From Medipix series: chip with timing information

Here at Nikhef!

K. Heijhoff et al 2022 JINST 17 P07006

https://cds.cern.ch/record/2253263/files/studio%2000052.jpg?subformat=icon-640
http://www.umich.edu/~ners580/ners-bioe_481/lectures/pdfs/2017-06-MRSbulletin_Pennicard-semiconductorMaterialsForXrayDetectors.pdf
https://doi.org/10.1088/1748-0221/17/07/P07006


LHCb Vertex Locator (VeLo) upgrade

14

VELO sensor on Timepix 3 ASICs

Velopix sensor triplet prototype

The Velopix ASIC: based on Timepix, 130nm TSMC, 55x55 μm2 pixels

https://cds.cern.ch/record/2644707
https://cds.cern.ch/record/2723996


Integrated sensors

15From I. Kremastiotis

Monolithic Active Pixel Sensors: MAPSHybrid pixel detector

CMOS MAPS: in your phone!

Why would you use one or the other?

https://indico.cern.ch/event/875895/attachments/2036308/3409492/ESE_Seminar_CLICTD.pdf
https://indico.cern.ch/event/875895/attachments/2036308/3409492/ESE_Seminar_CLICTD.pdf
https://upload.wikimedia.org/wikipedia/commons/5/5a/SAMSUNG_Galaxy_Note10.jpg
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ALICE inner tracking system 2: the first LHC 
experiment with MAPS, now taking data

https://www.nikhef.nl/en/nikhefdimensies/
https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf
https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf


You will find these at Nikhef
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ALICE PIxel DEtector: 
ALPIDE
TowerJazz 180nm 3 cm

The Nikhef electronics technology (ET) 
group designs these chips for the ALICE 
inner tracking system!

1 pixel: 28 μm x 28 μm

8 
m

m

Talk at Vertex2021 

50 μm 
thick 
sensor

https://doi.org/10.1016/j.nima.2015.09.057
https://indico.cern.ch/event/993933/contributions/4179337/attachments/2170103/3663751/WP1-2_13_01_2021.pdf
https://indico.cern.ch/event/993933/contributions/4179337/attachments/2170103/3663751/WP1-2_13_01_2021.pdf
https://indico.cern.ch/event/1047531/contributions/4510416/attachments/2318006/3946425/MBuckland_ITS3_Vertex2021.pdf
https://indico.cern.ch/event/1047531/contributions/4510416/attachments/2318006/3946425/MBuckland_ITS3_Vertex2021.pdf


Other timing pixel detectors
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From the high lumi LHC project

From Kerstin Lantsch

Pileup x 10

3D sensors now 
in ATLAS pixel 
detector

2027: LGADs in 
ATLAS high 
granularity 
timing detector

2027: LGADs 
and SiPMs in 
CMS timing 
detectors

Why so many 
collisions per 
second?

https://hilumilhc.web.cern.ch/sites/hilumilhc.web.cern.ch/files/inline-images/HL-LHC_August_2020_1148x645.jpg
https://indico.cern.ch/event/716539/contributions/3246037/attachments/1798044/2932866/20190219_VCI_AtlasPixelOperations_Lantzsch.pdf
https://hilumilhc.web.cern.ch/content/hl-lhc-project
https://indico.cern.ch/event/716539/contributions/3246037/attachments/1798044/2932866/20190219_VCI_AtlasPixelOperations_Lantzsch.pdf
https://indico.cern.ch/event/716539/contributions/3246037/attachments/1798044/2932866/20190219_VCI_AtlasPixelOperations_Lantzsch.pdf
https://cds.cern.ch/record/1419213/files/itk_23.png
https://cds.cern.ch/record/1419213/files/itk_230.png
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf


ATLAS High Granularity Timing Detector: a timing layer

● LGADs with time resolution per track (per hit) 25 ps (35 ps) for r = 120 mm
● Half will be replaced after 1000 fb-1: timing degrades with radiation damage
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Low Gain 
Avalanche Diode 
signal: charge is 
multiplied in gain 
layer! Animation by 
Robbert Geertsema

TDR 

Planar sensor 
signal: 

Animations courtesy of Robbert Geertsema

σ2
t = 30 ps

https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf


Planar sensors                       3D sensors

20
Da Vía et. al.

10 ps time resolution
DOI:10.1088/1748-0221/18/01/C01051

Already in ATLAS innermost layer:

Animations courtesy of Robbert Geertsema

● Fast charge collection: short 
path!

● Large charge generated
● Radiation hard: in ATLAS at 

30mm since 2015

https://indico.cern.ch/event/821632/
https://indico.cern.ch/event/821632/
https://www.sciencedirect.com/science/article/pii/S0168900212008509?via%3Dihub
https://doi.org/10.1088/1748-0221/18/01/C01051
https://indico.cern.ch/event/716539/contributions/3246037/attachments/1798044/2932866/20190219_VCI_AtlasPixelOperations_Lantzsch.pdf
https://indico.cern.ch/event/577879/contributions/2743431/attachments/1573557/2483832/Wermes_HSTD_171212.pdf


Why ‘fast timing’ and what is it?

21



Distinguish vertices based on precise timing information
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Figures courtesy of Robbert Geertsema

2 nanoseconds window: 2000 picoseconds 15 picoseconds

https://indico.nikhef.nl/event/2727/session/16/contribution/56/material/slides/0.pdf
https://external-content.duckduckgo.com/iu/?u=https%3A%2F%2Fwww.triumf.ca%2Fsites%2Fdefault%2Ffiles%2Fshared%2FsingleHL_LHCbunchcrossing.png&f=1&nofb=1


Particle identification improves with precise timing

23
20 ps precision at 19 cm 20 ps precision at 19 cm and 85 cm

HL-LHC ALICE pileup: 5- 10 



Timing information from a timing layer
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From Nicolo 
Cartiglia

Primary vertex: 
Original collision 
location
LHCb also has 
many secondary 
vertices!

https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf


Timing at points along the track
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From Nicolo 
Cartiglia

Needed for 
LHCb: primary 
and secondary 
vertices!

https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://lhcb-public.web.cern.ch/Welcome_270811.html
https://doi.org/10.1051/epjconf/201921401042
http://fst.unife.it/it/ricerca/aree-di-ricerca-1/esperimento-lhcb-al-cern/the-lhcb-experiment-at-cern


LHCb needs 4D tracking

26From the VELO upgrade workshop this year in 
Amsterdam and LHCb-PUB-2022-001

http://lhcb-public.web.cern.ch/lhcb-public/ 

Incorrect Primary Vertex (PV) assigned to tracks: 
→ poorly measured lifetime

https://indico.cern.ch/event/1228626/contributions/5238815/attachments/2588243/4465800/20230206_Pathway.pdf
https://indico.cern.ch/event/1228626
https://cds.cern.ch/record/2800144/files/LHCb-PUB-2022-001.pdf
http://lhcb-public.web.cern.ch/lhcb-public/Images2014/Images_2011/BsMuMu_xz_b.jpg
http://lhcb-public.web.cern.ch/lhcb-public/


What is measured and how precise can it 
be?
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What is measured?

28
From Uwe Krämer

We measure when a signal crosses the threshold

Time

https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


How precise, or how good can your time resolution be?

29

Time walk: smaller 
signals have a ‘time 
delay’

σt
2 = σtimewalk

2  +  σjitter
2  +  σTDC

2

Time to digital 
converter

~ Noise / (dV/dt)
Reduce with faster 
signal rise time

From arxiv:1312.1080 -- see also slides by Nicolo Cartiglia

https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://arxiv.org/pdf/1312.1080.pdf
https://arxiv.org/pdf/1312.1080.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf


Correctable contribution: timewalk

30

Timewalk:
● Effect from varying 

signal amplitude
● Can be corrected 

for offline
● Can be 

compensated  for in 
electronics

From Uwe Krämer

https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


Fluctuations in the signal

31From Uwe Krämer

https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


Jitter gives extra uncertainty 
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~ Noise / (dV/dt)
Reduce with faster 
signal rise time

From arxiv:1312.1080 -- see also 
slides by Nicolo Cartiglia

From Uwe Krämer

https://arxiv.org/pdf/1312.1080.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


Fast != precise ?
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RMS noise of amplifier

Slope of output signal

Rise time of output signal

Signal to noise ratio

Time resolution can 
be improved with a 
fast signal

The fluctuations on the rising signal can also be 
suppressed with low-noise electronics: not easy! Fast: more power, 

more high frequency, 
more noise!

https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://doi.org/10.1088/1748-0221/11/03/P03011
https://doi.org/10.1088/1748-0221/11/03/P03011


Contributions to the time resolution

34From Uwe Krämer

https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


How to make the time resolution more precise?

35

Low input capacitance
Low-noise amplifier

Large signal gain

Short signal rise time
Fast charge collection
Fast amplifier

Very low noise detector!

High intensity at HL-LHC
Low noise electronics not easy
→ need fast detectors

rise time

Thicker detectors have    
      longer signals

From Nicolo 
Cartiglia

The million dollar question:
How to make the detector fast and keep 
power consumption low?

Clock jitter: 
need to deliver 
clean clocks!

What kind of detector 
increases the signal gain?
Has fast charge collection?

https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://doi.org/10.1088/1748-0221/11/03/P03011
https://doi.org/10.1088/1748-0221/11/03/P03011
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf


Some sensor considerations

36



Drift and diffusion

37
From 10.1016/j.nima.2020.164461

Modification of the sensor-making process

How to get more drift and less 
diffusion?

https://doi.org/10.1016/j.nima.2020.164461
https://doi.org/10.1016/j.nima.2015.09.057


38
From Kazu Akiba



39
From Kazu Akiba



40
From Kazu Akiba



How do you measure time resolution?

41



Comparison with other signal

42

Strontium 90
Example:
radioactive
source and other 
fast timing 
detector 

  Reference  detector

        Device Under Test

σ2
t,DUT = σ2

t,measured - σ2
t,ref

σt,measured

Δt

Inject pulses into DUT 
electronics: bypass sensor

injected 
signal

Comparator  
output 
signal

Example:
Waveform 
generator 

From Christina 
Tsolanta

What if you don’t have a detector 
that is faster than your DUT?

Δt

# entries

https://indico.cern.ch/event/1072231/contributions/4508757/attachments/2305766/3922690/First%20Timing%20measurements%20RD50-MPW2.pdf
https://indico.cern.ch/event/1072231/contributions/4508757/attachments/2305766/3922690/First%20Timing%20measurements%20RD50-MPW2.pdf


Test beam: with the Nikhef Timepix telescopes

43
K. Akiba et al 2019 JINST 14 P05026
K. Heijhoff et al 2020 JINST 15 P09035

Fast Timepix 3 telescope with 
1.6 μm spatial and 236 ps track 
time resolution

Time residuals of DUT 
compared to track timing

DUT

https://indico.cern.ch/event/959707/contributions/4033758/attachments/2121057/3570012/tpx3TelescopeTimingResolution.pdf
https://doi.org/10.1088/1748-0221/14/05/P05026
https://doi.org/10.1088/1748-0221/15/09/P09035
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K. Akiba et al 2023 
JINST 18 P02011

From Uwe Krämer

Different contributions depending on the measurement

Robbert Geertsema

https://iopscience.iop.org/article/10.1088/1748-0221/18/02/P02011
https://iopscience.iop.org/article/10.1088/1748-0221/18/02/P02011
https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


Other fast timing examples

45



Many more possibilities for fast timing detectors

46MonPicoAD                
FASTPIX
ARCADIA RD50

From Eric 
Buschmann

Hexagonal 
pixels

From Magdalena Munker

Larger spacing for fast charge 
collection but low capacitance

https://indico.cern.ch/event/953710/contributions/4046832/attachments/2123156/3573960/Pancheri_ALICE3_TimingDetectors_14Oct2020.pdf
https://attract-eu.com/showroom/project/monpicoad-a-monolithic-picosecond-avalanche-detector/
https://attract-eu.com/showroom/project/sub-nanosecond-radiation-tolerant-cmos-pixel-sensors-fastpix/
https://indico.cern.ch/event/843258/contributions/3610719/attachments/1929397/3195260/06_Giampaolo.pdf
https://indico.cern.ch/event/1047531/contributions/4536526/
https://indico.cern.ch/event/861104/contributions/4503032/attachments/2306309/3923668/fastpix_2021_09_09_picosecond_v2.pdf
https://indico.cern.ch/event/861104/contributions/4503032/attachments/2306309/3923668/fastpix_2021_09_09_picosecond_v2.pdf
https://indico.cern.ch/event/861104/contributions/4503032/attachments/2306309/3923668/fastpix_2021_09_09_picosecond_v2.pdf
https://indico.cern.ch/event/820476/contributions/4373076/attachments/2271946/3858652/fastpix_iworid_mmunker.pdf
https://indico.cern.ch/event/820476/contributions/4373076/attachments/2271946/3858652/fastpix_iworid_mmunker.pdf


Fast sensors at the LHC experiments

47



Next ALICE program: Bend the detector

48

Tests of bent 
ALPIDE at CERN 
test beam

ALICE ITS3 letter of intent

2027
2033

Innermost layer 
18 mm from 
beam line

50 μm thick sensor

ALICE3 letter of intent:
https://cds.cern.ch/record/2803563/fi
les/2211.02491.pdf 

https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf
https://cds.cern.ch/record/2703140/files/LHCC-I-034.pdf
https://cds.cern.ch/record/2703140/files/LHCC-I-034.pdf
https://indico.cern.ch/event/1079272/contributions/4539759/attachments/2316169/3942916/Tracker_status.pdf
https://cds.cern.ch/record/2803563/files/2211.02491.pdf
https://cds.cern.ch/record/2803563/files/2211.02491.pdf


ALICE ITS3: 2027                           ALICE3: 2033

49

ALICE ITS3 letter of 
intent

Innermost 
layer 18 mm 
from beam 
line

Each half layer is one single 
pixel chip!

Φeq = 1e13 cm-2, 10 kGy
Much less than ATLAS!

Thickness:
 x/X0 ≈ 0.05%

    now: 0.35%
before: 1.14%

ALICE3 letter of intent:
https://cds.cern.ch/record/2803563/files/2211.024
91.pdf 

1% X0 

Time of flight detector with 20 ps time 
resolution -- possibly depleted MAPS:
Φeq = 1e12 cm-2

Stitching and 
bending

Retractable
 vertex tracker: 
Φeq = 1e16/cm2

0.1% X0

https://indico.cern.ch/event/1079272/contributions/4539759/attachments/2316169/3942916/Tracker_status.pdf
https://cds.cern.ch/record/2703140/files/LHCC-I-034.pdf
https://cds.cern.ch/record/2703140/files/LHCC-I-034.pdf
https://cds.cern.ch/record/2703140/files/LHCC-I-034.pdf
https://arxiv.org/pdf/1902.01211.pdf
https://cds.cern.ch/record/2803563/files/2211.02491.pdf
https://cds.cern.ch/record/2803563/files/2211.02491.pdf
https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf


Fast timing detectors for LHCb
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Environment and requirements
● 250fb-1 up to 350fb-1

● fluence of Φeq = 6e16 / cm2 at 5.1 mm
● Expected pileup 50: 25 times that of 

today!
● Need a track time resolution of 20ps
● Collision rate: 2e34 /cm2/s:

 50 times that of today!
● Now upgradedfor 5x collision rate

Good time resolution from one of:
● Thin planar hybrid
● 3D hybrid
● MAPS
● LGADs

LHCb expression of interest: 
CERN-LHCC-2017-003

simulation
See talk at Vertex2021 yesterday

From LHCb-PUB-2022-001

simulation

https://indico.cern.ch/event/1047531/contributions/4529615/
https://indico.cern.ch/event/1047531/contributions/4529615/
https://arxiv.org/pdf/1808.08865.pdf
https://cds.cern.ch/record/2244311/files/PII_EoI_final_v3.pdf
https://indico.cern.ch/event/1047531/contributions/4529615/
https://indico.cern.ch/event/1228626/contributions/5238815/attachments/2588243/4465800/20230206_Pathway.pdf
https://cds.cern.ch/record/2800144/files/LHCb-PUB-2022-001.pdf
https://arxiv.org/pdf/1808.08865.pdf


ATLAS
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Material budget of ITk per layer ~3% X0
ALICE material budget per layer now: 0.35% planned: 0.05%

ATLAS inner tracker 2026 onward (TDR)

Inner tracker layers could benefit 
from extra timing measurement and 
lower material budget in 2033

TDR 

High granularity timing 
detector: LGADs from 2026
Replacements in 2033

High luminosity 
LHC: high particle 
rates! 
ATLAS 
ITk will see 
Φeq = 2.2e16 / cm2

https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://twiki.cern.ch/twiki/pub/Atlas/RadiationMapsGeant4/WebRadMaps_Zoom_P2-ITK-23-00-01-Muon-Rp09p02_rel21p9p15_4000ifb-79310ub-14TeV_A3_Shielding_50k_events_HGTD_TileSteel_Mn_LArFTGeoModel_EC_m3189_ITkGrid_v4.html
https://twiki.cern.ch/twiki/pub/Atlas/RadiationMapsGeant4/WebRadMaps_Zoom_P2-ITK-23-00-01-Muon-Rp09p02_rel21p9p15_4000ifb-79310ub-14TeV_A3_Shielding_50k_events_HGTD_TileSteel_Mn_LArFTGeoModel_EC_m3189_ITkGrid_v4.html
https://twiki.cern.ch/twiki/pub/Atlas/RadiationMapsGeant4/WebRadMaps_Zoom_P2-ITK-23-00-01-Muon-Rp09p02_rel21p9p15_4000ifb-79310ub-14TeV_A3_Shielding_50k_events_HGTD_TileSteel_Mn_LArFTGeoModel_EC_m3189_ITkGrid_v4.html
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From Frank 
Hartmann, LHC Long 
term schedule

Long shutdown 
(LS): upgrades!

HGTD: replace after 1000 fb-1 -- possible in a year-end technical stop (YETS)

https://indico.cern.ch/event/937797/contributions/3951887/attachments/2118029/3563936/HL_LHC-Collab-2020-Experiments_f.pdf
https://indico.cern.ch/event/937797/contributions/3951887/attachments/2118029/3563936/HL_LHC-Collab-2020-Experiments_f.pdf
https://indico.cern.ch/event/937797/contributions/3951887/attachments/2118029/3563936/HL_LHC-Collab-2020-Experiments_f.pdf
https://indico.cern.ch/event/937797/contributions/3951887/attachments/2118029/3563936/HL_LHC-Collab-2020-Experiments_f.pdf
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm
https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm


Summary: picosecond timing with solid state detectors
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● Can improve particle identification
● Can improve tracking 
● Can be used for 4D tracking
● Different sensors are under 

investigation
● Measuring the time resolution is not 

trivial
● Nikhef detector R&D group works 

with fast timing pixel detectors for 
upgrades of the LHC experiments 
and beyond

https://indico.cern.ch/event/895924/contributions/3968853/attachments/2102500/3564066/alice_its3_msuljic_vertex2020.pdf
https://indico.cern.ch/event/466934/contributions/2590706/attachments/1489634/2314877/Cartiglia_4D_tracking.pdf


Additional material
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Injection of a signal: transient current technique

55Single photon absorption laser and RD50 HR-HV MAPS at Nikhef

Picture by Marco Kraan

From Marco Fernandez

From C. Gallrap

Red 660nm = 1.9 eV
Penetrates few µm 
below surface
1 photon = 1 
electron-hole pair

Infrared 1060nm = 1.17 eV
Penetrates deep into sensor
1 photon = 1 eh pair

2D spatial 
resolution

Like a MIP!

https://indico.cern.ch/event/684193/attachments/1567682/2471443/TCT_DT_training_seminar.pdf
https://indico.cern.ch/event/684193/attachments/1567682/2471443/TCT_DT_training_seminar.pdf
https://indico.desy.de/event/12934/contributions/11156/attachments/7544/8886/2015-10-05_TCT_setup.pdf
https://indico.cern.ch/event/684193/attachments/1567682/2471443/TCT_DT_training_seminar.pdf
https://indico.desy.de/event/12934/contributions/11156/attachments/7544/8886/2015-10-05_TCT_setup.pdf
https://indico.cern.ch/event/1054903/attachments/2277439/3869186/DTseminar_TPA-TCT_mwiehe.pdf
https://indico.cern.ch/event/684193/attachments/1567682/2471443/TCT_DT_training_seminar.pdf


Two-photon absorption transient current technique

56

 380 fs – 5.5 nJ – 1 µm wide spot
 fast – powerful – precise 

3D spatial resolution
1550 nm = 0.8 eV: smaller than silicon band gap!
→ 2 photons = 1 electron-hole pair

Picture by Marco Kraan

https://indico.nikhef.nl/event/2727/session/16/contribution/56/material/slides/0.pdf
https://indico.cern.ch/event/684193/attachments/1567682/2471443/TCT_DT_training_seminar.pdf


Improved TDC resolution: sensor becomes important

57From Uwe Krämer

Kevin Heijhoff

https://indico.nikhef.nl/event/3894/contributions/17244/attachments/7012/9356/Fast_timing_overview.pdf


58



Interconnected metal layers on top

59

50 μm 
thick 
MAPS

http://www2.imm.dtu.dk/courses/02206/rules018/
https://doi.org/10.1016/j.nima.2015.09.057
http://dx.doi.org/10.1016/j.nima.2017.07.046


Fast MAPS example: FASTPIX

FASTPIX ATTRACT project:

● Designed for tens of ps; measured 120-130 ps 
time resolution

● Designed for 20 uW power consumption
● Process optimization
● Larger spacing for fast charge collection but 

low capacitance
● Hexagonal pixels to reduce edge effects

60
Kugathasan et al., Nucl. Instr. Meth. A  979 
(2020), doi:10.1016/j.nima.2020.164461

From Eric 
Buschmann

From Magdalena Munker

doi:10.1016/j.nima.2017.07.046 

https://doi.org/10.1016/j.nima.2020.164461
https://indico.cern.ch/event/861104/contributions/4503032/attachments/2306309/3923668/fastpix_2021_09_09_picosecond_v2.pdf
https://attract-eu.com/showroom/project/sub-nanosecond-radiation-tolerant-cmos-pixel-sensors-fastpix/
https://doi.org/10.1016/j.nima.2020.164461
https://indico.cern.ch/event/820476/contributions/4373076/attachments/2271946/3858652/fastpix_iworid_mmunker.pdf
https://indico.cern.ch/event/861104/contributions/4503032/attachments/2306309/3923668/fastpix_2021_09_09_picosecond_v2.pdf
https://indico.cern.ch/event/861104/contributions/4503032/attachments/2306309/3923668/fastpix_2021_09_09_picosecond_v2.pdf
https://indico.cern.ch/event/820476/contributions/4373076/attachments/2271946/3858652/fastpix_iworid_mmunker.pdf
http://dx.doi.org/10.1016/j.nima.2017.07.046
http://dx.doi.org/10.1016/j.nima.2017.07.046
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Tracking and vertex detector sizes

Largest pixel detector: ALICE
Largest silicon tracker : CMS



Silicon detector
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200 m2 CMS silicon strip tracker
The largest tracker ever built

A silicon tracking detector

https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
https://www.lhc-epistemologie.uni-wuppertal.de/fileadmin/lhcepistemologie/media/bilder/slider_home1_1200x600.jpg
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ALICE inner tracking system:
 10 m2 of active silicon area

nearly 13 billion pixels

The largest pixel detector ever built!

A silicon PIXEL detector

https://www.nikhef.nl/en/nikhefdimensies/


Some more examples of fast timing at 
Nikhef

64



Timepix: a Nikhef initiative
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Picture by Marco Kraan

Timepix 3 with sensor: σt = 500-600 ps

Timepix 4 now under investigation in our 
our lab: from 1.5 ns → 200 ps TDC bins!

K. Heijhoff et al 2021 JINST 16 P08009 
doi:10.1088/1748-0221/16/08/P08009

https://doi.org/10.1088/1748-0221/16/08/P08009
https://doi.org/10.1088/1748-0221/16/08/P08009


ALICE3 fast timing with MAPS

66

Timing measurements: unoptimized chip already has only 
the order of 800 ps in the lab, O(ns) at test eam.

Tests of bent ALPIDE at 
CERN test beam

From Roberto Russo

https://indico.cern.ch/event/1078376/contributions/4535955/attachments/2312976/3936721/Timing%20characterisation%20of%20the%20Investigator%20chip.pdf


Trench isolated Low Gain Avalanche Diodes

67

Larger sensitive area in the detector than standard LGADs: larger fill factor

Trench isolated LGAD will be 
bonded to Timepix4 ASIC

Need resolutions better than 10 
um and 50 ps

See also this 
talk at 
Vertex2021

https://indico.cern.ch/event/953710/contributions/4046832/attachments/2123156/3573960/Pancheri_ALICE3_TimingDetectors_14Oct2020.pdf
https://rd50.web.cern.ch/
https://indico.cern.ch/event/861104/contributions/4514658/attachments/2306205/3923475/PTD_BISHT.pdf
https://indico.cern.ch/event/861104/contributions/4514658/attachments/2306205/3923475/PTD_BISHT.pdf


Radiation hard depleted MAPS

68

HV CMOS with a larger collection electrode:
 fast collection time and radiation tolerant.

From 
Norbert 
Wermes

From Ricardo Marco Hernández

Smaller collection electrode: 
Low sensor capacitance
Low power

Large collection electrode:
High field almost everywhere
Short drift path

https://indico.cern.ch/event/813597/contributions/3727953/attachments/1989142/3315628/Wermes_Trento_WS_Vienna_200218.pdf
https://indico.cern.ch/event/895924/contributions/3968858/attachments/2102593/3563861/RD50_DMAPS_Vertex_10_2020.pdf
https://rd50.web.cern.ch/
https://indico.cern.ch/event/813597/contributions/3727953/attachments/1989142/3315628/Wermes_Trento_WS_Vienna_200218.pdf
https://indico.cern.ch/event/813597/contributions/3727953/attachments/1989142/3315628/Wermes_Trento_WS_Vienna_200218.pdf
https://indico.cern.ch/event/895924/contributions/3968858/attachments/2102593/3563861/RD50_DMAPS_Vertex_10_2020.pdf


Applications beyond high energy physics
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LiDAR, TOFPET, FLIM
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Light detection and ranging (LiDAR) for 
e.g. imaging earth’s biomass
905 nm → 20-50 μm active thickness

From M. Conti

Time of flight positron emission tomography: 
cardiac effect simulation
with a 4 cm diameter ring, 1 cm thick , with on 1 cm defect

 florescence lifetime imaging 
microscopy (FLIM),

Fluorescence 
lifetime 
imaging 
microscopy

https://www.amscins.com https://velodynelidar.com 

https://oceanservice.noaa.gov/facts/lidar.html
https://indico.cern.ch/event/1061254/attachments/2303837/3919183/MConti_CERN2021.pdf
https://indico.cern.ch/event/1061254/attachments/2303837/3919183/MConti_CERN2021.pdf
https://www.amscins.com
https://www.amscins.com
https://velodynelidar.com


MonPicoAD ATTRACT project

71L. Paolozzi et al 2020 JINST 15 P11025 
doi:10.1088/1748-0221/15/11/P11025

● 140 ps at an amplifier current of 7 μA
● 45 ps at 150 μA

BiCMOS silicon germanium: SG13G2 technology from 
IHP Microelectronics

MonPicoAD

See also: 
ARCADIA

https://doi.org/10.1088/1748-0221/15/11/P11025
https://doi.org/10.1088/1748-0221/15/11/P11025
https://doi.org/10.1088/1748-0221/15/11/P11025
https://doi.org/10.1088/1748-0221/15/11/P11025
https://indico.cern.ch/event/851182/attachments/1914784/3176515/191004-CERN_Seminar_Iacobucci.pdf
https://attract-eu.com/showroom/project/monpicoad-a-monolithic-picosecond-avalanche-detector/
https://indico.cern.ch/event/843258/contributions/3610719/attachments/1929397/3195260/06_Giampaolo.pdf


Radiation damage
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The particle detector dislikes particles

73
pp

ne
ut

ro
ns

ha
dr

on
s

n
n

π+ 

π- 

p

ECAL

n

High luminosity 
LHC: high particle 
rates! 
ATLAS 
ITk will see 
Φeq = 2.2e16 / cm2

Radiation damage degrades signal

Particles 
damage the 
silicon sensor

https://twiki.cern.ch/twiki/pub/AtlasPublic/RadiationSimulationPublicResults/s22duala_simev_itk.png
https://twiki.cern.ch/twiki/pub/Atlas/RadiationMapsGeant4/WebRadMaps_Zoom_P2-ITK-23-00-01-Muon-Rp09p02_rel21p9p15_4000ifb-79310ub-14TeV_A3_Shielding_50k_events_HGTD_TileSteel_Mn_LArFTGeoModel_EC_m3189_ITkGrid_v4.html
https://twiki.cern.ch/twiki/pub/Atlas/RadiationMapsGeant4/WebRadMaps_Zoom_P2-ITK-23-00-01-Muon-Rp09p02_rel21p9p15_4000ifb-79310ub-14TeV_A3_Shielding_50k_events_HGTD_TileSteel_Mn_LArFTGeoModel_EC_m3189_ITkGrid_v4.html
https://twiki.cern.ch/twiki/pub/Atlas/RadiationMapsGeant4/WebRadMaps_Zoom_P2-ITK-23-00-01-Muon-Rp09p02_rel21p9p15_4000ifb-79310ub-14TeV_A3_Shielding_50k_events_HGTD_TileSteel_Mn_LArFTGeoModel_EC_m3189_ITkGrid_v4.html


Different circuits for measuring time
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https://indico.cern.ch/event/329886/attachments/641603/882830/CERN_UFSD_Cartiglia.pdf


Nikhef experience with fast ASICs and fast readout

SPIDR4: Speedy PIxel Detector Readout 
developed for Timepix and Medipix chips

Experience with development of 
fast timing

New Timepix 4 with 200 ps TDC time 
bins → ≈ 60 ps RMS time resolution
Developments continue to further 
improve time resolution

Experience with Gigabit readout

75

Experience with subnanosecond synchronization 

White Rabbit
for subnanosecond 
synchronization over 
ethernet -- used by 
KM3Net, possibly ATLAS, 
ET-pathfinder

in collaboration with

in collaboration with

https://white-rabbit.web.cern.ch/images/WRlogo-original.jpg
https://doi.org/10.1088/1748-0221/10/12/C12028
https://white-rabbit.web.cern.ch/images/WRlogo-original.jpg
https://design-guidelines.web.cern.ch/sites/design-guidelines.web.cern.ch/files/inline-images/fond_Logo%20CERN_1920x1080p_0.png
https://design-guidelines.web.cern.ch/sites/design-guidelines.web.cern.ch/files/inline-images/fond_Logo%20CERN_1920x1080p_0.png
https://www.nwo-i.nl/wp-content/uploads/2017/10/Nikhef-logo.png
https://www.nwo-i.nl/wp-content/uploads/2017/10/Nikhef-logo.png
https://www.nwo-i.nl/wp-content/uploads/2017/10/Nikhef-logo.png


76From X. Llopart

https://cds.cern.ch/record/2235871/files/LHCb-TALK-2016-384.pdf
https://cds.cern.ch/record/2235871/files/LHCb-TALK-2016-384.pdf


Nikhef LHCb 
group

Nikhef ALICE 
group

Nikhef ATLAS 
group

Nikhef detector R&D with Nikhef LHC groups

Work on fast timing in both MAPS and hybrid detectors 77

Nikhef detector R&D

Monolithic active 
pixel sensors

Hybrid detectors

Nikhef 
electronics 

group

ASIC design

VeloPix

ALPIDE

FE-I4

Hybrid: standard 
and LGADs

https://cds.cern.ch/record/1696920/files/4_Color_Logo_CB.png
https://cds.cern.ch/record/1170735/files/ATLAS-Logo-B&W-trans.png


● High lumi LHC: 4000 fb-1

● z = ± 3.5 m
● Outside ITk
● In front of endcap calorimeters
● r = 120-640 mm
● CO2 cooling @ -30 °C
● Overlapping double modules
● Time resolution per track (per hit) 

25 ps (35 ps) for r = 120 mm
● After 4000 fb-1: 42 ps (60 ps)
● Φeq = (5.5) 8.3e15 cm-2 , 7.5 (3.3) MGy
● Half will be replaced: < 230 mm after 1000 fb-1, < 470 after 2000 fb-1

ATLAS High Granularity Timing Detector

78

The CMS MIP timing detector 
also has a barrel layer with 
silicon photomultipliers

https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf
https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf


ATLAS 2026 Inner Tracker (ITk) material budget

79

η

ITk: 9 layers, ~25%X0
→ 2.8% X0 / layer
Per module: 0.67% X0

Inner detector now:
4 layers, ~40%X0
→ 8% X0 / layer

ITk TDR

https://cds.cern.ch/record/2723878
https://doi.org/10.1016/j.nima.2018.08.006
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://e-publishing.cern.ch/index.php/CYRM/article/view/1300/1072

