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Hybrid Silicon Pixel Detectors

Å Noise-hit free images possible (high ratio of threshold/noise)

Å Standard CMOS can be used (follow industry)

Å Sensor material can be changed (Si, GaAs, CdTe..)

Å Semiconductor sensor can be replaced by a gas gain grid or MCP
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Outline

ω Origins in High Energy Physics

ω Introduction to the Medipix and Timepix family

ω Medipix3 ςenabling spectroscopic X-ray imaging

ω Medipix4 status

ω Timepix

ς Schools

ςDosimetry for manned space flight

ω Timepix3

ςSingle layer particle tracking

ςVelocity map imaging

ςVisible photon imaging and quantum applications

ω Timepix4

ς4DPhoton

ω Lessons learnt, summary and Conclusion
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Early work on hybrid pixel detectors for HEP

Å LAA project at CERN led to the development of the first pulse 

processing pixel prototypes. These early prototypes were developed 

together with Enz, Krummenacher and Vittoz at EPFL, Lausanne

Å RD-19 developed hybrid pixel readout for other HEP applications 

(WA97, NA57)

Å Delphi pixel detector spun out of RD-19 work

Å Alice pixel detector was first large-scale readout chip in 250nm 

CMOS using radiation tolerant design techniques  

Å ATLAS and CMS designed their own readout chips based on the 

250nm process for the first LHC runs
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One half plane of WA97/RD19 Telescope

36 000 pixels

Omega2 chip

6 ladders of 6 chips

Each chip has 1000 pixels

2 arrays make up one logical 

plane

[E. Heijne, E. Chesi]

Work carried out by RD19 for WA97. 

Basic development funded by CERN-LAA programme.
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A Clean Heavy Ion Physics Event

CERN Experiment WA97 (1995)

5 x 5 cm2 area

7 logical planes

Pixel dimensions 75 x 500 mm2

Buté

Trigger precision 1 msec

Radiation tolerance ~ 30kRad
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ATLAS Pixel detector ðLHC Run 1

Å3 barrel layers at ~5, 9 and 12 cm from IP

Å3 disks on each side 9 Ò r Ò 15 cm

ÅSame module layout used everywhere

ÅModule size: 62.4 mm long X 21.4 mm wide

ÅModule read out by 16 FEI3 chips, each serving an array of 18 by 160 pixels

ÅAn area of ~1.7 m2 for ~80M pixels
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FE-I3 Module
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Module assembly for ATLAS pixel barrel
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ATLAS high pile-up event ðone 25ns ôframeõ

~1cm

~5.5 cm

About 1015 events had been accumulated before the 

Higgs boson discovery was announced, and only 

some 1000ôs were identified as Higgs boson decays
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Hybrid pixel detectors

ÅDeveloped initially for first run of the LHC

Å3 large scale vertex detector systems (ALICE, ATLAS, CMS) operated 

smoothly in Runs 1 and 2

ÅOne large RICH detector system (based on hybrid pixels in a photodetector 

tube) contributed to LHCb physics in Runs 1 and 2

ÅVELOpix tracker is installed and running in LHCb

ÅUpgrades for ATLAS and CMS (LS3) are in preparation for HL-LHC

ÅIn the Medipix2, 3 and 4 Collaborations we have taken the technology into 

many new fields

ÅThis talk will now focus on the readout chips and describes some 

applications
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The Medipix Collaborations

Å 3 existing Collaborations, hosted at CERN, and comprising only publicly-funded 

academic and research organisations

Å Specifications and aims are driven by scientific requirements

Å ASICs are very expensive both to design and to prototype:

ïA single set of masks in a 28nm CMOS process costs ~ EUR 1.5M. 

ïHighly skilled and specialised manpower is needed for design and verification to 

avoid multiple submissions

Å When ASICs are tested and ready for production commercial licenses are negotiated 

with companies

ÅMuch of the dissemination of the technology to other fields happens through the 

activities of the licensees 

Å 2 families of readout chip:

ïMedipix ïaimed at spectroscopic X-ray imaging

ïTimepix ïaimed at single particle detection
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Commercial Partners

COLLABORATION NAME Medipix2 Medipix3 Medipix4

ASICS Medipix2 Timepix Timepix2 Medipix3 Timepix3 Medipix4 Timepix4

ADVACAM s.r.o., CZ X X X X X X

Amsterdam Scientific Instruments, NL X X X X X X

Kromek, UK X X X X

Malvern-Panalytical, NL X X X

MARS Bio Imaging, New Zealand X

MAX IV, Sweden X

PITEC, Brazil X X X

Quantum Detectors, UK X X

Sequent Logic, USA X

Sydor Technologies, USA X

Thermo Fischer Scientific, CZ X

X-ray Imaging Europe, Germany X X

X-spectrum, Germany X X

X = commercial licensee       X = R and D licensee



ôColourõ X-ray imaging



Conventional X-ray imaging devices use charge integration at the pixel level

With charge integration higher energy photons (which may carry less information) outweigh 

lower energy photons

Information about the energy (colour) of each detected photon is lost

The Medipix chips aimed to provide access to the information associated with energy 

dependent absorption. Each pixel contains a little spectrometer

But there are challenges:

Medipix ASICs and spectroscopic X-ray imaging 
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Cross section of a Hybrid Pixel Detector system (X-ray photon 

energy deposition)
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The algorithm for charge reconstruction and hit 

allocation: Charge Summing Mode
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Medipix3

Medipix3RX (2013)

Technology CMOS 130nm

Pixel Size 55/110 µm

Sensor Matrix Size 256 x 256 / 128 x 128

Tile-ability 3-side

Thresholds 1/4 Continuous RW

Readout scheme Sequential RW & Continuous RW

Count Rate (10% deadtime loss)
4.3 x 106 ph/mm2/s (CSM 110)

Dynamic Range 25 Ke-

CSM energy resolution (FWHM) ~ 4.4 KeV (CSM 110)

Readout bandwidth <1.6 Gbps (8x LVDS)

Power <1W@1.5V
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EnergyResponseFunction(CdTe 110mm/2mm)

~4.4keV 

FWHM

Slide courtesy of T. Koenig, KIT

Charge Summing in Spectroscopic X-Ray Detectors With High-Z Sensors; TNS 

Dec. 2013 4713-4718 
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Combined with robots

Micro-focus 

X-ray soucre

Medipix3 

spectroscopic 

imaging  

camera

Source InsightART (insightart.eu)
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Signed
Vincent van Gogh

La Crau with Montmajour
in the backgroud

~1888
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Raphael Santi: Madonna with Child

Signed:

RAPHAEL VRBINAS 

PINGEBAT
(MDXVII, R O M A)

Madonna with child

DATE

About 1517

TECHNIQUE

Oil on canvas

DIMENSIONS

157 x 127 cm

J. Uher, InsightArt, Prague, Czech Republic
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The most challenging scan we did

ÅScanner transported to the storage
ÅAssembled
ÅAll had to run on 100%

J. Uher, InsightArt, Prague, Czech Republic
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Madonna with child

Measured with
1x5 Timepix
Si sensor 300µm
11 THL steps

SCAN SIZE
17194 x 14279 pixels
(245 M pixel)

Cu + Pb

Pb

J. Uher, InsightArt, Prague, Czech Republic
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First living human scané

Phil Butler, CEO of MARS Bio Imaging
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Movie Slice through Philõs ankle
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MARS wrist scanner

Clinical trials have taken place at the Hospital for SS, New York
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MARS scan of diseased carotid artery
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Workshop public summary:  https://indico.cern.ch/event/1391821/

All large medical equipment suppliers represented: Canon, GE, Philips, Siemens

Also, major research institutes present :Johns Hopkins, Massachusetts General Hospital, Mayo Clinic, Royal Marsden, 
TUMunich etc.   

¢ƘŜ aŜŘƛǇƛȄ /ƻƭƭŀōƻǊŀǘƛƻƴ Ǉƭŀȅǎ ŀ ΨǇŀǘƘŦƛƴŘƛƴƎΩ ǊƻƭŜ ƛƴ ǘƘƛǎ ŎƻƳƳǳƴƛǘȅ
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Specxrayworkshop 2022

Steffen Kappler, 

Siemens Healthineers

Member of the Scientific Advisory 

Committee, Specxray Workshop
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Medipix3 ĄMedipix4

Medipix3RX (2013) Medipix4 (2022)

Technology CMOS 130nm CMOS 130nm

Pixel Size 55/110 µm 75/150 µm

Matrix Size 256 x 256 / 128 x 128 320 x 320 / 160 x 160

Tile-ability 3-side 4-side buttable

Thresholds 1/4 Continuous RW 2/8 Continuous RW

Readout scheme Sequential RW & Continuous RW

Count Rate (10% deadtime loss)
4.3 x 106 ph/mm2/s (CSM 110) 19 x 106 ph/mm2/s (CSM 140)

Dynamic Range 25 Ke- 32 Ke-

CSM energy resolution (FWHM) ~ 4.4 KeV (CSM 110) ~ 2.5KeV (CSM 150)

Readout bandwidth <1.6 Gbps (8x LVDS) 1,2 Serializers @5.12 or 2.56 Gbps

Power <1W@1.5V <1W/cm2 @1.2V
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Readout: SC and serial readout 3

ỏ Serial readout:

ƺ readout through serial links from 40 Mb/s to 640 

Mb/s per link, defined by the DAQ_clk_in provided by 

the DAQ system

ƺ possible to use 1, 2, 4 or 8 links per half matrix

ƺ readout triggered simultaneously on all columns by 

Readout signal, generated either internally or in the 

DAQ system 

ƴ faster than multiple SC requests to each column

ƺ arbitrary number of rows to read out

ƺ data read out either on both peripheries (Split mode), 

or directing all the matrix data to a single one 

(Conveyour mode) 

ƺ possible to operate in Double Data Rate (DDR)

ỏ Different counters configurations available for SRW and 

CRW readout (only for serial readout):

ƺ SRW: 1, 2, 12 or 24 bits

ƺ CRW: 1 or 12 bits

Split readout mode

Conveyour readout mode
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X-ray measurements: dynamic imaging, Fine Pitch Mode 9

ỏ Imaging of a plastic fanplaced in front of the Medipix4

ỏ Broad energy spectrum (monochromator not used)

ỏ X-ray settings: 15 keV, 5 mA

ỏ Continuous Read Write mode used to perform dynamic imaging

ỏ Several readout mode combinations: split/conveyour, 1/12 bits, automatic/manual

Medipix4

Xilinx 

KCU105

Xôpert X-

rays tube

R. Bolzonella
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X-ray measurements: dynamic imaging, Fine Pitch Mode, 1 bit depth 12

Readout configuration:

Auto CRW (sequence THRL + THRH)

1 bit counters depth

split mode

DAQ clk out: 40 MHz DDR = 80 Mb/s

frame rate: 780.3 frames/s

ỏ Shutter: 0.1 s

ỏ Fan rate Ḑ160 Hz

Counting pixels per frame

R. Bolzonella
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What about the time domain?

ÅIn the Medipix3 and Medipix4 chips incoming hits were processed at the 

pixel level and the data read out in the form of frames

ÅHowever, if the flux is low enough we could think to measure the arrival 

time and/or the energy pf the hits in each pixel (using Time-over-

Threshold)

ÅThis led to the development of the Timepix chip family

ÅIn the more recent versions we use a data driven readout architecture
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Threshold

Amplifier 

output

Time

Voltage

Hybrid Pixel Detector ðCounting Electronics

Cf

Iin

COUNTER

VTH

DOUT

RESET

Clock

Shutter

Amplifier Comparator(s) Counter(s)

Open shutter Close shutter

Qin ~ 4000e-

noise ~ 60e- rms

threshold ~ 600e-

Ą Noise hit free imaging
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TimepixPixel Operation Modes

Å Particle counting

Open shutter Close shutter Open shutter Close shutter Open shutter Close shutter

Å Time over thresholdÅ Arrival Time* 

* Implemented at the request of the EUDet Collaboration
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Timepix readout chips - single particle detection 

Timepix Timepix2 Timepix3 Timepix4

Tech. node (nm) 250 130 130 65

Year 2005 2018 2014 2019

Pixel size (mm) 55 55 55 55

# pixels (x x y) 256 x 256 256 x 256 256 x 256 448 x 512

Time bin (resolution) 10ns 10ns 1.5ns 200ps

Readout architecture

Frame based 

(sequential 

R/W)

Frame based 

(sequential or 

continuous R/W)

Data driven or 

Frame based 

(sequential R/W)

Data driven or 

Frame-base  

(sequential or 

continuous R/W)

Number of sides for tiling 3 3 3 4
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Timepix miniaturised readout

IEAP/CTU, Prague
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Advacam s.r.o., Prague

Timepix for schools
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Timepix Demo
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Timepix chip ð60s exposures

Near sea level 34 000 feet
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ÅSeveral successful pilot projects in the UK, 

Spain and other countries, have 

demonstrated that TIMEPIX stimulates 

and enhances the interest of high school 

students (especially girls) in STEM 

subjects

ÅIt also improves the motivation of science 

teachers.

ÅCapturing the interest of high school 

students in STEM is vital for future 

recruitment for the microelectronics 

industry

ÅThe CERN & Society Foundation is raising 

funds to make the technology more widely 

available in schools

TIMEPIX@schoolproject

https://cernandsocietyfoundation.cern/projects/timepix
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Image of the astronaut Chris Cassidy working near the Timepix USB on the 

International Space Station (Courtesy of NASA, photo ref. no. iss036e006175)
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Timepix - 4s exposures

South China Sea South Atlantic Anomaly

University of Houston, IEAP Prague, NASA
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REM Dose Rate Data (mG/min)

University of Houston, IEAP Prague, NASA

Timepix dose rates measured in 2014 on ISS
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ÅArtemis 1 launch Wednesday Nov 16 2022 

ÅCarrying 4 Timepix detectors from the 

Medipix2 collaboration at CERN on board to 

measure radiation

ÅPart of a larger program at NASA using 

Timepix based instruments for radiation 

measurement

Å3 devices part of HERA radiation dose 

monitoring hardware. Successful operation 

from just after launch to just before 

splashdown

Å4th device no board Biosentinel cubesat (now 

at > 70Mkm from earth) Still workign after 

1000 days in space!

Timepix on Artemis 1 
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Name Date Flown Mission Location Objective Vehicle Number TPX

REM 2012 ISS LEO Demo ISS 5

BIRD 2014 Orion EFT-1 LEO/MEO Demo/Science Orion 2

REM2 2018 ISS LEO Ops ISS 7

MPT 2017 ISS LEO Science ISS 2

Biosentinel 2020 ISS LEO Science ISS 1

ISS-HERA 2018 ISS LEO Demo ISS 3

AHOSS 2020 ISS LEO Demo/Ops ISS 3

LETS(1) 2023 Astrobotic 1 Lunar Surface Science Peregrine 1

LETS(2) 2024/5 Berensheet 2* Lunar Surface Science Berensheet 2 1

HERA 2022 Artemis 1 Lunar Orbit Ops Orion 3

Biosentinel 2022 Artemis 1 Solar Orbit Science Cubesat 1

HERA 2023 Polaris Dawn MEO Science Crew Dragon 1

HERA 2024 Artemis 2 Lunar Orbit Ops Orion 6

HERA 2025 Artemis 3 Lunar Orbit Ops Orion 6

ARES 2025 Artemis 3 Lunar Surface Ops Starship >=1

LEIA ~~2024 CLPS Lander Lunar Surface Science TBS Lander 1

ARES 2026 Artemis Lunar Orbit Ops Lunar Gateway 2

*Evaluating mission possibility

7 missions flown, 4 missions next six months, 6 missions manifested, > 23 Timepix in Space to date

Timepix-based flight hardware

S. George (NASA) 10 Years of Timepix in Space ςHow CERN Detectors are supporting Human Spaceflight    https://indico.cern.ch/event/1218130/
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Timepix readout chips - single particle detection 

Timepix Timepix2 Timepix3 Timepix4

Tech. node (nm) 250 130 130 65

Year 2005 2018 2014 2019

Pixel size (mm) 55 55 55 55

# pixels (x x y) 256 x 256 256 x 256 256 x 256 448 x 512

Time bin (resolution) 10ns 10ns 1.5ns 200ps

Readout architecture

Frame based 

(sequential 

R/W)

Frame based 

(sequential or 

continuous R/W)

Data driven or 

Frame based 

(sequential R/W)

Data driven or 

Frame-base  

(sequential or 

continuous R/W)

Number of sides for tiling 3 3 3 4
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Timepix3 Specs

CMOS node 130nm

Pixel Array 256 x 256 

Pixel pitch 55mm

Charge collection e-, h+

Pixel functionality TOT (Energy) and TOA (Arrival time) 

Preamp Gain ~47mV/ke -

ENC ~60e-

FE Linearity Up to 12ke-

TOT linearity (resolution) Up to 200ke-(<5%)

TOA resolution* Up to 1.6ns

Time-walk <20ns

Minimum detectable charge ~500e-
Ą 2 KeV (Si Sensor)

Power power (1.5V) 700 mW/cm 2

Maximum hit rate 80Mhits/ sec (in data driven)

Readout Data driven (44-bits/hit @ 5Gbps)

* Thanks to V. Gromov, et al. Nikhef, C. Brezina et al., Bonn
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Timepix3  readout - Trigger-less and event driven

ÅAchievable count rate: 
ïuniformly distributed events Ÿ ~43 Mhits/s/cm2 @5.12Gbps 

ÅFull matrix readout: ~800 µs @5.12Gbps 

Acquisition time

Address[16-bit]0xB Data[28-bits]

Data Packet (48 bits)

48bit 48bit 48bit 48bit 48bit 48bit

End of Command (48 bits)

Shutter

Qin

DataOut

ChipID [32b]0x71 0xB0
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Tpeak < 

25ns

Pixel Operation in TOA & TOT

TOT (10 bits) 

=4

Preamp Out

Disc Out

Clk (40MHz)

FTOA (4 bits)=7
VCO Clk

(640MHz)

TOT Clk (40MHz)

TOA (14-bit) 16383X TOA (14 bits)=16383

16384 0 2 3 41638316382 1

Pixel Readout Starts 

(475nsŸ 19 clock 

cycles)

Global TOA (14-

bit)
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Timepix3 miniaturised readout

Advacam s.r.o., Prague
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3D rendering of traversing particle with delta electron 

45 deg

CdTe sensor

2mm thick

Vbias = 130V

Colour (and diameter) indicate charge

Slide courtesy of B. Bergmann, S. Pospisil, IEAP, CTU, Prague
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Setup TPIX3CAM test

o A TimePix3 camera was mounted on the 

ARIADNE prototype TPC we have in Liverpool.

o The TPC was filled with 100mb CF4 and the 

detection/operation principle is the same like in 

ARIADNE. The light detection efficiency has 

been directly compared to the EMCCD camera 

and found to be very similar.

o 32 cm x 32 cm area read out by a single 

TPIX3Cam

Slide courtesy of K. Mavrokoridis

Scintillation 

light
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A selection of cosmic muon events ARIADNE TPIX3Cam

antiproton?

Slide courtesy of K. Mavrokoridis
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An in-vivo treatment monitoring system for ion-beam 

radiotherapy based on 28 Timepix3 detectors.

This and next 2 slides:

Kelleter, L., Marek, L., Echner, G. et al. An in-vivo 

treatment monitoring system for ion-beam radiotherapy 

based on 28 Timepix3 detectors. Sci Rep 14, 15452 

(2024). https://doi.org/10.1038/s41598-024-66266-9
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Close up of phantom 
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Reconstruction of secondaries

Status: clinical trials underway on a cohort of 50 patients
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Velocity Map Imaging - Timepix3CAM
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Imaging Time of Flight Mass Spectrometry - setup

DOI: (10.1021/acs.analchem.2c04480) 
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Imaging Time of Flight Mass Spectrometry - results

DOI: (10.1021/acs.analchem.2c04480) 
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Timepix readout chips - single particle detection 

Timepix Timepix2 Timepix3 Timepix4

Tech. node (nm) 250 130 130 65

Year 2005 2018 2014 2019

Pixel size (mm) 55 55 55 55

# pixels (x x y) 256 x 256 256 x 256 256 x 256 448 x 512

Time bin (resolution) 10ns 10ns 1.5ns 200ps

Readout architecture

Frame based 

(sequential 

R/W)

Frame based 

(sequential or 

continuous R/W)

Data driven or 

Frame based 

(sequential R/W)

Data driven or 

Frame-base  

(sequential or 

continuous R/W)

Number of sides for tiling 3 3 3 4
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Wire 

Bonding

Tiling larger areas

ÅTarget to build large area detectors by combining smaller modules.

ÅThe through-silicon vias (TSVs) is the key technology for this paradigm shift.

ÅMedipix4 and Timepix4 use on-chip interposer for bump to pixel redistribution layer (RDL).

ÅThe detector is fully sensitive: even above the peripheral circuit and I/O pads. 

ASIC

PCB

Sensor
FC FC

BGA
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Timepix3 Ą Timepix4

Timepix3 (2013) Timepix4 (2018/19)

Technology 130nm ï8 metal 65nm ï10 metal

Pixel Size 55 x 55 µm 55 x 55 µm

Pixel arrangement
3-side buttable

256 x 256

4-side buttable

512 x 448

Sensitive area 1.98 cm2 6.94 cm2

R
e
a

d
o

u
t 

M
o

d
e

s

Data driven
(Tracking)

Mode TOT and TOA

Event Packet 48-bit 64-bit

Max rate <0.43 Mhits/mm2/s <3.58 Mhits/mm2/s

Max pix rate 1.3kHz/pixel 10.6kHz/pixel

Frame based
(Imaging)

Mode PC (10-bit) and iTOT (14-bit) CRW: PC (8 or 16-bit)

Frame Zero-suppressed (with pixel addr)

Full Frame (without pixel addr)

CRW (8-bit / 16-bit) 

Up to 44 KHz frame @8b

Max countrate 82 Ghits/cm2/s ~800 Ghits/cm2/s

TOT energy resolution < 2KeV < 1Kev

Time resolution (bin size) 1.56ns ~200ps

Readout bandwidth Ò5.12Gb (8 x SLVS@640 Mbps)Ò163 Gbps (16 x 10.24 Gbps)

Targetglobal minimum threshold <500 e- <500 e-
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Timepix4 Pixel Schematic

Global threshold 

Front-end

Leakage
Current
compensation

Preamp

Input
pad

1 pixel

VCO
@640MHz
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Timepix4 Readout Modes : Data-Driven

ω Zero-suppressed continuous data-driven

ς Output bandwidth from 40 Mbps (2.6 Hz/pixel) to 160 Gbps(10.8 KHz/pixel)

ς Uses Aurora 64b/66b standard encoding communication protocol 

ω 4 External Sync Inputs to synchronize/align external signals with data

Acquisition time

64bit 64bit 64bit 64bit 64bit 64bit

Shutter

External Sync 

Inputs

DataOut

Address: 18 bits 

Time: 29 bits 

Energy: 21 bits 

Qin (FE)

64bit 64bit
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Timepix4 Bottom left detail
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