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Introduction

Spectroscopic X-ray imaging

— Art authentication

— Medical computed tomography
Timepix3

— Use in teaching

— Thyropix Compton camera

— Visible light detection and imaging
— Neutrino physics

Timepix4

Some words on timing

Summary and conclusions



Hybrid Silicon

, Charged particle

sensor chip (e.g. silicon)

high resistivity n-type silicon

p-type » aluminium layer
silicon layer

Semiconductor
detector

flip chip
bonding with
solder bumps

Bump-bond
contact

electronics chip single pixel

read-out cell

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

« Standard CMOS can be used allowing on-pixel signal processing

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

« Semiconductor sensor can be replaced by a gas gain grid or MCP 5



Gas detect

particles

\ drift electrod
rift electrode HY,

HV2

Amplification region

Semiconductor detector is replaced with charge amplification grid
Permits lower energy events to be detected

NB: GEM foils may be used in place of the InGrid foils
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The Medipix and Time

Collaboration 2003 2006 2013 2014 2017 2018 2020 2021 20257
Medipix2 Medipix2 | Timepix Timepix2
Medipix3 Medipix3 Timepix3
N
Medipix4 Timepix4 <_Medipix4

. Medipix'chips aim at energy sensitive photon Counting and typically use frame-based
readout

« Timepix chips are more oriented towards single particle detection

« The Timepix3 design team developed the VELOpix chip for LHCb. Work has (just) started
on an ASIC a future upgrade (~50ps time bin per pixel)



Spectroscopic

THE ELECTROMAGNETIC SPECTRUM
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Tech. node (nm)
Year

Pixel size (um)

# pixels (x X y)

# thresholds(counters)

Charge summing mode

Readout architecture
(Frame based)

Number of sides for tiling

Medipix reado

Medipix
1000
1997

170

64 x 64

1(1)

No

Sequential R/W

Medipix2
250
2003
55

256 x 256

2(1)

No

Sequential R/'W

Medipix3
130
2013
55/110

256 x 256 /
128 x 128

Up to 8 (up to 8)

Yes

Sequential or

continuous R/W

3




i Cross section of a Hybrid P

Sensor dimensions to scale:
55um pixel pitch
300um thick sensor

10



Sensor dimensions to scale:
55um pixel pitch
300um thick sensor

11



Fluorescenc

N k-edge (keV) |[Ka energy (keV)| da (um) n [%]

Si 14 1.84 1.74 12 5
Ge 32 11.11 9.89 51 55
GaAs:

Ga 31 10.38 9.25 42 51

As 33 11.87 10.54 16 57
CdTe:

Cd 48 26.73 23.17 128 84

Te 52 31.82 27.47 64 87

Journal of Instrumentation Volume 6 June 2011
D Pennicard and H Graafsma 2011 JINST 6 P06007
doi:10.1088/1748-0221/6/06/P06007




M3 The algorithm for charg
¥ allocation: Charg

13




Tech. node (nm)
Year

Pixel size (um)

# pixels (x X y)

# thresholds(counters)

Charge summing mode

Readout architecture
(Frame based)

Number of sides for tiling

Medipix reado

Medipix
1000
1997

170

64 x 64

1(1)

No

Sequential R/W

Medipix2
250
2003
55

256 x 256

2(1)

No

Sequential R/'W

Medipix3
130
2013

55 (110)

256 x 256 /
128 x 128

Up to 8 (up to 8)

Yes

Sequential or

continuous R/W

3
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MY
Large area

WIDEPIX (now Advacam s.r.0.) is a spin-off of IEAP, Czech Technical University
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Micro-focus X-
ray soucre

Source InsightART (insightart.eu)

Timepix/Medipix3
spectroscopic
imaging camera
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Signed
Vincent van Gogh

La Crau with Montmajour
in the backgroud

~1888










Ol

Raphael Santi: M

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 ch

%

INSIGHTART

* Scanner transported to the storage
* Assembled
* All had to run on 100%

J. Uher, InsightArt, Prague, Czech Republic
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Ol

Madonna w

J. Uher, InsightArt,

Prague, Czech Republic
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ews v Medipix v CERN v Sign out Weather ravel v Othersv Real Estate v Apple Bing

ABOUT NEWS|

News » News » Topic: Knowledge sharing

Voir en francais

CERN technology helps rediscover
lost painting by Raphael

CERN'’s Timepix particle detectors, developed by the Medipix2 Collaboration, help
unravel the secret of a long-lost painting by the great Renaissance master, Raphael

21 SEPTEMBER, 2020 | By Antoine Le Gall

N , w7 € o R - ’

2o ) it ..-.‘ e o s
Left: Graphic combining energy spectra measured by RToo scanner (© InsightART, 2019); Right: RToo scanning the painting Madonna and Child (©
Jifi Lauterkranc, 2019). (Image: CERN)
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MARS Bio-scanner

S
Pl oo ¥

Notre Dame imaging lab

Slide courtesy of A. Butler, University of Canterbury
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Spectroscopic informatic
material separati

The water has been partly cut away to reveal the

— bone, gold, gadolinium and iodine
A. Butler, University of Canterbury Images presented and the European Congress of Radiology, Vienna, March 2017.




CT image of Phil Butler’'s wris

World'’s first colour X-ray of live
human body part

- Clearer images

- Less dose

- Material separation

26



Slice through Phil’s ankle

MARS images:

Calcium,
colour it white

colour it red and
semi-transparent red




Slice through of Phil Butler’'s -

28



siowledkeTrarsicr ABOUT US ~ ACTIVITIES & SERVICES - TECHNOLOGIES COMPETENCES  APPLICATIONS - WHO

Accelerating Innovation

News » » News » Topic: Knowledge sharing

First European hospital receives 3D colour X-
ray scanner using CERN technology

MARS Bioimaging's 3D colour X-ray scanner has arrived in Europe to undertake clinical trials that will lead
to its medical use.

22 JUNE, 2021 | ByAntoine Le Gall

29




M3 .
P MARS scan of dise

nature
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PHYSICS

30



Workshop on
Medical Applications of Spectroscopic X-ray Detectors

CERN, 13-16 May 2019

0 e

~120 invited participants of which ~50 were from industry

All large medical equipment suppliers represented: Canon, GE, Philips, Siemens
Also major research institutes present :Johns Hopkins, Massachusetts General Hospital, Mayo Clinic, Royal Marsden, TU
Munich etc

Medipix Collaboration plays a ‘pathfinding’ role in this community 31



Timepix readout c

Tech. node (nm)
Year

Pixel size (um)
# pixels (x x y)

Time bin (bin size in ns)

Readout architecture

Number of sides for tiling

Timepix
250
2005
55
256 x 256
10

Frame based
(sequential
R/W)

Timepix2

130
2018
55
256 x 256
10

Frame based
(sequential or

continuous R/W)

Timepix3
130
2014
55
256 x 256
15

Data driven or
Frame based
(sequential R/W)

32
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Timepix3 mini

Advacam s.r.o., Prague
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Using charge collection ti
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Read-out chip
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Test with 120

e- (deltaray) Energy (keV)

L4 e .. L ] . ® ... o [ X J
. @ L] o ...
[ ] LA J 40

35

30

60 deg
p+ in n Si sensor
500um thick
Vs = 130V
Colour (and diameter) indicate charge
Measured z resolution ~50pum Y, ()

1200

Slide courtesy of B. Bergmann, S. Pospisil, IEAP, CTU, Prague
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B 3D rendering of traversing

dE _ MeVcm?
o = 3.39 g

E (keV)
100
1995
. 50
= 997
3 >
45 deg =~ 0 3
CdTe sensor =
2mm thick 0 1072 2145 E)
Vbias =130V Yrel (um)

Colour (and diameter) indicate charge

Slide courtesy of B. Bergmann, S. Pospisil, IEAP, CTU, Prague
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Simon Langton School, Canterbury, England
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AHD

Activitats amb Detectors Medipix -

ADMIRA: Activitats amb Detectors Medipix per Investigar la Radiacio a I'Aula
Goals (Essentially: bringing closer Research Centers, Universities and Schools)

Build a network of schools that share 2 Timepix devices (courtesy of Microelectronics Section CERN)
Teachers share devices/experiences
Offer high quality training to teachers and students by experts (motivating teachers and students)
Promote CERN@ School/IRIS activities to have secondary students do real science
4 sessions of training scheduled in 2020, final student conference in December 2020

«  First session 10t January (=75 School teachers, ~50 secondary students)

Lluis Casas, Rosa Maria Giralt (Institut Ciencies de 'Educacié-UB)

Eugeni Graugés, Marta Martin, Surinye Olarte, Esther Pallares (Institut de Ciencies del Cosmos UB)
Daniel Parcerisas (Sagrada Familia School Gava)
Rafael Ballabriga (CERN)

......

Projecte ADMIRA

ojecte ADMIRA: Activitats amb Detectors Medipix per Investigar la Radiacio a l'Aula




novation

ABOUT US - ACTIVITIES & SERVICES - TECHNOLOGIES COMPETENCES

VSTl Revisions

News ' » News ' Topic: Knowledge sharing

Timepix-based detectors bring particle
physics in the classroom

The ADMIRA project uses Timepix-based detectors to help students experiment with particle physics and
contributes to transforming STEM education.

29 MARCH, 2021 | By Rafael Ballabriga & Antoine Le Gall

APPLICATIONS - WHO ARE YOU? - NEWS

EVENTS -




V] Single Layer Compton C

Compton camera principle

E s/
cosf =1—myc?————

- Typical two detectors Eo(Eo — Ey) ) o /e —

- primary gamma is scattered in first detector (position and
energy recorded), scattered gamma continues to second
detector (absorbed, position and energy recorded)

- from energies - > scattering angle calculated

- from position and energies -> possible position of the f\Source

source on the surface of a cone 7
- Multiple cones intersection - > source position

EO = El + E2 incident radiation

- Single Timepix3 layer camera
- Instead of 2 detectors, only single TPX3
- Using time of charge collection to determine relative

depth \/ f \{ \\w./

Projection Plane

Courtesy of D. Turecek, Advacam s.r.o DEtEctor (CdTe) "




13llodine gamma source
3 different lodine solution in small bottles positioned in a room at different positions
Distance from detector 3.5 m (activity 10’s of MBQ)

Mapped on photograph of the room
Sources located correctly within minutes
Image took hours to collect

1

Counts [

3000 -

2500

2000 -

=
wu
[=]
o

1000

500

0

Energy Spectrum of 131

0 100 200 300 400
Energy [keV]

Courtesy of D. Turecek, Advacam s.r.0

Reconstruction of position of three 131l gamma

sources (364 keV)

42



] Gamma camera appli

Stage IVB Medullary Thyroid Cancer

Thyroid cancer diagnostics and
treatment monitoring:

* The second most frequent cancer for women
(after breast cancer)

« Current imaging methods offer resolution of Iﬁi:"s‘;‘ié’;",“‘%&
about 12 mm in 2D
* Our technology allows
— 5 times better resolution and 3D (2.5 mm)
— 4 times lower dose

Spine \ - 3

Courtesy of D. Turecek, Advacam s.r.o
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Micro-channe

Tube Window with
photocathode

MCP
stack

Charge distribution on strips

Charge Cloud;

44



Optical MCP image tube u

White light illumination Radium fluorescence
(90 MHz ct. rate) (100 cps)

J. Vallerga and co-workers, UC Berkeley, USA

45
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High spatial resolution using Ti
“Time over Threshold” mode + center of g

9 Ip/mm 57 lp/mm
Medipix2 Timepix

J. Vallerga and co-workers, UC Berkeley, USA
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Integrate Tim
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Concept already proven with 4 Timepix chips
See: J Vallerga et al. https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05055

40 mm

Ongoing effort with Timepix4 started
See: M. Fiorini et al. https://iopscience.iop.org/article/10.1088/1748-0221/13/12/C12005/pdf



https://iopscience.iop.org/article/10.1088/1748-0221/9/05/C05055
https://iopscience.iop.org/article/10.1088/1748-0221/13/12/C12005/pdf

Setup TPIX

INTENSIFIER TPX3Cam
................................................................................................................
: STACKED : 1 PHOTOCATHODE PHOSPHOR *RELAY OPTICS +

+ PUO0RDRUDRNON0ONNEDDRURRORNDNIRIDDQRPTHGEMS ¢

: : 5m_twmwsuu9w

+ Uogosnononnnecononoonnnaoananonnng :
: DUAL MCP : I SENSORBUMP &

+ BONDED TO TPX3

o A TimePix3 camera was mounted on the
ARIADNE prototype TPC we have in Liverpool.

o The TPC was filled with 2100mb 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 32cm x 32 cm area read out by a single
TPIX3Cam

Slide courtesy of K. Mavrokoridis

GAr Scintillation
sl | N light
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Timepix readout c

Tech. node (nm)
Year

Pixel size (um)
# pixels (x x y)

Time bin (bin size in ns)

Readout architecture

Number of sides for tiling

Timepix
250
2005
55
256 x 256
10

Frame based
(sequential
R/W)

Timepix2

130
2018
55
256 X 256
10

Frame based
(sequential or

continuous R/W)

Timepix3
130
2014
55
256 x 256
15

Data driven or
Frame based
(sequential R/W)

Timepix4
65
2019
55
448 x 512
200ps

Data driven or
Frame-base
(sequential or

continuous R/W)

@

51



Timepix3 2 Ti

Timepix3 (2013) Timepix4 (2018/19)
Technology 130nm — 8 metal 65nm — 10 metal
Pixel Size 55 x 55 um 55 x 55 um
Pixel arranaement 3-side buttable 4-side buttable
g 256 x 256 512 x 448
Sensitive area 1.98 cm? 6.94 cm?
Mode TOT and TOA
Data driven Event Packet 48-bit 64-bit
é (Tracking) Max rate <80 Mhits/s <365 MHz/cm?/s
§ Max pix rate 1.3kHz/pixel 10.6kHz/pixel
§ Mode PC (10-bit) and iTOT (14-bit) CRW: PC (8 or 16-bit)
§ Frame based Full Frame (without pixel addr)
 |(Imaging) Frame Zero-suppressed (with pixel addr) CRW (8-bit / 16-bit)
Up to 44 KHz frame @8b
Max count rate 82 Ghits/cm?/s ~800 Ghits/cm?/s
TOT energy resolution < 2KeV < 1Kev
Time resolution (bin size) 1.56ns ~200ps
Readout bandwidth <5.12Gb (8 x SLVS@640 Mbps) <163 Gbps (16 x 10.24 Gbps)
Target global minimum threshold <500 e- <500 e- 52




Timepix4 assembly (300

s S 22ty e

53



Timepix4 - works!

Sr90_10 [0.000 - 10.000]s

140

120

= 10s exp. 2Sr

Threshold ~ 800e-
6.1 M packets @ 5 Gbps

@
S

Rows

Columns



Rows

Photon counting i

500 4.

400 -

300

200

100 A

200 250
Columns

Rows

Corrected with FlatField

500 4

400

200 A

100 4

I 16000

- 14000

200 250
Columns

300

350

400

12000

10000

8000

6000

4000

2000

55
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Y, Some words on

Analog front-end timing optimization

* maximize input charge (sensor with gain) BUT be careful of fill factor and
uniformity

* maximize input transconductance BUT watch power density
« minimize C,, and C of prepamp

Time stamp distribution
« Every pixel should be referred to the same precisely distributed clock

« Itis basically impossible to distribute high frequency clocks over a large
pixel matrix because of power consumption

 Distribution of a single phase provokes power supply bounce

* In Timepix4 the clock edge ‘seen’ by each pixel is precisely controlled by a
column-based DLL but the phase varies from pixel to pixel.

56



Tech. node (nm)
Year

Pixel size (um)

# pixels (x X y)

# thresholds(counters)

Charge summing mode

Readout architecture
(Frame based)

Number of sides for tiling

Medipix readou

Medipix
1000
1997

170

64 x 64

1(1)

No

Sequential R/'W

Medipix2
250
2003
55

256 x 256

2(1)

No

Sequential R/'W

Medipix3
130
2013
55/110

256 x 256 /
128 x 128

Up to 8 (up to 8)

Yes

Sequential or

continuous R/W

3

Medipix4
130
2020
70/140
400 x 400/
200 x 200

>8

Yes

Sequential or

continuous R/W

®

57



Examples of oth

« Large area X-ray cameras for synchrotrons
+  X-ray materials analysis

«  X-ray non-destructive testing

*  X-ray dosimetry - dosepix chip development

+ Dosimetry and space weather (ISS and multiple satellites)
« High resolution neutron detection and imaging

 Low Energy Electron Microscopy

+ Electron Backscattering diffraction (EBSD)

«  Transmission electron microscopy and cryo em

+  Time-of-Flight mass spectrometry

* Dose deposition tracking in hadron therapy
« Gamma (and Compton) camera for power plant decommissioning and homeland security

58



Applications for C

LHCb Timepix3 telescope — 80 Mhits/cm?/sec
Sensor studies for CLIC/LHCDb

Background radiation monitoring at ATLAS and CMS
Beam monitoring in UA9

Positron annihilation in Aegis

ASACUSA experiment

Beam Gas Interaction real time monitor at SPS
Breit-Wheeler experiment at RAL

Beta particle channeling in ISOLDE

Axion search at CAST (with InGrid)

Large area TPC (with InGrid)

Transition radiation measurements for ATLAS
GEMPIX development for radiation therapy beam monitoring
GEMPIX for °°Fe waste management

Developments for CLIC: CLICpix, CLICpix2, C3PD

59



Hybrid pixel detectors were initially developed as tracking detectors of LHC and
the Medipix Collaborations have taken the technology into many other fields

Timepix chips are actively detecting background radiation in school
classrooms, in airplanes, in labs and in space

“Colour” X-ray imaging using Medipix3 has helped authenticate ancient art and
has significant potential for medical diagnostic imaging

The technology has permitted a number of high-tech start ups to develop in
CERN member states and elsewhere.

60
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Conclusio

Many novel scientific applications and experiments have been made possible
by the very generic architecture of the Timepix chips. This helps contribute to a
diverse physics programme.

CERN experiments have benefitted directly from use of our chips and indirectly
from the development of technologies and know-how which can be applied to
HEP experiments. Unique instruments for beam instrumentation have also
been developed

Technology transfer is not a one-way process and can actually stimulate
innovation in HEP instrumentation

The Medipix4 Collaboration is developing high resolution pixel readout chips
(Timepix4 and Medipix4) which can be tiled on 4 sides.

61



Some referen

“An introduction to the Medipix family ASICs,” R. Ballabriga, M. Campbell, X. Llopart, Radiation Measurements 136
(2020) 106271

“VeloPix: the pixel ASIC for the LHCb upgrade,” T. Poikela et al. Journal of Instrumentation, Volume 10, January
2015

MARS Bio-imaging

InsightArt

Advacam cameras

Diamond Light Source detector group

Admira project

“‘Development of a rest gas ionisation profile monitor for the CERN Proton Synchrotron based on a Timepix3 pixel
detector,” S. Levasseur et al., Journal of Instrumentation, Volume 12, February 2017

“Optical Readout of the ARIADNE LArTPC Using a Timepix3-Based Camera,” Adam Lowe et al
Instruments 2020, 4(4), 35;

“Registration of the transition radiation with GaAs detector: Data/MC comparison,” J Alozy et al, 2020 J. Phys.:
Conf. Ser. 1690 012041

3D reconstruction of particle tracks in a 2 mm thick CdTe hybrid pixel detector,” Bergmann, B., Burian, P., Manek,
P. et al. Eur. Phys. J. C 79, 165 (2019).


https://www.marsbioimaging.com/
https://insightart.eu/
https://advacam.com/
https://www.diamond.ac.uk/Science/Research/Detector.html
https://serviparticules.ub.edu/en/projects/admira-project
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