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A A brief introduction to hybrid pixel detectors
A Timepix

I Live demonstration of particle detection

I Some applications in medical imaging
A Particle tracking and detection using Timepix3
A Spectroscopic X-ray imaging using Medipix3

A Conclusions and future work
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But because of low volumes bump bonding is still expensive
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Reconstruction of o
crossing in the AT

About 10'° events had been accumulated before the
Higgs boson discovery was announced, and only some
100G were identified as Higgs boson decays



S o et e
¥ Hybrid pixel

A Developed initially for LHC

A 3 large scale vertex detector systems operating smoothly

A One large RICH detector system (based on hybrid pixels
In a photodetector tube) contributing to LHCb physics

A In the Medipix2 and Medipix3 Collaborations we have
taken the technology into many new fields

A This talk will focus on the applications in the medical field



A Work started in 1999/2000
A 2 chips were developed in 250nm CMOS

A Medipix2 i single photon counting chip. Camera-
like logic with window threshold and 14-bit counter
per pixel

A Timepix i based on Medipix2. Each pixel can be
programmed in counting mode, arrival time mode,
or Time-over-Threshold mode.
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Timepix

Pixel matrix 256 x 256

Pixel size 55 x 55 &m
Technology CMOS 250 nm
Measurement modes Programmable per pixel:

A Single particle counting
A Timepix (arrival time wrt shutter)
A Time over Threshold

# thresholds 1 per 55 ¢ mpixel
4-bit threshold adjustment
Counter depth 1 x 14-bits
Readout type Frame based
A Sequential R/W
Readout Time Serial: <100ms at 100MHz
__— -Parallel: <300ms @ 100MHz

@m threshold ~ 650 e- )
/
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Near sea level 34 000 feet




Simon Langton School, Canterbury, England
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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. iss036e006175Y)7
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High Dose Rat

On-line monitoring of 2% prostate implants

Phantom |
support frame , | z A !

Plastic Water sheet ——— Q@ ) i

Catheter

Channel |
~ g

Tungsten

Plastic Water Sheets

First Pinhole

3 x Timepix readout chips, Si detector, multiple pinholes in W sheet

Slide courtesy of A. Rozenfeld, Centre for Medical Radiation Physics, University
of Wollongong, Wollongong 2522, Australia
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High Dose Ra

Comparison of HDR BrachyView position measurements with CT
measurements
Very good agreement (<1mm mostly, 1.3mm worst case)

Slide courtesy of A. Rozenfeld, Centre for Medical Radiation Physics, University
of Wollongong, Wollongong 2522, Australia
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Only protons and Many secondaries, Carbons and
their scattering, no (delta electrons protons and their
secondaries. fragments). scattering, no

secondaries.

Timepix chip combined with Si detector

Carbons and many
secondaries.

JanJ a k TD

IEAP, Prague
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3D voxel detector ‘ﬁparﬁcle traclq 1. Measurement or ion impact time
in the time-of-arrival mode

2. Correlation of the particle hits
in all layers (coincidence)

P Soukup et al. 2011 JINST 6 C01060 3. Particle direction * oo~ 5070

Slide courtesy of M. Martisikova, German Cancer Research Centre, Heidelberg

J. Jakubek et al. 2011
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‘ Timepix
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Slide courtesy of M. Martisikova, German Cancer Research Centre, Heidelberg
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particles

Gas detec

\ drift electrode

100pm

Drift region

Micromesh

Amplification region

I Readout strip

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

Slide courtesy of H. Van der Graaf, Nikhef, NL
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GEMPIx for Ha

) | ) ‘ ; . |
GEMPIix detector: 2 x 2 Timepix GEMPIx placed in phantom
chips combined with gas
detector F. Murtas , M. Silari, S. George,

M. Ciocca and A. Mirandola

55x55nmm pixels, 262 000 CERN, INFN, UNIPV, CNAO

channels
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ARDENT

3D measurements of energy released in water phantom in hadrontherapy treatment
facility (CNAO Pavia)

2D Histogram - Depth 171.5 mm

Bragg Peak

Fragment \ ‘
Tail .

' "_Height (mm)
c.

o 0
o S0 100 150 200 250 300 350 400 450 500
Z ads (8 of pixek)

F. Murtas , M. Silari, S. George,
A. Rimoldi, A. Tamborini,

M. Ciocca and A. Mirandola
CERN, INFN, UNIPV, CNAO

Dose Delivered (a.u.)

200 - 250
Water Depth (mm)
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GEMPIx for Ra- @
ARDENT

GEMPix detector (8cm? GEM detector read by 55x55mm pixels, 262 000 channels)
- 2D measurements of energy released in IMRT (Policlinico Tor Vergata Roma)

Intensity Modulated Radiation Therapy
(IMRT)

Gafchromic film

GAFchromic film

Y coor (mm)
Y coor (mm)

X coor (mm) X coor (mm)

F. Murtas , G. Claps, D. Falco

An optimal agreement between GEMPix and gafchromic film is
CERN, INFN, PTV

obtained

Real-time measurements with GEMPix allows fast Quality
Assurance procedure
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For more information on GEMpix in hadron
therapy please see the presentation of
Fabrizio Murtas on Friday morning
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Time

A Timepix3 is a multi purpose hybrid pixel
detector developed within the Medipix3
collaboration

A Designed for particle tracking with
simultaneously time of arrival (TOA) and
energy measurement (TOT)

A Data driven read out mode

A 1.56 ns TOA precision

A 130 nm CMOS
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The Medipix3
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Specific

Timepix3
Pixel matrix 256 x 256
Pixel size 55 x B5 &m
Technology CMOS 130 nm
Measurement modes A Simultaneous 10 bit TOT and 14 + 4 bit
TOA
A 14 + 4 bit TOA only
A 10 bit PC and 14 bit integral TOT
Readout type A Data driven
A Frame based

Dead time (pixel, data driven)

(both modes with zero suppression)
>475 ns (pulse processing + packet transfer)

Output b idth A0-voitsts+5- |

Maximum count rate 0.4 Mm
TOA Precision 1.56-hs—

Front end noise 60e- RMS

Minimum threshold ~500 e-

32



Energy and time
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Energy and time
with cosmi

ARDENT

Sensor q

Read-out chip
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Precise arrival time information (1.6ns steps) provides
depth of interaction within the sensor layer

Bias 100V, lkrum 5, with time walk correction
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m. But what if y
e hig

On-pixel or inter-pixel event processing becomes essential
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Medipix3 M

Access to spectroscopic information opens a new dimension in X-ray
Imaging

Retaining the energy information in X-ray radiography extracts more
information from a given deposited dose

Contrast agents (with metal nanoparticles) attached to bio markers
could open the field of functional imaging using X-rays

But several technical challenged remain:

- Charges sharing in the sensor reduces (or destroys) spectral fidelity
- High photon fluxes prohibit the use of data driven architectures
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m Cross section of
(X-ray ph

Sensor dimensions
:fffff‘:”mp'#v' - . to Scale (55nTn

pixel pitch, 300mm
thick sensor)
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Fluorescence

N k-edge (keV) | Ka energy (keV)| da (mm) h [%]

Si 14 1.84 1.74 12 S
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 I 84

Te 52 31.82 27.47 64 I 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
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Medipix3

Pixel matrix 256 x 256
Pixel size 55 x 5|o5|11@>«1110 mm?
Suitable for loviz Technology CMOS 130 nm
Z&msr&mhch Measurement modes A Single pixel (SPM)
as BiTee, GaAs A _Charge summing (CSM)
Gain modes A Super low gain mode
A Low gain mode
A High gain mode
A Super high gain mode
# thresholds A 2 per55¢ mpixel
A 8 per 110 ¢ npixel
Programmable A 2 x1-bit
counter depths A 2 x6-bit
A 2 x 12-bit
A 1 x24-bit
Readout type Frame based
A Sequential R/W
A Simultaneous R/W
Readout Time Depends on counter depth used

Minimum threshold

~ 500 e-
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Imaging a LPPM phanto

Single Pixel Mode (SPM) Charge Summing Mode (CSM)
) - -4
- 435 = 135
50 50
- E B3
100 = -2.3500
2
150 150
15
200 1 200
0.5
250 o250
50 100 150 200 250 50 100 150 200 250

LPPM phantom Tube voltage: 15 kV, Tube current: 5SmA, Al
filtering, 1s acquisition

RAW DATA

44



1.0

o
o'

0.6

Normalised differential counts
o o
N LN

o
o

241Am

AT

N, Energy Response F

10 20 30 40 50 60 70
Energy (keV)

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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A tiled X-ray image of a mouse skull.
Courtesy S. Procz
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REIBURG

Colour xray of a |i

S. Procz et ak



Linear attenuation ( 1/cm)

Linear attenuation (1/cm)

Spectral imagin

Removal of beam hardening artifacts
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Slide courtesy of A. Butler, University of Otago, New Zealand and MARS Bio-Imaging
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Spectral imaging

Removal of beam hardening artifacts

Titanium screw in PMMA CoCr femoral head with PMMA shaft

Slide courtesy of A. Butler, University of Otago, New Zealand and MARS Bio-Imaging
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Spectral imaging of

Titanium implant in sheep bone

Enables better understanding of
- process of bone ingrowth
- bone / implant interface

Slide courtesy of A. Butler, University of Otago, New Zealand and MARS Bio-lmagingJ
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Distinguishing
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Courtesy, T. Koenig, KIT
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Distinguishing lodine an-

Hounsfield Units

-1000 -500 0 500 1000 1500 2000
Gd K-edge only visible in Charge Summing Mode
DQE better for Charge Summing Mode | courtesy, T. Koenig, KITs,




Workshop on
Medical Applications of Spectroscopic X-ray Detectors

CERN, 20-23 April 2015

A 113 invited participants of which ~50 were from industry

A Large delegations from GE, Philips, Siemens and Toshiba

A Also major research institutes present :Johns Hopkins,
University of Massachusetts, Mayo Clinic, Royal Marsden,

TU Munich etc
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B

A A new Collaboration called Medipix4 is in formation
A Chips to be fully tile-able on 4-sides
A 2 chips development are foreseen (65nm CMOS)

A Medipix4 Photon counting spectrometric chip
Will use charge summing and allocation scheme

Multiple thresholds

Pixel pitch varied to match sensor material

Better high count rate performance (aimed at human CT)

A Timepix4
I Smaller pixel pitch
I Better timing resolution (sub-ns)
I Better high count rate performance (TSV)
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O3]

A Hybrid pixel detectors were developed to respond to a
need at the LHC T particle tracking in high rate
environments

A Medipix2/Timepix proved the versatility of the
technology for multiple other applications including In
the medical applications sphere

A Timepix3 demonstrates particle tracking in a single
semiconductor layer permits spectroscopic imaging at
moderate fluxes

A Medipix3 demonstrated how spectral fidelity can be
maintained even at relatively high X-ray fluxes

A The Medipix4 Collaboration (which is in formation) will
fully explore the design of 4-side tile-able devices for
the first time enabling larger areas to be covered
seamlessly e



