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Cinzia Da Vià, The University of Manchester, UK
& University of Stony Brook, USA

Technological Instrumentation Interface with Industry 
and The Medical Sector
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Some Information about myself 

• Professor at The University of Manchester (UK)
• Visiting Professor at the University of  Stony Brook, New York, USA
• Member of the ATLAS Collaboration at CERN – LHC
• Chief editor Frontiers in Physics, Radiation Detectors and Imaging
• Co-Chair of the EU-ATTRACT Independent Committee
• IEEE WIE International Committee Member  2017-2022
• Member of the IEEE TAB Program on Climate Change
• Distinguished Lecturer and Organizer of  the IEEE NPSS Instrumentation School

Scientific Interests:
Ø Radiation Detector development : silicon pixels, 3D silicon detectors, fast timing
Ø Radiation effects in silicon, “Lazarus effect”
Ø 3D printed detectors, Vertical integrated microsystems
Ø Quantum Imaging
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Objectives of these  2h lectures

• Synergies between HEP, Medicine and Industry

• Identify the High Energy Physics Instrumentation Assets

• Understand the right requirements for the right applications
• Medicine but also other fields

• Examples: Accelerators and Detectors

• Summary and a Look at the Future
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1895 1896 18981897 18991800es

1996 Becquerel discovers spontaneous radioactivity 

Cathode rays (e-)
Deflected by B field

Hittorf-
Crookes 
tube

Photographic 
plate
Used to study 
“x-rays”.. But 
they deflected 
with B-field

1908-1913
Geiger-Masden Apparatus
Or Rutherford Gold foil 
Experiment proved the 
atomic structure 

How things started…
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1905 1922 1932 19681903

In 1914, Robert Millikan's
experiment confirmed
Einstein's law on photoelectric
effect by measuring the electric
charge of the electron (Oil drop
experiment)

1905     

Cloud chamber (1911 
by Charles T. R. Wilson, 
Noble Prize 1927)

1911

Paul Dirac 1928
(Nobel Prize 1933)

1928

Lead 
foil

63 MeV e+

B=1.5T 

Carl D. Anderson 1932
(Nobel Prize 1936)

Townsend discharge

The Geiger-Müller tube (1928 by Hans 
Geiger and Walther Müller)

1934

1934: Photo-Multiplier Tube Invented by Harley 
Iams and Bernard Salzberg (RCA Coorperation)

Anode wires 
(+)

Cathode
Plane (-)

Cathode
Plane (-)

E

E

Multi Wire Proportional Chamber (MWPC)(1968 by 
Georges Charpak, 
Nobel Prize 1992)

….....
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First transistor invented 1947 by William B. Shockley, John
Bardeen and Walter Brattain (Nobel Prize 1956)

First semiconductor particle sensor: Pieter Jacobus Van Heerden,
The Crystalcounter: A New Instrument in Nuclear Physics. University
Math Naturwiss, Fak (1945). CCD Nobel prize Boyle Smith 2009

Semiconductor a material that has a conductivity between a
conductor and an insulator; electricity can pass through it, but not
very easily

The point contact germanium transistor

The semiconductors revolution

p-n junction 

Depleted region
particle yes/no

particle
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75th Anniversary of the transistor !!!

November 1947 – January 1948 were the three magical months that paved the way for modern-day
electronics. Walter Brattain and John Bardeen managed to make the first working transistor, now known
as the point-contact transistor. The invention was made on December 16, 1947. In January 1948, William
Shockley demonstrated the junction transistor.

All three received The Nobel Prize in Physics (1956) and as per Nobel Prize Committee - "In 1947 John
Bardeen and Walter Brattain produced a semiconductor amplifier, which was further developed by
William Shockley. The component was named a "transistor."
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Technology Transfer from the start..
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Harvard Medical School was the first to use his machine clinically to produce X-rays for the treatment of
cancerous tumors with radiation in 1937
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Multi Wire Proportional Chamber (MWPC)

Extends the concept of the Geiger-
Muller to many wires with short
distance between two parallel plates

(1968 by Georges Charpak,
Nobel Prize 1992)

In the 70ties: images with 10 time less
dose than traditional radiographic film!

z

x

y

x

z



Ci
nz

ia
 D

a 
Vi

a,
 T

he
 U

ni
ve

rs
ity

 o
f M

an
ch

es
te

r, 
U

K 
&

 S
U

N
Y 

U
SA

–
20

23

High Energy Physics Instrumentation Assets

Particle Accelerators:
• Vacuum
• Surfaces
• Magnets
• Cooling
• Superconductors

Electrical &Civil Engineering:
• Tunnels
• Infrastructures
• Power distribution
• Large Underground 

installations

Radiation Detectors:
• Electronics
• Sensors (gas, solid 

state, scintillators)
• Integration
• Support structures

Data Acquisition Systems:
• Electronics
• Links  (electro-optical)
• Big data (storage & 

distribution)
• Triggering (machine 

learning, AI)

Data analysis & 
Simulation:
• Theory 
• Data libraries
• Software 
• Big Data (analysis)

Human Capital:
• Ingenuity
• Large Scale Operations
• Coordination 
• Education
• Global Collaboration

RADIATION HARD
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Non-HEP Synergies with Particle Accelerators

Synchrotron light sources
50 in the world
• Biology/medicine
• Chemistry
• Material Science
• Technology

Surface Coating ( Klystrons)
Vacuum Magnetic Birefringence
Axion searches

Superconducting 
magnets

Ultra vacuum
Technology

Cryogenics
Gravitational waves
Multi-Messenger Astronomy

Particle therapy

67 working 
by 2024 
130 operational

In 2018 50% of cancer patients
underwent radiotherapy as part of their
treatment. 80% are treated with H-E X-
Rays. 200000 patients have been
treated with charged hadrons thanks to
the improved depth-dose distribution

High 
Intensity
Neutron 
sources

Fusion 
Facilities

• JET 
• ITER
• DEMO
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Synchrotron light sources
70 in the world
• Biology/medicine
• Chemistry
• Material Science
• Technology

Particle therapy

80 working worldwide

Proton therapy has been used to treat more than
160,000 people worldwide. By 2030, it is estimated
that between 300,000 and 600,000 patients will have
received proton therapy treatment

Superconducting 
Magnets
• NMR
• MRI
• Nuclear Fusion 

Examples of interface with medicine
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• Biology/medicine
• Chemistry
• Material Science
• Technology
• …….

Synchrotron light sources

NSLS II Brookhaven National laboratory Currently 70 in the world

APPLICATIONS IN
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X-ray diffracted Photographic image of the
double helix taken in 1952 by Rosalind Franklin
and Raymond Gosling. The DNA sample was
fibrous DNA

Bragg Law

X-rays

Synchrotron Radiation: Protein crystallography
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The phenomenon of superconductivity was discovered in 
1911 by the  Dutch physicist Heike Kamerlingh Onnes
and his by noticing that the electrical resistance of 
mercury goes to zero below 4.2 K (-269°C), followed by 
other contributions.

Paul Christian Lauterbur and Peter Mansfield received 
the Nobel Prize in 2003 for their development of MRI

A coil made from superconducting material can produce
stronger magnetic fields than resistive electromagnets.

The superconducting portions of most current magnets
are composed of niobium-titanium (Type II). This
material has critical temperature of 10 kelvins and can
superconduct at up to about 15 Teslas. More expensive
magnets can be made of niobium-tin (Nb3Sn).

Superconducting  magnets: 
Magnetic Resonance Imaging

CLOSE 
MRI

OPEN 
MRI

http://home.cern/about/engineering/superconductivity
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The principle of NMR usually 
involves three sequential steps:

1.The alignment (polarization) of 
the magnetic nuclear spins in an 
applied, constant magnetic field B0.

2.The perturbation of this 
alignment of the nuclear spins by a 
weak oscillating magnetic field, 
usually referred to as a radio-
frequency (RF) pulse.

3.Detection and analysis of the 
electromagnetic waves emitted by 
the nuclei of the sample as a result 
of this perturbation.

If a nucleus is aligned with the magnetic field, it is said to occupy
the α-spin state and if it is aligned against the field, it is said to
occupy the β-spin state.

The external magnetic field establishes an energy gap between
spin states. The magnitude of the energy gap depends on the
strength of the external magnetic field.

When the energy between the two energy states lies within the
ranges of the radiofrequency radiation then the α-spin state
absorbs energy and flips to the β-spin state and the nucleus is
said to be in nuclear magnetic resonance.

Nuclear Magnetic Resonance -definition
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active nuclei (such as 1H or 13C)
absorb electromagnetic radiation at a
frequency characteristic of
the isotope.

The resonant frequency, energy of the
radiation absorbed, and the intensity
of the signal are proportional to the
strength of the magnetic field.

For example, in a 21 Tesla magnetic
field, hydrogen nuclei (protons)
resonate at 900 MHz. It is common to
refer to a 21 T magnet as a
900 MHz magnet since hydrogen is the
most common nucleus detected,
however different nuclei will resonate
at different frequencies at this field
strength in proportion to their nuclear
magnetic moments

Nuclear Magnetic Resonance for Spectroscopy 
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Magnetic Resonance Imaging System -MRI
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Compound Annual 
Growth Rate

MRI Industry
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à132 tons
superconducting 
magnet 

àsolenoid 
(carrying a current 
of 1.5 kA)

àproduces a field 
of 11.7 T inside a 
0.9 m diameter and 
5 m long volume. 

à4-times more 
powerful than 
typical hospital 
devices

The futureà“Iseult” project at 
CEA-Paris-Saclay
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Accelerator

Primary beam
protons

ions

electrons

proton therapy

ion therapy

Hadron 
therapy

IORT Inter Operation
Radiation Therapy

VHEE Very High Energy
Electron Therapy

Secondary
beam

Target
X-rays

neutrons

Radiation Therapy

neutron therapy

imaging

therapy

PET Positron Emission 
Tomography

Targetd Alpha Therapy, 
others

theragnostics

Number of 
operating 
accelerators
worldwide

≈ 75

>300

0

≈ 14’000

7

≈ 1’500

0

Total: ≈ 16’000 particle accelerators operating for medicine!!!! 

(high en.)

(low en.)

Radioisotopes

Accelerators for medicine

Slide from M. Vretener, CERN
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Isotopes in Medicine

Slide from P. Le Du
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Application Requirement Isotope

Common Diagnosis RadioTracers

Slide from P. Le Du



Ci
nz

ia
 D

a 
Vi

a,
 T

he
 U

ni
ve

rs
ity

 o
f M

an
ch

es
te

r, 
U

K 
&

 S
U

N
Y 

U
SA

–
20

23

Tracer production situation in Europe

Slide from P. Le Du
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Global Nuclear Medicine/Radiopharmaceuticals 
Market 
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Proton therapy has been used to treat more than 160,000 people worldwide. By 2030,
it is estimated that between 300,000 and 600,000 patients will have received proton
therapy treatment

Particle Therapy

Use Cyclotrons and Synchrotrons  
Accelerators
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30

• First experimental treatment in 1954 at 
Berkeley.

• First hospital-based proton treatment facility in 
1993 (Loma Linda, US).

• First treatment facility with carbon ions in 1994 
(HIMAC, Japan).

• Treatments in Europe at physics facilities from
end of ‘90s.

• First dedicated European facility for protons 
and carbon ions in 2009 (Heidelberg).

• From 2006, commercial proton therapy
cyclotrons appear on the market (but Siemens 
gets out of proton/carbon synchrotrons market
in 2011). 

• Nowadays 3 competing vendors for cyclotrons, 
one for synchrotrons (all protons). 

• 80 working worldwide. More centres are 
planned in the near future.

Particle Therapy  History
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12/12/2018 31

− dE
dx

= 4π
mec

2 .
nz2

β 2 .
e2

4πε0

⎛
⎝⎜

⎞
⎠⎟

2

. ln 2mec
2β 2

I .(1− β 2 )
⎛
⎝⎜

⎞
⎠⎟
− β 2⎡

⎣
⎢

⎤

⎦
⎥

Bethe-Bloch equation of ionisation energy loss by charged particles

accelerators-for-society.org

Different from X-rays or
electrons, protons (and
ions) deposit their energy
at a given depth inside
the tissues, «Bragg Peak»
minimising the dose to
the organs close to the
tumour.

Required energy (protons)
about 230 MeV,
corresponding to 33 cm in
water.
Small currents: 10 nA for a
typical dose of 1 Gy to 1 liter
in 1 minute.

Spread-Out 
Bragg Peak 
(SOBP)

Hadron Therapy
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Balance of promptly emitted particles outside
the target:

Incident protons: 1.0 (~1010)
g-rays: 0.3 (3·109)
Neutrons: 0.09 (9·108)
Protons: 0.001 (1·107)
a-particles: 2 · 10-5 (2·105)

Time (s) 
after collision

10-21 10-18 10-15 10-12 10-9 10-6 10-3 100 103

Particles Prompt g-rays b+ - emitter decay

Nuclear reactions in hadron therapy

Relative Biological Effectiveness RBE
is the ratio of biological effectiveness of
one type of ionising relative to another,
given the same amount of absorbed
energy

where DX is a reference absorbed dose of
radiation of a standard type X, and DR is the
absorbed dose of radiation of type R that causes
the same amount of biological damage
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Activity = Number of decays per second

– Becquerel  Bq : 1 decay / second
– Curie  Ci : 37 x 109 Bq (37 GBq)

Dose = amount of radiation absorbed in any 
material 

GRAY= absorbed energy / mass unit
– Gy : 1 joule / kilogram = 100 Rad

Defining the dosimetry units

Slide from P. Le Du
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à indication of global risk
= absorbed dose x WR* x WT**

Particle à WR*= 1 pour RX, beta 
and gamma, p=5, a=20
Organ à WT** = 0.05 for thyroïd, 
0.01 for skin

Effective dose = estimates biological effect 
from the absorbed radiation

10.000 mSv : high irradiation / rapid death
1.000 mSv : moderate irradiation / clinical visible signs (burn… )
5 mSv : annual irradiation in regions with
(volcanic soil)
2,5 mSv : annual irradiation in Paris
1 mSv : legal limit irradiation in France
1 mSv : average annual medical irradiation in 
France
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Precise Bragg Peak Reconstruction:
Tracking of the prompt gammas

When the proton Beam hits the target
gammas are emitted from nuclear reactions

Prompt gammas are emitted at different
Angles and can be counted after collimation

Strong correlation has been measured using
Depth Dose distribution and Prompt Gammas

Comparison at 3 different energies 

Data from APPLIED PHYSICS LETTERS 89, 183517  2006 
Lyso Crystals and Silicon Photomultipliers
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Prompt g-ray imaging SPECT

Detectors for Dosimetry in Hadron Therapy

Interaction-Vertex Imaging

TERA

GEM tracker
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Dosimetry in Hadron therapy: in beam PET 

1H-therapy at the National 
Cancer Center, Kashiwa, Japan

In-beam PET scanner at
12C-therapy unit at GSI
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Light ions (e.g. Carbon) are more effective than protons or X-rays in
attacking cancer.

The particle (or X-ray) breaks the DNA; multiple breaks kill the tumour cell.
However, the key mechanism is DNA self-repair by the body cells.

Ø Protons and X-rays cause single-strand breaks, easy to repair.

Ø C ions produce a 22 times more ionisations per length generating many
double-strand breaks that are much more difficult to repair.

Ions are effective with hypoxic radio-resistant tumours (1 to 3% of cancers),
allow for a lower dose thanks to their higher RBE, and have increased dose
conformity thanks to less lateral scattering.

So far, 2/3 of cases treated at the mixed facilities (CNAO, etc.) are with
carbon.

Radio Biological
Effectiveness (RBE)
is higher for Carbon than
for protons.
1.1 for protons
3 for C ions
(reference is 1 for Co X-
rays) 

Particle Therapy with Light Ions
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The «holy grail» of particle
therapy

Combination of local
therapies with
immunotherapy, to convert
the individual tumor into an
in situ vaccine.

The application of local
radiation therapy as an
adjuvant to immunotherapy
is under active investigation
both preclinically and
clinically and is currently
considered one of the most
promising strategies to
defeat cancer.

Formenti & Demaria, Lancet Oncol. 2009

Potential to extend
the reach of radiation 
therapy to diffused
tumours and 
methastasys, 
responsible for the 
largest amount of 
cancer deaths.

Opens the way to 
personalised
treatments, the 
future of cancer 
treatment.

Selection of immunoradiation therapy or standard therapy for patients based 
on predictive biomarkers.

Ion therapy and immunotherapy
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FLASH  Radiotherapy

FLASH radiotherapy,
or the delivery of ultra-
high dose rates of
radiation

(>40 Gy/s)

emerged as a modality
of irradiation that
enables tumour control
to be maintained while
reducing toxicity to
surrounding non-
malignant tissues.

https://doi.org/10.3892/ol.2022.13539
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Particle Therapy Market
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Non-HEP Synergy with Electrical, Material and Civil Engineering

Power Systems

XXL cavern installations
for Dark Matter
and neutrino searches

Robotics

Gravitational Waves
Multi-messengers Astronomy

Cosmic 
rays/AUGER
Radio Astronomy
SKA

Tunnels for trains 
streets etc

Environmental 
monitoring

EU radiation monitoring
Consortium after Cernobil
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Non-HEP Synergy with (big) Data Acquisition Systems

Medicine

Proteomics
Genomics

Astronomy
Radio-Astronomy
Dark Matter
Gravitational  Waves
Multi-messengers

XFELS

The Blue 
Brain 
Project

Satellites/space 

The Swiss Institute of Bioinformatics 
generates up to 30 Terabites/week in 
DNA sequencing

International Data Corporation 
(IDC) estimates the amount of 
data in the world will reach 163 
trillion gigabytes by 2025 –
Storage  and share will be an issue

SKA will generate 200 teraflops and storage of about 1.5 petabytes by 
2020. 
https://www.computerworld.com.au/article/392735ska_telescope_genera
te_more_data_than_entire_internet_2020/

LHC in 2025 2500 
petabytes/year (1018) 
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Non-HEP Synergy with Data Analysis and Simulation

Biology

Finance

Nuclear 
Spectroscopy

Space ScienceMedicine

Multi-Messenger 
Astronomy

Detectors 
Electronics and 
material science

Dark Matter
Neutrino

Geant4
FLUKA
MARS

GENIE

CADENCE
TCAD

GAMOS Radiation damage
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Simulation GEANT 4

PET with GATE: Geant4 Application 
for Tomographic EmissionHiggs event at LHC (CMS)
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46

Monte-Carlo simulation allowing to :
üdefine geometries

(size, materials,…)
ü define sources

(geometry, nature, activity)
ü choice of physical process

(low energy package of G4)
ü follow track point by point

GATE specificities:
üCERN GEANT4 libraries
üTime modellign

(sources , movement,random…)
üScript language(avoid C++)
üCode interactivity
üSharing development

GATE : Geant4 Application for Tomographic
Emission
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GEANT4 Application to Tomography Emission

• Scientific objectives
Radiotherapy planning to improve cancer treatment by ionizing
radiations illumination of the tumours.
Therapy planning is computed from pre-treatment MRI scans by
accurately locating tumours in 3D and computing radiation doses
applied to the patients.

• Method
GEANT4 base software to model
physics of nuclear medicine.
Use Monte Carlo simulation to
improve accuracy of computations (as
compared to the deterministic classical
approach)

AI in GATE (EGEEE)
Enabling GRID for EsciencE
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http://www.topasmc.org/

TOPAS is an open-source
platform which wraps and
extends the Geant4 Simulation
Toolkit to make advanced
Monte Carlo simulation of all
forms of radiotherapy easier to
use for medical physicists.

TOPAS can model x-ray and
particle therapy treatment
heads, model a patient
geometry based on CT images,
score dose, fluence, etc., save
and replay a phase space,
provides advanced graphics,
and is fully four-dimensional
(4D) to handle variations in
beam delivery and patient
geometry during treatment.
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Non-HEP Synergy with Particle Detectors
High Precision Radiation Detection and Imaging – Test Facilities

Neutron science
Fusion

Synchrotron 
applications

Environmental
monitoring

Quantum imagingElectronics
Industry

Medical 
imaging

Nuclear imaging
PET SPECT etc

Multi-messenger 
Dark Matter
Neutrinos
Large area gas &
Cryo-photo detectors

Cryo- e-microscopy
Nobel 2017

Homeland security

Artwork 
Analysis

muography

Wine fraud by 
detection of 
Cesium 137

CMOS pixellated
Sensors (rad Hard)

Space
Missions
satellites

radiation hard

radiation hard

radiation hard

Large area integration
ra

dia
tio

n h
ar

d
radiation hard

radiatio
n hard

Fast Low noise

ra
di

at
io

n 
ha

rd
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HEP SYNC Neutron 
ESS

Beam 
monitoring

Astronomy Hadron Therapy Medical Imaging

Pre-clinical Imaging

Electron 
Microscopy

Environmental 
radiation 

monitoring
IAEA

Radiation 
type

p, n, γ X-rays n p, n, γ, e- λ=300nm to 
28μm

N, p, γ, light ions 
(protons to oxygen)

X-rays e γ

Max

Intensity

12x10 15 

ncm-2
2700 
pulses

10 8 ncm-

2
10 17 ncm-2

(p, n) 10MGy 
(e-)

from 1 
photon/hour/p
ixel to 1E9 
photons/s/pixe
l

conventional
accelerator up to 
10^10 ions /s
Laser > 10^7/cm2 (ps
pulses, low repetition 
rate ~ 1/s)

CT: 109 g/mm2/s,
General X-ray: 108 g/mm2/s
Angiography: 108 g/mm2/s
Mammography: 107 

g/mm2/s

20 Mrads 100 µSv/h

(~100,000 cts/s)

timing 25ns

10ps

4.5 MHz

10ps

1us Sub ns from 
2000 frames/s 
to 1 
frame/hour

Up to MHz (singles 
rate)

10ps

CT: 5000 frames/s
General X-ray: -
Angiography: 1-60 
frames/s
Mammography: - 10ps

1000 frames/s

Pixel size

(Min)

50x50

um2

10x10

um2

50x50

um2

50x50 

um2

10x10

um2

50x50

um2

CT: 1000 mm
General X-ray: 150-200 mm
Angiography: 150-200 mm
Mammography: 85 mm

10x10

um2

Spectral 
resolution

yes yes no yes no , moderate 
possible with 
APD

yes Today: not used,
Future: yes

yes < 1.5% @ 662 keV

Detector size 
(max)

2500m2

(ILC cal)
80m2 100 cm2 Optical 9Kx9K

NIR 4Kx4K

40x40 cm2 CT: 10 x 100 cm2

(segmented), 
General X-ray : 43x43 cm2

Angiography: 30x40 cm2

Mammography: 24x30 cm2

8k x 8k pixels 6 cm3

Evidence of Converging Detector Requirements 
and R&D needs among disciplines European Radiation Detectors and Imaging Technology
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X-ray energy of the most common medical and 
biological applications 

0 10 20 30 40 50 60 70 80 90 100

Energy [keV]

Protein
crystallography

Mammography

Angiography

PET
SPECT

Radiology

Dental imaging

0

100 

50

10

[%]

101 102

300 µm Si
500 µm Si
700 µm Si
1000 µm Si

L. Tlustos

Absorption 
efficiency

C.
 D

a
Vi

a’
 2

00
7
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X-Ray Imaging

X-ray Absorption depending on material 
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Modern X-ray Radiology: EID vs ERPCD

Comparison between Energy Integrating Detector (EID) and  Energy-Resolving Photon-Counting 
Detector (ERPCD). The EID generates images with information related to the sum of the energies. 
On the other hand, the ERPCD can analyse each X-ray energy – so a spectral analysis of the image
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(a) Conventional radiograph image of a human hand.
(b) Bone
(c) Soft-tissue-equivalence image
(d) Bone-tissue-overlay image generated by superposing the two basis component images. In the overlay

image, the bone-components are coloured in blu.

https://doi.org/10.1038/s41598-020-70363-w

Multiple-contrast X-ray radiographs 
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Radiography requires good contrast, resolution, S/N

Organ dose skin effective dose
mGy mSv

Thorax, face                                   0,2 - 0,5 0,015 - 0,15

Lumbar region 4 - 28 1,5

Urography 40 - 60 3

Brain scan                                         7 - 78 1

Whole Body scan                           30 - 60 4 - 10

Mammography 7 - 25 0,5 - 1
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The objective of the new technologies is to 
increase precision and reduce the dose 

This image has high spatial 
resolution but very high noise 
level which destroyed the image 
contrast

Optimum image 
quality has 
adequate 
resolution and 
contrast, and a low
noise level

This image has high 
spatial resolution
and low noise, but it 
has almost zero 
contrast. 

This mage has low noise and 
high contrast, but very poor 
spatial resolution. 
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Direct / indirect conversion

X-rays

Direct conversion
Si, Ge, CdTe, 
GaAs, Se

electronics

Sampled imageelectronics

Sampled image

Photodiode/ CCD

Scintillator
Gadox, YAG CsI
(high Z)

Indirect conversion implies lower DQE
(noise contribution from the two 
conversion steps )

The target is to reduce the 
dose to the patient!



Ci
nz

ia
 D

a 
Vi

a,
 T

he
 U

ni
ve

rs
ity

 o
f M

an
ch

es
te

r, 
U

K 
&

 S
U

N
Y 

U
SA

–
20

23

High Z Materials for direct conversion

MPX3 CdTe 1mm – SPM 55μm
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Timepix3  hybrid detector

Features
•Pixel size 55μm x 55μm
•256 x 256 pixels
•Timepix3 is suitable for readout of both semiconductor 
detectors and gas-filled detectors
•Single thresholds per pixel each with 4 bits of local 
adjustment

•Two main measurement modes: 
•(1) simultaneous 10 bit ToT and 18 bit TOA and
• (2) 10 bit event counting and 14 bit integral TOT

•TOT monotonic for large positive charges
•Fast TOA for time stamping with a precision of 1.56 ns
•Data driven readout: dead time free, for a maximum hit 
rate of 40 Mhits/s/cm2

•Shutdown/wake-up features for power pulsing tests on a 
full system
•3-side buttable (with a single 1.2mm dead edge)
•TSV ready

Applications
•X-rays imaging
•Particle track reconstruction.
•Timepix3 is suitable for readout of both semiconductor 
detectors and gas-filled detector

GaAs -90 KeV
350um thick

https://www.researchgate.net/publication/341026498
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u 241Am alpha source gives clusters of ~5x5 pixels measured with the MEDIPIX-USB device and a 300 μm thick silicon 
sensor. The clusters are shown in detail in the inlet. The cluster sizes depend on particle energy and threshold setting. 

u Signature of X-rays from a 55Fe X-ray source. Photons yield single pixel hits or hits on 2 adjacent pixels due to charge 
sharing. 

u A 90Sr beta source produces curved tracks in the silicon detector. 

u A pixel counter is used just to say “YES” if individual quantum of radiation generates in the pixel a charge above the 
pre-selected threshold

a 5 KeV X-rays 2MeV electrons

Particle signatures with the Timepixel detector
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Space weather and dosimetry Cultural heritage studies Medical colour X-ray 
imaging

Mixed field radiation 
monitoring and dosimetry

Investigation of art using 
colour X-ray imaging

World first colour X-ray image 
of a living human
- Clearer images
- Lower dose
- Material separation

NASA/Univ. Houston/IEAP Prague InsightArt, Prague MARS Bioimaging, NZ

Medipix and Timepix : 55x55um2 256 x 256 pixels

https://medipix.web.cern.ch
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deepNwell

3D sensors

diamond CMOS
Pixel
Sensor

LePiX

DEPFET

n-in-n,  n-in-p-
planar

PWELL

NWELL 

DIODE

SUB 

CONT NMOS

NWELL 

CONT PMOS

DEEP PWELL

SUBSTRATE

-

+
+

--

+

-

+

-

+

+

EPITAXIAL LAYER

INMAPS

HV-MAPSCCD Mimosa

0.18mm

Pixels Sensors in High Energy Physics  

SOI

Radiation Hardness
hybrid

Granularity, low mass
monolithic
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Indirect Conversion: Scintillators and 
Silicon Photomultipliers (SiPm, GM-APD, MPPC…)
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90Sr electrons in  0.2 T B-fieldPerformance :
- position resolution:15 μm
-single electron efficiency: > 90 %
- track detection efficiency: 99.6 %;

Gaseous Pixel detector  (GridPix) is a MEMS made 
Micromegas like structure on a CMOS readout chip

H. van der Graaf (Nikhef) TIPP2011

Gaseous Pixel Detectors + Medipix

µ-TPC operation with TimePix chip

10mm
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Silicon for Synchrotron and low X-ray energy
Applications

Medipix

Medipix2 Quad
Pixels: 512 x 512
Pixel size: 55 x 55 mm2

Area: 3 x 3 cm2

Mithen II Eiger

Gotthard AGIPD

Single photon Counting Charge Integration

pixellated hybrid 
detector (Si, GaAs, 
CdTe, 3D thickness: 
300/700/1000mm

The PILATUS 6M, 

424 x 435 mm2  with 170 
× 170 μm2 (2463 x 2527 ) 
6 million pixels, has been 
developed at PSI and 
commercialized by the 
company  Dectris for 
synchrotron imaging
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Mammography, digital breast tomosynthesis (DBT), 
also known as 3D mammography

Digital 
Mammograms 
have a pixel size of 
around 50–100 
microns DMs tend 
to be very large 
images, ranging 
from 2300 × 1800 
pixels (of 
dimension 100 
microns) to 
4096 × 5625 pixels 
(of dimension 54 
micron)
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Digital radiography with MWPC in the 1970ies

with 10 time less dose than
traditional radiographic film!

z

x

y

x

z
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68

Spatial resolution and speed
– 64 … 320 detector rows
– Slice thickness 0.33 … 0.6 mm
– Tube rotation time 0.3 s

• Organ in a sec
• Whole body < 10 sec

– dual source (180° → 90°) 
– Volume coverage with one rotation: 4 … 16 cm

Computed Tomography
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• Take 1D profiles or 2D projection at discrete
angle around the object

• Assume that each measured point = sum of 
actvity elements along the Line of Response
(LOR)

• Rotate and repeat

• Still a lot of radiation full body CT = 4-10 mSv 
(depending organ)

• Standard radiography = 0.1 mSv

Raw data can be displayed ‘sinograms’
Then data are riconctructed

Computed Tomography Image reconstruction
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Nuclear Medicine: SPECT

Single Photon Emission Computed Tomography

Radiotracers are organ specific
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Positron Emission Tomography

Radioactive decay : Afte time t, the activity
left, A(t), is proportional to the initial
number, A(0), and an exponential term
involving the half-life, τ, of the nuclide. 18F,
which has a half-life of 109 minutes

Radioactive rates or activity are measured
in units of Becquerel (1 Bq = 1
decay/second) in the SI system or the
traditional Curie (1 Ci = 3.7·1010
decays/sec). A common scale factor used in
the clinic is 1 mCi = 37 MBq.

In β+ (positron) decay a nuclide transforms
one of its core protons (p) into a neutron
(n) and emits a positron (β+ ) and a
neutrino (ν): p → n + β+ + ν. The average
positron range in matter depends on the
positron’s energy and material
characteristics, such as the density and the
atomic number. For 18F-FDG, positron
ranges are rather short, typically less than a
millimeter.
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PET SCAN Sequence
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73

1977

Historic Evolution of PET I

First Steps
Townsend & Jeavons

Biograph PET + X ray-CT

1997

2007

First mouse imaging with 18F

C-PET Philips
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Sucima PET-MRI EU project

TDM/PET-TOF (250 psec) 

2017

2022

no TOF ~600 ps TOF

~200-ps TOF PET Siemens Biograph Vision 600

Historic Evolution of PET II

TOF= Time of Flight
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2022

Explorer total body project

2027 ?

75

Iseult Project: 11.7T Whole-Body MRI

CRT = Laboratory 30ps 
à 10 to 1 psec 3 min scan
SNR, Direct imaging Multi-photon imaging, 
Positronium imaging
Scintillation,  Cerenkov,  Metascintillators,  
Photonics
AI vs TOF,  COSTS 

Historic Evolution of PET III
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Total Body PET 

Key Advantages of this design:
1. The detection efficiency of photon pairs emitted from a certain point already in the FOV is increased by the 
larger solid angle (longer axial extent). 
2. A much larger fraction of the patient is seen in one bed position, so more FOV is covered in the same time 
frame.

Vandenberghe et al. EJNMMI Physics (2020) 7:35 
https://doi.org/10.1186/s40658-020-00290-2
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The fraction of detected two-photon events for a central point source taking into account the detector
acceptance (Acc), detection with 20-mm-thick LYSO crystals (Acc & Det), attenuation caused by a 20-cm
phantom (Acc & Att) as well as (Acc & Att & Det) and selection of event forming events (Acc & Att & Det & Sel).
The y-axis displays fraction with maximum value equal to 1

The whole-body sensitivity S, defined as the ratio of the registration
rate of image forming events (the true coincidences) to the total
activity of 511 keV photon pairs created inside the patient, depends on
the photons’ attenuation in the body (Att), as well as detection (det)
and selection (sel) efficiencies

Total Body PET sensitivity Vandenberghe et al. EJNMMI Physics (2020) 7:35 
https://doi.org/10.1186/s40658-020-00290-2
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3 Photons PET

the relatively rare (about 0.5% in water) three-photon positron
annihilations (Ore and Powell 1949, De Benedetti and Siegel
1954) can also be used for imaging.

By detecting the positions and energies of the three photons,
one can easily locate the point where the annihilation
occurred. Thus the amount of information obtained from a
single event is higher than for a 2γ pair, where localization is
along a line.

The rate of 3γ decay is not only proportional to concentration
of activity but is also sensitive to the local physical and
chemical environments, notably the presence of oxygen.

This is due to formation of positronium: a positron–electron
bound state, which behaves as an active chemical particle.
75% of the positronium is formed as an ortho-positronium,

triplet state which in vacuum annihilates only into 3γ
with a relatively long lifetime of 142 ns,

while the remaining 25% form a para-positronium rapidly
decaying into 2γ (half-life 0.125 ns).

In matter interaction processes, in general called
quenching, that lead to 2γ annihilations are usually much
faster, reducing the fraction of three-photon annihilations.

3γ imaging is by no means an alternative to conventional
PET, but rather an add-on, making use of the
annihilation radiation which is currently wasted, it
provides extra information. Dividing the 3γ image by the
2γ one, we obtain a map of 3γ /2γ decay probability
ratio.

2005 Phys. Med. Biol. 50 5679
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FBP Cost Reduction I

Materials also R&D with
Large volume Gas and 
MCPs

Cost Reduction Strategy
But Also:

Reduction in Dose
à ~10 times - 0.37 MBq/kg

Reduction in Scan Time
à ~24 times – 5min total scan

Dynamical and multi-organ images

Vandenberghe et al. EJNMMI Physics (2020) 7:35 
https://doi.org/10.1186/s40658-020-00290-2
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23 Same performance and FOV with a smaller detection area: 
Geometrical and Organ Specific Systems

Total-Body System Brain Imaging 
System 

Cardiac or Breast
Imaging System 

FBP Cost Reduction II
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Quantum Physics in Bio-Medical Imaging 

Suppression of BG due to Scattered
events using photon entanglement
correlations

•https://doi.org/10.1364/QIM.2014.QTu1A.1

Spontaneous Parametric Down Conversion SPDC
Space and Intensity Correlations mediated by 
conservation of energy and momentum

VISIBLE Infra RED – also works for X-Rays 

https://doi.org/10.1364/QIM.2014.QTu1A.1
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PET Industrial Synergy
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Particle Dosimetry for Cancer 
Therapy using 3D printing and 

Geant4 simulation

Cinzia Da Vià, Francisca Munoz-Sanchez
Rebecca Heelis, Samuel Clarke, Jemma Goldstein, Mahfuza Ahmed

Rebecca Freestone, Stuart Morris, Jacob Heery,  Paul Walmsley
The University of Manchester, UK

John Allison, Geant4 International

Adam Aitkenhead;  Ranald MacKay, Christie’s Hospital, Manchester UK

CASE STUDY: PERSONALESED 
CANCER THERAPHY
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CT SCAN of the Patient

Digitized CT image
Transferred to 3D printer

Personalized Treatment planning 

3D printed phantom 

G4 simulation

Digitized CT image
Transferred to G4

Experimental 
Data confronted
to G4 into planning

Cinzia Da Vià, April 2016

Rationale
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1-From CT image to 3D printing     

Visualization of the DICOM file 
Using the program 3D SLICER 

Converted  DICOM files into NRRD files which 
could then be converted to STL files using a 
open source program called embodi3D.

3D printed skull from
The original CT scan 
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From CT image to G4 simulation 

Visualization of the DICOM file 
Using the program 3D SLICER 

STL file imported into Geant4 using
CADMesh. The skull was edited in the
visualiser to have a slight translucency in
order for the interacting X-ray photon
beam to be seen more clearly.

The beam has a cross section of 2x2cm2

with an energy spectrum of the Elekta
6MeV system.
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Synergy with Human Capital 

Governance and
management
of large international
Collaborations and
Complex Structures

Knowledge transfer
peer-to-peer
industry

• Inclusion
• Diversity 
• Sociology
• Diplomacy in action
à No political or 

religious barriers

• Education (outreach)
• Networking
• Mentoring 
à The key role of 

Schools

• Analysis & Problem-Solving.
• Interpersonal & Leadership Skills.
• Project Management & Organization.
• Research & Information Management.
• Self-Management & Work Habits.
• Written & Oral Communication.

Women in STEM “Paradox”
The percentage of women with STEM degrees is 
lower in more gender-equal countries, as 
measured by the WEF Gender Gap Index. Image 
from Stoet & Geary, 2018.

http://reports.weforum.org/global-gender-gap-report-2015/
http://reports.weforum.org/global-gender-gap-report-2015/
http://journals.sagepub.com/doi/full/10.1177/0956797617741719
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The Last Words

The Interface and synergies among
scientific fields has always existed but
today is even more evident since the
overlap of the requirements among the
various fields is more pronounced.

HEP and Bio-Medicine have always gone
hand in hand

For instrumentation developers:

Always look beyond what you are doing!

Never stop being creative, in particular if
someone tells you that what you
imagined is not a good idea and is
impossible!!!!
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Thanks

I used material from several people and publications which are hopefully
listed in the slides. 

An extra special thanks goes to:

Patrick Le Du
Maurizio Vretener
RD51 Collaboration
Medipix Collaboration
3D Collaboration
Timespot Collaboration

For providing material directly or online, or for very useful discussions and 
insight 


