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Introduction: a short historical reviewIntroduction: a short historical review

Applications in medical diagnosticsApplications in medical diagnostics

Applications in cancer radiation therapyApplications in cancer radiation therapy
–– Conventional radiation therapyConventional radiation therapy
–– HadrontherapyHadrontherapy, the new frontier of cancer radiation therapy , the new frontier of cancer radiation therapy 

Conclusions and outlookConclusions and outlook
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IntroductionIntroduction

Fundamental research in particle physics and medical applicationFundamental research in particle physics and medical applicationss
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The starting point The starting point 

•• November 1895 : discovery of X raysNovember 1895 : discovery of X rays

Wilhelm Conrad  Wilhelm Conrad  RRööntgenntgen

•• December 1895 : first radiographyDecember 1895 : first radiography
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The beginning of modern physics andThe beginning of modern physics and
medical physicsmedical physics

18951895

discovery of X raysdiscovery of X rays

Wilhelm Conrad  Wilhelm Conrad  
RRööntgenntgen

An  accelerator of 1897An  accelerator of 1897

J.J. Thomson and the electronJ.J. Thomson and the electron

1895 1895 –– starting date of four starting date of four 
magnificent years in magnificent years in 
experimental physicsexperimental physics
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The beginning of modern physics andThe beginning of modern physics and
medical physicsmedical physics

Henri Becquerel    Henri Becquerel    
(1852(1852--1908)1908)

1896:1896:

Discovery of naturalDiscovery of natural

radioactivityradioactivity

MariaMaria
SkSkłłodowskaodowska CurieCurie

(1867 (1867 –– 1934)1934)

18981898

Discovery of radiumDiscovery of radium

Thesis of Mme. Curie – 1904

α, β, γ in magnetic field

About one hundred years agoAbout one hundred years ago
Pierre CuriePierre Curie
(1859 (1859 –– 1906)1906)
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First applications in cancer therapyFirst applications in cancer therapy

1908 : first attempts  of skin cancer 1908 : first attempts  of skin cancer 
radiation therapy in France radiation therapy in France 
((““CuriethCuriethéérapierapie””))

Basic conceptBasic concept
Local control Local control 
of the of the tumourtumour
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A big step forwardA big step forward……

M. S. Livingston  and  E. LawrenceM. S. Livingston  and  E. Lawrence
with the 25 inches cyclotronwith the 25 inches cyclotron

GeigerGeiger--MMüüllerller counter built bycounter built by
E. Fermi and his group in RomeE. Fermi and his group in Rome

……in physics and inin physics and in

•• Medical diagnostics Medical diagnostics 

•• Cancer radiation therapyCancer radiation therapy

due to the development of three due to the development of three 
fundamental toolsfundamental tools

•• Particle acceleratorsParticle accelerators

•• Particle detectorsParticle detectors

•• ComputersComputers
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1930: invention of the cyclotron1930: invention of the cyclotron

Ernest Lawrence  Ernest Lawrence  

(1901 (1901 –– 1958)1958)

Spiral trajectory of an Spiral trajectory of an 
accelerated nucleusaccelerated nucleus

Modern cyclotronModern cyclotron

1930: the beginning of 1930: the beginning of 
four other magnificent four other magnificent 

yearsyears

A copy is on display at A copy is on display at 
CERN MicrocosmCERN Microcosm
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The Lawrence brothersThe Lawrence brothers

John Lawrence, brother of John Lawrence, brother of 
Ernest, was a medical doctorErnest, was a medical doctor

They were both working in They were both working in 
BerkleyBerkley

First use of artificially produced First use of artificially produced 
isotopes for medical diagnosticsisotopes for medical diagnostics

Beginning of nuclear medicineBeginning of nuclear medicine

An interdisciplinary An interdisciplinary 
environment helps environment helps 

innovation!innovation!
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Discovery of the neutronDiscovery of the neutron

19321932

James ChadwickJames Chadwick

(1891 (1891 –– 1974)1974)

Student of Student of 

Ernest RutherfordErnest Rutherford

Neutrons are used today toNeutrons are used today to

•• Produce isotopes for medical diagnostics Produce isotopes for medical diagnostics 
and therapyand therapy

•• Cure some kind of cancer Cure some kind of cancer 
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MatterMatter and and antimatterantimatter......
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1932 1932 –– discovery of antimatter:  the positrondiscovery of antimatter:  the positron

Carl D. Anderson Carl D. Anderson -- CaltechCaltech

Positive fast particle
coming from below

Slowed-down 

particle
CLOUD

CHAMBER

Lead layer

The positron is at the basis of Positron Emission Tomography (PEThe positron is at the basis of Positron Emission Tomography (PET)T)
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Discovery of the  effectiveness  of slow neutronsDiscovery of the  effectiveness  of slow neutrons

O. O. DD’’AgostinoAgostino E. E. SegrSegrèè E. Amaldi  F. E. Amaldi  F. RasettiRasetti E. FermiE. Fermi

19341934
First radioisotope of IodineFirst radioisotope of Iodine

among fifty new artificial speciesamong fifty new artificial species
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Four other crucial years: the synchrotronFour other crucial years: the synchrotron

19441944

principle of phase stabilityprinciple of phase stability

1 GeV  electron synchrotron1 GeV  electron synchrotron

FrascatiFrascati -- INFN INFN -- 19591959

VekslerVeksler visits McMillanvisits McMillan

1959 1959 -- BerkeleyBerkeley

Circular trajectory of the Circular trajectory of the 
particles accelerated in a particles accelerated in a 

““synchrotronsynchrotron””

Vertical magnetic
field
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RadioRadio--frequency frequency linacslinacs for protons and ionsfor protons and ions

L. AlvarezL. Alvarez

1946 1946 –– Drift Tube LinacDrift Tube Linac

200 MHz
λ= 1.5 m

Linear accelerator (Linear accelerator (linaclinac))

100 100 MeVMeV linaclinac on display on display 
at CERN Microcosmat CERN Microcosm



CERN - 24.11.06 - SB 17

The electron linacThe electron linac

19391939

Invention of the klystronInvention of the klystron

SigurdSigurd VarianVarian

Russell VarianRussell Varian

1947 1947 
first linac for electronsfirst linac for electrons
4.5 MeV  and  3 GHz4.5 MeV  and  3 GHz

William W. HansenWilliam W. Hansen

~ ~ 1 m1 m

The electron The electron linaclinac is used today in is used today in 
hospital based conventional radiation hospital based conventional radiation 

therapy facilitiestherapy facilities
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The beginning of CERN 50 years agoThe beginning of CERN 50 years ago

1952: Pierre Auger        1952: Pierre Auger        EdoardoEdoardo AmaldiAmaldi

Secretary GeneralSecretary General

19521952--5454

at the meeting that created the provisional CERNat the meeting that created the provisional CERN

IsidorIsidor RabiRabi

UNESCO talk in 1950UNESCO talk in 1950
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At CERN we have At CERN we have linacslinacs and strongand strong--focusing synchrotronsfocusing synchrotrons

In 1952 the In 1952 the ““strongstrong--focusingfocusing”” methodmethod

invented at BNL (USA)invented at BNL (USA)

was chosen for the CERN PSwas chosen for the CERN PS

Large 
Hadron
Collider

(7+7) TeV

2007

The PS in 1959The PS in 1959

8.5 km8.5 km
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Accelerators running in the worldAccelerators running in the world

> 17500> 17500
TOTALTOTAL

>7000Ion implanters, surface modification

~1500Acc. for industrial processing  and  research

~1000Research acc.  included biomedical research

>100>100

~200~200

> 7500> 7500

Synchrotron radiation sourcesSynchrotron radiation sources
Medical radioisotope productionMedical radioisotope production

Radiotherapy acceleratorsRadiotherapy accelerators

~120High Energy acc. (E >1GeV)
NUMBER IN USE (*)NUMBER IN USE (*)CATEGORY OF ACCELERATORSCATEGORY OF ACCELERATORS

(*) W. Maciszewski and W. Scharf: Int. J. of Radiation Oncology, 2004

90009000

•• About half are used for bioAbout half are used for bio--medical applicationsmedical applications
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Particle detectorsParticle detectors

They are the They are the ““eyeseyes”” of particle physicistsof particle physicists

A very impressive development in the last 100 yearsA very impressive development in the last 100 years

–– From the Geiger counter to ATLAS and CMS !From the Geiger counter to ATLAS and CMS !

Crucial in many medical applicationsCrucial in many medical applications
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One example: the One example: the multiwiremultiwire proportional chamberproportional chamber

•• Invented in 1968, launched the era of fully electronic particleInvented in 1968, launched the era of fully electronic particle detectiondetection
•• Used for biological research and could eventually replace photoUsed for biological research and could eventually replace photographic recording graphic recording 
in applied radioin applied radio--biologybiology
•• The increased recording speeds translate into faster scanning aThe increased recording speeds translate into faster scanning and lower body nd lower body 
doses in medical diagnostic tools based on radiation or particledoses in medical diagnostic tools based on radiation or particle beamsbeams

Georges Georges CharpakCharpak, CERN , CERN 
physicist since 1959,physicist since 1959,

NoberNober prize 1992prize 1992
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Applications in medical diagnosticsApplications in medical diagnostics
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Diagnostics is essential!Diagnostics is essential!

Computer Tomography (CT)Computer Tomography (CT)

AbdomenAbdomen

•• Measurement of the electron densityMeasurement of the electron density

•• Information on the morphologyInformation on the morphology
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Nuclear Magnetic ResonanceNuclear Magnetic Resonance

19381938--19451945

Felix Bloch  and Edward Purcell Felix Bloch  and Edward Purcell 

discover and studydiscover and study

NMRNMR

In 1954 Felix Bloch becameIn 1954 Felix Bloch became

the first CERN Director Generalthe first CERN Director General
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MRI =  Magnetic Resonance ImagingMRI =  Magnetic Resonance Imaging

1. Main magnet (0.5-1 T)

2. Radio transmitter coil

3. Radio receiver coil 

4. Gradient coils

•• Measurement of the density of the protons (water) Measurement of the density of the protons (water) 
in tissuesin tissues

•• Information on the morphologyInformation on the morphology
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A MRI scannerA MRI scanner
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SPECT = Single Photon Emission  Computer Tomography SPECT = Single Photon Emission  Computer Tomography 

In reactors slow neutrons produce
98Mo + n = 99Mo + γ

99Mo (66 h)  = 99mTc (6 h) + e- + ν

gamma  of 0.14  MeV

Emilio Emilio SegrSegrèè
1937: Discovery of  element 43 1937: Discovery of  element 43 ““TechnetiumTechnetium”” 9797Tc(2.6 My)Tc(2.6 My)

1938: discovery of  1938: discovery of  99m99mTcTc
with E. McMillanwith E. McMillan
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The discovery of technetiumThe discovery of technetium
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SPECT scannerSPECT scanner
85% of all nuclear medicine85% of all nuclear medicine

examinations use technetiumexaminations use technetium

produced by slow neutronsproduced by slow neutrons

in reactorsin reactors

…… liverliver

lungslungs

bones bones ……

Lead collimators to channel 
the gammas of 0.14 MeV

Rotating head
With detectors

0.14  MeV
gammas

•• Measurement of the Measurement of the 
density the molecules density the molecules 
which contain which contain 
technetiumtechnetium

•• Information on Information on 
morphology and/or morphology and/or 
metabolismmetabolism
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PositronPositron EmissionEmission TomographyTomography (PET)(PET)

•• FDG with FDG with 1818F is the most used drug F is the most used drug 
(half life 110 minutes)(half life 110 minutes)

•• Measurement of the density of Measurement of the density of 1818F F 
through backthrough back--toto--back gamma detectionback gamma detection

•• Information on metabolismInformation on metabolism

Cyclotron
PET tomograph

PET image

Gamma ray detectors 
(Ex. BGO crystals)

ProtonsProtons

~~15 15 MeVMeV, , ~~50 50 μμAA

CT-PET
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What is FDG?What is FDG?

22--deoxydeoxy--22--[[1818F]F]fluorofluoro--DD--glucoseglucose ((1818FDG)FDG)

CC

OO

HH

D-glucose : CH2OH (CHOH)4 CHO
1818FF
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PET: one examplePET: one example

•• 18FDG/PET images 18FDG/PET images 

•• The cocaine addict has depressed metabolism !The cocaine addict has depressed metabolism !
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Applications in cancer radiation therapyApplications in cancer radiation therapy
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MethodsMethods

BrachitherapyBrachitherapy
–– Insertion of radiation sources in the bodyInsertion of radiation sources in the body

Radio immunotherapyRadio immunotherapy
–– The radiation is brought by a radioisotope attached to a specifiThe radiation is brought by a radioisotope attached to a specifically cally 

selective vectorselective vector

TeletherapyTeletherapy
–– Bombardment of the Bombardment of the tumourtumour tissues with radiation coming from outside tissues with radiation coming from outside 

the body of the patientthe body of the patient
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Conventional radiation therapyConventional radiation therapy
with Xwith X--raysrays

•• Electron Electron linacslinacs to produce gamma rays (called Xto produce gamma rays (called X--rays by medical doctors)rays by medical doctors)

•• 20'000 patients/year every 10 million inhabitants20'000 patients/year every 10 million inhabitants

e- + target → X

Electron Linac
3 GHz

6-20 MeV
[1000 x Röntgen]

targettarget
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Computerized Treatment Planning System (TPS)Computerized Treatment Planning System (TPS)

•• TC scan data are TC scan data are 
used to used to 

•• design the design the 
volume to be volume to be 
irradiated irradiated 

•• choose the choose the 
radiation fieldsradiation fields

•• calculate the calculate the 
doses to the doses to the 
target and to target and to 
healthy tissues healthy tissues 

•• The dose is given in The dose is given in 
about 30about 30--40 fractions 40 fractions 
of about 2 Grayof about 2 Gray
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The problem of X ray therapyThe problem of X ray therapy

Photons

X ray beam

Target

Dose levelDose level
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The problem of X ray therapyThe problem of X ray therapy

Solution:Solution:

•• Use of many crossed beamsUse of many crossed beams

•• Intensity Modulation Intensity Modulation 
Radiation Therapy (IMRT)Radiation Therapy (IMRT)

The limit is due to the dose The limit is due to the dose 
given to the healthy tissues!given to the healthy tissues!

Especially near organs at Especially near organs at 
risk (OAR)risk (OAR)

9 different photon beams9 different photon beams
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Multi leaf collimators and IMRTMulti leaf collimators and IMRT

Multi leaf collimator whichMulti leaf collimator which
moves during irradiationmoves during irradiation

PTV

OR

33--fields IMRTfields IMRT

Prescription Dose 

PTV

OR

PTVPTV

OROR

33--fields IMRTfields IMRT

Prescription Dose 

•• It is possible to obtain concave dose volumesIt is possible to obtain concave dose volumes

•• Time consuming (used for selected cases)Time consuming (used for selected cases)
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Can we do better ?Can we do better ?

9  X ray beams   (IMRT)9  X ray beams   (IMRT)2  X ray beams2  X ray beams

A question for a particle physicist

Are there better radiations to attack the tumour and spare at best the healthy 
tissues?        

Answer : BEAMS OF CHARGED HADRONS
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LetLet’’ss go back go back toto physicsphysics......

Fundamental physicsFundamental physics
Particle identificationParticle identification

Medical applicationsMedical applications

Cancer Cancer hadrontherapyhadrontherapy

L3 at LEP
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Single Single beambeam comparisoncomparison

X X raysrays ProtonsProtons or or CarbonCarbon ionsions
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Protons and ions are more precise than XProtons and ions are more precise than X--raysrays

Tumour between the eyesTumour between the eyes

9 X ray beams                                            1 proto9 X ray beams                                            1 proton beamn beam
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The first idea The first idea –– Bob Wilson, 1946Bob Wilson, 1946

Bob Wilson was student of Bob Wilson was student of 
Lawrence in BerkleyLawrence in Berkley

Study of the shielding for the Study of the shielding for the 
new cyclotronnew cyclotron

Interdisciplinary environment Interdisciplinary environment 
= new ideas!= new ideas!

Use of protons and charged Use of protons and charged 
hadrons to better distribute hadrons to better distribute 
the dose of radiation in cancer the dose of radiation in cancer 
therapytherapy

R.R. Wilson, Radiology 47 (1946) 487R.R. Wilson, Radiology 47 (1946) 487
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The basic principles of The basic principles of hadrontherapyhadrontherapy

Bragg peakBragg peak
–– Better conformity of the dose to the target Better conformity of the dose to the target →→ healthy tissue sparinghealthy tissue sparing

Hadrons are chargedHadrons are charged
–– Beam scanning for dose distributionBeam scanning for dose distribution

Heavy ions Heavy ions 
–– Higher biological effectivenessHigher biological effectiveness

Beam of hadrons
which slow down in matter

27 cm
Tumour

target

Protons Protons 
200 200 MeVMeV

1 1 nAnA

Carbon ionsCarbon ions
4800 4800 MeVMeV

0.1 0.1 nAnA
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Why ions have a large biological effectivenessWhy ions have a large biological effectiveness??
RBE = 1 RBE = 3

ionization

cromosome

40 mm from
the end of the range

X
quantum

carbon
ionBreak of a 

single/double
helix of DNA

electron

Multiple breaks of
both helixes

cannot be repaired
Ions have high LET (Linear Energy Transfer)Ions have high LET (Linear Energy Transfer)
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Number of potential patientsNumber of potential patients

XX--ray therapyray therapy every 10 million inhabitants:  20every 10 million inhabitants:  20''000 pts/year 000 pts/year 

ProtontherapyProtontherapy

12% of X12% of X--ray patients =   ray patients =   2'400 pts/year2'400 pts/year

Therapy with Carbon ions for radioTherapy with Carbon ions for radio--resistant tumoursresistant tumours

3% of X3% of X--ray patients =                  600 pts/yearray patients =                  600 pts/year

TOTAL    about  3'000 pts/year    TOTAL    about  3'000 pts/year    

every 10 Mevery 10 M

Every 50 M inhabitantsEvery 50 M inhabitants

•• ProtonProton--therapytherapy

44--5 5 centrescentres

•• Carbon ion therapyCarbon ion therapy

1 centre1 centre

StudyStudy byby AIRO, 2003                     AIRO, 2003                     

ItalianItalian AssociationAssociation forfor OncologicalOncological RadiotharapyRadiotharapy
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The sitesThe sites

Up to presentUp to present

•• ProtonProton--therapy:therapy:

~ ~ 45 000 patients45 000 patients

•• Carbon ion therapy:Carbon ion therapy:

~ ~ 2 200 patients2 200 patients
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Example: Example: tumourstumours of the central nervous systemof the central nervous system

Control at  5 Control at  5 yearsyears

RTRT ProtonsProtons
----------------------------------------------------------------------------------------------------------------------------------

ChordomasChordomas 1717--50%50% 7373--83%83%

ChondrosarcomasChondrosarcomas 5050--60%60% 9090--98%98%
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Present and Present and ““nearnear”” future of future of hadrontherapyhadrontherapy

ProtonProton--therapy is therapy is ““boomingbooming””!   !   (for more information see PTCOG, (for more information see PTCOG, www.ptcog.comwww.ptcog.com))

–– Laboratory based centres: Laboratory based centres: OrsayOrsay, PSI, INFN, PSI, INFN--CataniaCatania, , ……
–– Hospital based centres: 3 in USA, 4 in Japan and many under consHospital based centres: 3 in USA, 4 in Japan and many under construction truction 

(USA, Japan, Germany, China, Korea, Italy, (USA, Japan, Germany, China, Korea, Italy, ……))
–– Companies offer Companies offer ““turnturn--keykey”” centres (cost: 50centres (cost: 50--60 M Euro)60 M Euro)

Carbon ion therapyCarbon ion therapy

–– 2 hospital based centres in Japan2 hospital based centres in Japan
–– Pilot project at GSIPilot project at GSI
–– 2 hospital based centres under construction in Germany and Italy2 hospital based centres under construction in Germany and Italy
–– 2 projects approved (France and Austria)2 projects approved (France and Austria)
–– European network ENLIGHTEuropean network ENLIGHT
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The map of The map of hadrontherapyhadrontherapy
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The The eyeeye melanoma treatment at melanoma treatment at INFNINFN--LNSLNS in Cataniain Catania

•• LNS LNS SupercoductingSupercoducting cyclotron cyclotron 

•• 65 65 MeVMeV protonsprotons

•• 92 patients (92 patients (octoct 2005)2005)

http://www.infn.it/
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The Loma Linda University Medical The Loma Linda University Medical CenterCenter (USA)(USA)

•• First hospitalFirst hospital--based based 
protonproton--therapy centre, therapy centre, 
built in 1993built in 1993

•• ~~160/sessions a day160/sessions a day

•• ~~1000 patients/year1000 patients/year
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PROSCAN project at PSIPROSCAN project at PSI

Gantry 2

Gantry 1

ACCEL
SC cyclotron

Experiment
OPTIS

•• New SC 250 New SC 250 MeVMeV proton cyclotron proton cyclotron –– InstalledInstalled

•• New proton gantryNew proton gantry
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Carbon ion therapy in EuropeCarbon ion therapy in Europe

1998 1998 -- GSI pilot project (G. Kraft)GSI pilot project (G. Kraft)

200 patients treated 200 patients treated 
with carbon ionswith carbon ions

PET PET onon--beambeam
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HIT HIT –– University of University of HeidelbergHeidelberg

Architects Architects NicklNickl & Partner, Munich and& Partner, Munich and
Heidelberg University Building AuthorityHeidelberg University Building Authority

•• Hospital based centre Hospital based centre 

•• Project started in 2001Project started in 2001

•• First patient treatment First patient treatment 
foreseen in 2007foreseen in 2007

Carbon ion gantryCarbon ion gantry
MAN technologyMAN technology
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The TERA FoundationThe TERA Foundation
NotNot--forfor--profit foundation created in 1992 by profit foundation created in 1992 by UgoUgo AmaldiAmaldi and and 
recognized by the Italian Ministry of Health in 1994recognized by the Italian Ministry of Health in 1994

Research in the field of particle accelerators and detectors forResearch in the field of particle accelerators and detectors for
hadronhadron--therapytherapy

PIMMS/TERA

First goal: the Italian First goal: the Italian 
National Centre (CNAO) National Centre (CNAO) 
now under construction in now under construction in 
PaviaPavia

Collaborations with many research institutes and universities Collaborations with many research institutes and universities 
–– in particular CERN, INFN, PSI, GSI, JRC, Universities of Milan, in particular CERN, INFN, PSI, GSI, JRC, Universities of Milan, Turin Turin 

and and PiemontePiemonte OrientaleOrientale
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CNAO on the CNAO on the PaviaPavia sitesite

PIMMS/TERAPIMMS/TERA

DesignDesign

•• Investment: 75 MInvestment: 75 M€€
•• Main source of funds:Main source of funds:
Italian Health MinistryItalian Health Ministry
•• Ground breaking: March 2005Ground breaking: March 2005
•• Treatment of the first patient Treatment of the first patient 
foreseen by the end of 2007foreseen by the end of 2007

25 m25 m

•• Hospital Hospital basedbased centrecentre

•• ProtonsProtons and and carboncarbon ionsions
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CNAOCNAO

JanuaryJanuary 2121stst, 2006, 2006

JuneJune 11stst, 2006, 2006

Courtesy S. Rossi (CNAO Foundation)Courtesy S. Rossi (CNAO Foundation)
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What does a patient see?What does a patient see?
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The CYCLINAC: a new idea for the futureThe CYCLINAC: a new idea for the future

Linear accelerator

Cyclotron

•• CYCLINAC = CYCLINAC = CYClotronCYClotron + LINAC+ LINAC

•• Commercial cyclotron for the production of radioisotopesCommercial cyclotron for the production of radioisotopes

•• Linac to boost the beam energy for Linac to boost the beam energy for hadronhadron--therapytherapy

Two main functionsTwo main functions

DIAGNOSTICS + THERAPYDIAGNOSTICS + THERAPY

Hadron therapy
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IDRA: the new project of the TERA FoundationIDRA: the new project of the TERA Foundation

IDRA
Institute for Diagnostics and RAdiotherapy

30 MeV cyclotron

Linear accelerator

LIBO
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Prototype of LIBO (on display at CERN Microcosm)Prototype of LIBO (on display at CERN Microcosm)

Accelerated beam from the Accelerated beam from the 

60 60 MeVMeV cyclotron of LNScyclotron of LNS

73 MeV

Collaboration INFNCollaboration INFN--CERNCERN--TERA   1999TERA   1999--20022002

Module tested at LNS of INFN, Module tested at LNS of INFN, CataniaCatania

NIM A 521 (2004) 512NIM A 521 (2004) 512
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Conclusions and OutlookConclusions and Outlook

Since the beginning of particle physics, more than oneSince the beginning of particle physics, more than one--hundred hundred 
years goyears go……

Particle physics offers medicine and biology Particle physics offers medicine and biology 
very powerful tools and techniques to study, very powerful tools and techniques to study, 

detect and attack the diseasedetect and attack the disease

To fully exploit this large potentiality, all these To fully exploit this large potentiality, all these 
sciences must work together!sciences must work together!
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Work is in progressWork is in progress……

Physics is beautifulPhysics is beautiful……

……and useful !and useful !


	Outline
	Introduction��Fundamental research in particle physics and medical applications
	The starting point 
	The beginning of modern physics and�medical physics
	The beginning of modern physics and�medical physics
	First applications in cancer therapy
	A big step forward…
	1930: invention of the cyclotron
	The Lawrence brothers
	Discovery of the neutron
	Matter and antimatter...
	1932 – discovery of antimatter:  the positron
	Discovery of the  effectiveness  of slow neutrons
	Four other crucial years: the synchrotron
	Radio-frequency linacs for protons and ions
	The electron linac
	The beginning of CERN 50 years ago
	At CERN we have linacs and strong-focusing synchrotrons
	Accelerators running in the world
	Particle detectors
	One example: the multiwire proportional chamber
	Applications in medical diagnostics
	Diagnostics is essential!
	 Nuclear Magnetic Resonance
	 MRI =  Magnetic Resonance Imaging
	A MRI scanner
	SPECT = Single Photon Emission  Computer Tomography 
	The discovery of technetium
	SPECT scanner
	Positron Emission Tomography (PET)
	What is FDG?
	PET: one example
	Applications in cancer radiation therapy
	Methods
	Conventional radiation therapy� with X-rays
	Computerized Treatment Planning System (TPS)
	The problem of X ray therapy
	The problem of X ray therapy
	Multi leaf collimators and IMRT
	Can we do better ?
	Let’s go back to physics...
	Single beam comparison
	Protons and ions are more precise than X-rays
	The first idea – Bob Wilson, 1946
	The basic principles of hadrontherapy
	Why ions have a large biological effectiveness?
	Number of potential patients
	The sites
	Example: tumours of the central nervous system
	Present and “near” future of hadrontherapy
	The map of hadrontherapy  
	The eye melanoma treatment at INFN-LNS in Catania
	The Loma Linda University Medical Center (USA) 
	PROSCAN project at PSI
	Carbon ion therapy in Europe
	HIT – University of Heidelberg
	The TERA Foundation
	CNAO on the Pavia site
	CNAO
	What does a patient see?
	The CYCLINAC: a new idea for the future
	IDRA: the new project of the TERA Foundation
	Prototype of LIBO (on display at CERN Microcosm)
	Conclusions and Outlook
	Work is in progress…

