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OutlineOutline

Introduction: a short historical reviewIntroduction: a short historical review

Applications in medical diagnosticsApplications in medical diagnostics

Applications in conventional cancer radiation therapyApplications in conventional cancer radiation therapy

HadrontherapyHadrontherapy, the new frontier of cancer radiation therapy , the new frontier of cancer radiation therapy 
–– ProtonProton--therapytherapy
–– Carbon ion therapyCarbon ion therapy

Conclusions and outlookConclusions and outlook II

I
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HadronthetapyHadronthetapy

The frontier of cancer radiation therapyThe frontier of cancer radiation therapy
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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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Can we do better than conventional radiotherapy ?Can we do better than conventional radiotherapy ?

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
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A A ganrtyganrty forfor protonproton therapytherapy
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Dose distribution: passive spreadingDose distribution: passive spreading

‘‘Double scatteringDouble scattering’’

‘‘Layer stackingLayer stacking’’



HST 2006 - 2/2 - CERN - 05.07.06 - SB 14

Passive spreading: the nozzlePassive spreading: the nozzle

Propeller Quadrant 
ionization 
chamber

Ionization 
chamber

Beam
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Passive spreading: Passive spreading: calibrationcalibration beforebefore treatmenttreatment

Collimator

Bolus
Water 

equivalent 
absorber

Ionization 
chamber
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Passive spreading: personalized Passive spreading: personalized devicesdevices

Propeller Collimator

Bolus -
prostate

Bolus - liver
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Dose distribution: active scanningDose distribution: active scanning

New technique developed New technique developed 
mainly at GSI and PSImainly at GSI and PSI

patient

energy variation

tumour volume

beam

Longitudinal planeLongitudinal plane

fast slow

horizontal
scanning vertical

scanning

Transverse planeTransverse plane

beam
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Active Active ““spot scanningspot scanning”” a la PSIa la PSI

Single ‘spot’
Lateral scanning with
magnet: 2 ms/step

Depth scanning with
upstream absorbers

Third scanning by
a bending magnet
and movable bed

Depth scanning

1 2

43
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““UU”” AnodeAnode

FrontFront--end end 
boardsboards

Mylar windowMylar window

Mylar windowMylar window

““TT”” AnodeAnode

22--sided sided 
aluminizedaluminized

cathodecathode

A detector for spot scanning:A detector for spot scanning:
The strip chamber developed by TERA for PSIThe strip chamber developed by TERA for PSI

In collaboration with University and INFN In collaboration with University and INFN TorinoTorino
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Beam tests on Gantry1 at PSIBeam tests on Gantry1 at PSI

SAMBA 

Strip Accurate Monitor for Beam 
Applications

Measurement of a spot

U direction (magnet)

T direction (table)
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Time profile of the clinical beamsTime profile of the clinical beams

5 ms

Time

To
ta

l I
nt

en
si

ty

SPOTSSPOTS
AverageAverage flatflat top top 

currentcurrent 0.2 0.2 nAnA
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A line of dose  made of spotsA line of dose  made of spots
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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:

~ ~ 40 000 patients40 000 patients

•• Carbon ion therapy:Carbon ion therapy:

~ ~ 2 200 patients2 200 patients
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Tumours of the central nervous systemTumours of 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 information see PTCOG, (for information see PTCOG, ptcog.web.psi.chptcog.web.psi.ch))

–– 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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What a patient seesWhat a patient sees……
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JapanJapan: 4 : 4 protonproton and 2 and 2 carboncarbon ionion therapytherapy centrescentres

KASHIWA CENTERKASHIWA CENTER
Chiba (1998)

protons (≤ 235 MeV)
cyclotron (IBA – SHI)

2 Gantries + 1 hor. beam

TSUKUBA CENTRETSUKUBA CENTRE
Ibaraki (2001)

protons (≤ 270 MeV) 
synchrotron (Hitachi)

2 gantries
2 beam for research

WAKASA BAY PROJECTWAKASA BAY PROJECT
by Wakasa-Bay Energy Research Center

Fukui (2002)
protons (≤ 200 MeV) synchrotron 

(Hitachi)
1 h beam + 1 v beam + 1 gantry

SHIZUOKA FACILITYSHIZUOKA FACILITY
Shizuoka (2002)

Proton synchrotron
2 gantries + 1 h beam

HEAVY ION MEDICALHEAVY ION MEDICAL
ACCELERATOR

HIMAC of NIRS (1995)
He and C (≤ 430 MeV/u) 2 synchrotrons

2 h beams + 2 v beams

HYOGO MED CENTREHYOGO MED CENTRE
Hyogo (2001)

protons (≤ 230 MeV) - He and C ions (≤ 320 MeV/u) 
Mitsubishi synchrotron

2 p gantries + 2 fixed p beam + 2 ion rooms

2000 patients
with carbon ions

carboncarbon

protonproton
29 m29 m

linaclinac

50 patients
with carbon ions
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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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RineckerRinecker -- MunichMunich

Almost readyAlmost ready
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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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PET onPET on--beambeam

Simulated from TPS

Measured
Measurement of the Measurement of the ””realreal””
dose given to the patientdose given to the patient
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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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CNAO CNAO todaytoday

MarchMarch, 2006, 2006

CourtesyCourtesy Sandro Rossi, Sandro Rossi, 
Fondazione CNAOFondazione CNAO
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Some new ideas for the futureSome new ideas for the future

““DualDual”” cyclotrons for protons and carbon ionscyclotrons for protons and carbon ions

CYCLINAC = Cyclotron + LINACCYCLINAC = Cyclotron + LINAC

Laser plasma acceleratorsLaser plasma accelerators

Medium termMedium term

Long termLong term
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A A ““dualdual”” acceleratoraccelerator

Project of INFN LNSProject of INFN LNS

250 250 MeV/uMeV/u SC cyclotronSC cyclotron

•• HH22
++ moleculesmolecules

250 250 MeVMeV proton beam for proton beam for 
deep seated cancer deep seated cancer 
treatmenttreatment

•• 250 250 MeV/uMeV/u fully stripped C fully stripped C 
ions ions 

maximum penetration of maximum penetration of 
12 cm in water12 cm in water
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““Spot scanningSpot scanning”” is sensitive to movementsis sensitive to movements

Two approaches can be combined:Two approaches can be combined:

1.1. multiple multiple ‘‘repainting, of the tumour targetrepainting, of the tumour target

2.2. feedbacks in the feedbacks in the tranversetranverse and energy dimensionsand energy dimensions

longitudinal plane                                    transverselongitudinal plane                                    transverse planeplane
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The accelerators used today in The accelerators used today in protontherapyprotontherapy
200200--250 250 MeVMeV protonsprotons

MGH - IBA Shizuoka - MITSUBISHI

CYCLOTRONS (Normal or SC)

4-5 metres

OROR

SYNCHROTRONS

6-9 metres

BEAM ON BEAM ON

OFF
1.5 s

BEAM ON En
er

gy1 s15 ns

timetime

C
ur

re
nt

CYCLOTRONSCYCLOTRONS

•• Almost continuous beamAlmost continuous beam

•• Fixed energyFixed energy

SYNCHROTRONSSYNCHROTRONS

•• Beam ON and OFFBeam ON and OFF

•• Continuous energyContinuous energy
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The CYCLINAC: the new The CYCLINAC: the new projectproject of TERAof TERA

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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IDRAIDRA

IDRAIDRA
IInstitute for nstitute for DDiagnosticsiagnostics

and and RARAdiotherapydiotherapy

CyclinacCyclinac
Dose distributionDose distribution

Ex: PSI new gantryEx: PSI new gantry

30 30 MeVMeV
210 210 MeVMeV

Radioisotope productionRadioisotope production
IInstitute for nstitute for DDiagnostics iagnostics 

and and RARAdiotherapydiotherapy
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Bragg curves obtained by switching off klystronsBragg curves obtained by switching off klystrons
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Prototype of LIBO (go and see it in Microcosm at CERN)Prototype of LIBO (go and see it in Microcosm at CERN)

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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The long term future: laser The long term future: laser -- plasma plasma ““acceleratorsaccelerators””??

The mechanismThe mechanism

•• ~ 10~ 101313 protons measuredprotons measured

•• Proton energy: 58 Proton energy: 58 MeVMeV
(LLNL)(LLNL)

Laser: 50 Laser: 50 fsfs, 50 J (, 50 J (PetawattPetawatt!)!)
I = 10I = 102121 W/cmW/cm22

>10>101111 protons up to 300 protons up to 300 MeVMeV

MANY YEARS OF WORKMANY YEARS OF WORK

SIMULATIONSIMULATION
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Suitable for Suitable for protontherapyprotontherapy??

Is the number of protons reproducible from pulse to Is the number of protons reproducible from pulse to 
pulse?pulse?

Is it possible to control the intensity of the proton beam?Is it possible to control the intensity of the proton beam?

Moreover the beam is neither monochromatic nor well Moreover the beam is neither monochromatic nor well 
collimated (with respect to standard accelerators)collimated (with respect to standard accelerators)

New ideas are needed, in New ideas are needed, in 
particular for an particular for an ““ad hocad hoc”” dose dose 

distribution systemdistribution system
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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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Conclusions and OutlookConclusions and Outlook

HadrontherapyHadrontherapy is becoming a reality!is becoming a reality!

–– Proton therapy is Proton therapy is ““boomingbooming””
–– Many carbon ion facilities are under construction or approvedMany carbon ion facilities are under construction or approved
–– Still a lot of R&D is needed in the near futureStill a lot of R&D is needed in the near future

For more information:For more information:
–– U. U. AmaldiAmaldi and G. Kraft, on and G. Kraft, on 

EurophysicsEurophysics NewsNews
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Work is in progressWork is in progress……

Physics is beautifulPhysics is beautiful……

……and useful !and useful !
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