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The beginnings of modern physics andThe beginnings of modern physics and
of medical physicsof medical physics

18951895
discovery of X raysdiscovery of X rays

Wilhelm Conrad  Wilhelm Conrad  
RöntgenRöntgen

1897 1897 

“discovery” of the  “discovery” of the  
electronelectron

J.J. ThompsonJ.J. Thompson
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The beginnings of modern physics andThe beginnings of modern physics and
of medical physicsof medical physics

Henri Becquerel    
(1852-1908)

1896:1896:

Discovery of naturalDiscovery of natural

radioactivityradioactivity

Marie Curie    Pierre Curie
(1867 – 1934)  (1859 – 1906)

18981898

Discovery of radiumDiscovery of radium

Thesis of Mme. Curie – 1904

α, β, γ in magnetic field

Hundred years agoHundred years ago
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The next magnificent  four years for experimental The next magnificent  four years for experimental 
physics and medical physicsphysics and medical physics

19301930

Ernest Lawrence invents the cyclotronErnest Lawrence invents the cyclotron

M. S. Livingston      and         E. Lawrence

with the 25 inch cyclotron
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The next magnificent  four years for experimental The next magnificent  four years for experimental 
physics and medical physicsphysics and medical physics

James Chadwick

(1891 – 1974)

19321932

Discovery of the neutronDiscovery of the neutron
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The next magnificent  four years for experimental The next magnificent  four years for experimental 
physics and medical physicsphysics and medical physics

1932 1932 –– C. D. AndersonC. D. Anderson

Positron discoveryPositron discovery

Layer of lead

Inserted in a cloud chamber

Fast positive particle

coming from below

Slown-down 

particle
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The next magnificent  four years for experimental The next magnificent  four years for experimental 
physics and medical physicsphysics and medical physics

O. D’Agostino E. Segrè

E. Amaldi  F. Rasetti E. Fermi

Discovery of the effect of slow neutrons  - 1934
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The synchrotronThe synchrotron1945:   E. McMillan and  1945:   E. McMillan and  V.J.VekslerV.J.Veksler

discover the  discover the  

principle of phase stabilityprinciple of phase stability 1 GeV  electron synchrotron1 GeV  electron synchrotron

FrascatiFrascati -- INFN INFN -- 19591959

1959: Veksler visits McMilan at Berkeley
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The electron linacThe electron linac

1939

Invention of the klystronInvention of the klystron

Sigmur Varian

Russell Varian

William W. Hansen

1947 
first linac for electrons
4.5 MeV  and  3 GHz
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LinacsLinacs for protons and ionsfor protons and ions

1928 – R. Wideröe

Invention of

the linac for ions

Drift Tube LinacDrift Tube Linac

(DTL)

10 MHz

200 MHz

1946 – L. Alvarez
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At CERN we have At CERN we have linacslinacs and strongand strong--focusing synchrotronsfocusing synchrotrons

In 1952 the “strongIn 1952 the “strong--focusing” methodfocusing” method

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

was chosen for the CERN PSwas chosen for the CERN PS

Large 
Hadron
Collider

(14+14) TeV

2007

The PS in 1959The PS in 1959

8.5 km8.5 km
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The beginnings of CERN 50 years agoThe beginnings of CERN 50 years ago

1952: Pierre Auger        Edoardo Amaldi

Secretary General

at the meeting that created the provisional CERN

Isidor Rabi

UNESCO talk in 1950
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Nuclear Magnetic ResonanceNuclear Magnetic Resonance

1938-1945

Felix Bloch  and Edward Purcell 

discover and study

NMR

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

In diagnosticsIn diagnostics

MRI sees the protonsMRI sees the protons

of the tissuesof the tissues
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Summary of accelerators running in the worldSummary of accelerators 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

9000
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RADIOACTIVITY  AND  ACCELERATORS RADIOACTIVITY  AND  ACCELERATORS (*)(*)

1. IN  DIAGNOSTICS1. IN  DIAGNOSTICS

________________
(*) No time to discuss the use of detectors developed for subato(*) No time to discuss the use of detectors developed for subatomic physicsmic physics



CERN - 25.1.05 - U. Amaldi 17

CT = Computer tomographyCT = Computer tomography

Abdomen Lungs
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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

Molibdenum ‘generator’

BNL - 1960

Powel Richards

and  Walter Tucker

gamma  of 0.14  MeV
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SPECT scannerSPECT scanner

85% of all nuclear medicine85% of all nuclear medicine

examinations  use   examinations  use   99m99mTcTc

Collimators of the 

0.14 MeV gammas
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Centre for Nuclear MedicineCentre for Nuclear Medicine

For PET the most used compound 

FDG = sugar

F = 18F

with half-life 1.6 h

PET
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PET = Positron Emission TomographyPET = Positron Emission Tomography

0.51 MeV

0.51 MeV
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CTCT--PETPET
CT            PET

morphology      metabolism

The future of diagnostics
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RADIOACTIVITY  AND  ACCELERATORS RADIOACTIVITY  AND  ACCELERATORS (*)(*)

1. IN  CANCER  THERAPY1. IN  CANCER  THERAPY

________________
(*) No time to discuss the use of detectors developed for subato(*) No time to discuss the use of detectors developed for subatomic physicsmic physics
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Radioactivity in cancer therapyRadioactivity in cancer therapy
targeted radioimmunotherapy

α particles from Bismuth-213 for leukaemia

β particles from  Yttrium-90 for glioblastoma

teletherapy

gammas from Cobaltgammas from Cobalt--6060 for deep tumoursfor deep tumours

Cobalt source
2000

Cobalt-60

(1  MeV gammas) 

is produced in reactors

by slow neutrons
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XX--rays in radiotherapy: rays in radiotherapy: linacslinacs

e- + target → X

Electron Linac
3 GHz

6-20 MeV
[1000 x Röntgen]

targettarget
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X rays have a poor energy depositionX rays have a poor energy depositionPhotons

X rays

tumour target

Fraction

of  dose

IMRT (Intensity Modulated IMRT (Intensity Modulated 
Radiation Therapy)Radiation Therapy)

with 9 crossed beamswith 9 crossed beams

Tumour between  the eyes

the dose
is not neglibile
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““Hadrontherapy” uses n, p and CHadrontherapy” uses n, p and C--ion beamsion beams

“hadrons” are

made of quarks

carbon ion =

6 protons + 6 neutrons

atom

Proton or 

neutron

quark  “u” or “d”

electron “e”
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Charged hadrons have a much better energy depositionCharged hadrons have a much better energy deposition

200 MeV
protonsprotons

4800 MeV
carbon ionscarbon ions
which control which control 
radioresistantradioresistant

tumourstumours
charged hadron beam

that loses energy in matter

27 cm
tumour

target

Photons ProtonsPhotons ProtonsX rays
protons or

carbon ions

tail

cobalt

linac

httt://global.mitsubishielectric.com/bu/particlebeam/index_b.htmhttt://global.mitsubishielectric.com/bu/particlebeam/index_b.htmll
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The sitesThe sites

ProtontherapyProtontherapy::

4040''000 patients000 patients

Cost about 20''000 Euro

2-3  x X-rays

If cost would be 

the same 

as for X-rays

90% of the treatments90% of the treatments

would be withwould be with

protons !protons !



CERN - 25.1.05 - U. Amaldi 30

Hospital centres for deep Hospital centres for deep protontherapyprotontherapy ( ( >>500 pts/year)500 pts/year)
5 in USA, 4 in Japan, 2 in China, 1 in Switzerland,  1 in German5 in USA, 4 in Japan, 2 in China, 1 in Switzerland,  1 in Germany,      y,      
1 in Korea, 1 in Italy1 in Korea, 1 in Italy

(running or financed)(running or financed)

Five companies offer turn-key centres
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Tumours of the central nervous systemTumours of the central nervous system

Control at Control at 5 5 yearsyears

RTRT ProtoniProtoni
----------------------------------------------------------------------------------------------------------------------------------

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

ChondrosarcomasChondrosarcomas 5050--6060%% 9090--98%98%

The percentages are largerThe percentages are larger

with carbon ionswith carbon ions
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Radiobiological efficiency of carbon ionsRadiobiological efficiency of carbon ions
RBE = 1 RBE = 3

ionizations

cromosome

MSDMSD
Multiple Multiple StrandStrand DamagesDamages



CERN - 25.1.05 - U. Amaldi 33

NumbersNumbers of of potentialpotential patientspatients

XX--rayray therapytherapy

everyevery 10 10 millionmillion inhabitants:inhabitants: 2020''000 000 ptspts//yearyear

ProtontherapyProtontherapy

12% of 12% of XX--rayray patientspatients 2'4002'400 ptspts//yearyear

TherapyTherapy withwith CarbonCarbon ionsions forfor radioradio--resistantresistant tumourtumour

3% of 3% of XX--rayray patientspatients 600600 ptspts//yearyear

TOTAL TOTAL every 10 Mevery 10 M aboutabout 3'000 3'000 ptspts//yearyear



CERN - 25.1.05 - U. Amaldi 34

JapanJapan: 4 : 4 protonproton CentresCentres and 2 and 2 carboncarbon ionion 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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1998 1998 -- GSI pilot GSI pilot projectproject
G. Kraft

200 patients treated 
with carbon ions

under
J. Debus (Heidelberg Univ.)

PET onPET on--lineline
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Projects of the TERA FoundationProjects of the TERA Foundation

In collaboration with CERNIn collaboration with CERN

TERA (created in 1992) has proposed  and designed a National CenTERA (created in 1992) has proposed  and designed a National Centretre
for carbon ions:for carbon ions:

TERA has developed a novel technique for diagnostics and TERA has developed a novel technique for diagnostics and 
protontherapyprotontherapy

The “The “cyclinaccyclinac””

The Italian National Centre is being The Italian National Centre is being 
built in Paviabuilt in Pavia
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Proton Ion Medical Machine Study = PIMMS: 1996 Proton Ion Medical Machine Study = PIMMS: 1996 -- 20002000

CERNCERN––TERATERA––MedAustronMedAustron--Oncology 2000 CollaborationOncology 2000 Collaboration

PIMMS/TERAPIMMS/TERA

One linac  One linac  àà la GSI inside the ringla GSI inside the ring

MultiturnMultiturn injectioninjection

Short beamsShort beams

and protons

linacs for
carbon ions

p
p

C C
p

RF cavity Resonance 
sextupole

Betatron
core

Injection 
septum

Electrostatic 
septum

Extraction 
septum

Sextupole horiz. 
chromaticity

Sextupole vert.
chromaticity

Sextupole vert. 
chromaticity

Sextupole horiz. 
chromaticity

Circumference         C = 76.84 m
Tune horizontal       Qx = 1.67
Tune vertical            Qz = 1.72

400 MeV/u synchrotron
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CNAO = Centro CNAO = Centro NazionaleNazionale didi AdroterapiaAdroterapia
CNAO Foundation was created by the Italian Government in 2001 CNAO Foundation was created by the Italian Government in 2001 

to realize CNAO: 4 Hospitals in Milan, 1 Hospital in to realize CNAO: 4 Hospitals in Milan, 1 Hospital in PaviaPavia and TERAand TERA
Since 2003 INFNSince 2003 INFN isis InstitutionalInstitutional ParticipantParticipant

In September 2003 TERA has completed and passed to CNAOIn September 2003 TERA has completed and passed to CNAO
the design of the highthe design of the high--tech part of CNAO and 25 peopletech part of CNAO and 25 people

President: E. : E. BorloniBorloni

Med. Dir.:   R. Med. Dir.:   R. OrecchiaOrecchia
Tech. Dir:   S. RossiTech. Dir:   S. Rossi

PIMMS/TERA

11
22

33
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CNAO on the CNAO on the PaviaPavia sitesite

Project: TERAProject: TERA

Project:Project: Calvi Calvi ––TEKNETEKNE Investment: 75 MInvestment: 75 M€€

Main source of funds:Main source of funds:
Italian Health MinistryItalian Health Ministry

Ground breaking: 14 March 2005Ground breaking: 14 March 2005
Ready: end of 2007Ready: end of 2007
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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

FinancedFinanced withwith 72 72 MEuroMEuro::

Public funds:Public funds: 3636

loanloan:            :            3636

HeidelbergHeidelberg: J. : J. DebusDebus

U. WeberU. Weber

GSI:GSI: H.H. EickhoffEickhoff

ThTh. . HabererHaberer

ProjectProject startedstarted in in 20012001

MAN technologyMAN technology
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The site of HITThe site of HIT

Sept 98 proposal

Dec  02    tendering

Mid  06     pre-clinical
operation

Beginning 07 clinical
operation

Architects Architects NicklNickl & Partner, Munich and& Partner, Munich and
Heidelberg University Building AuthorityHeidelberg University Building Authority
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Other European projects: Other European projects: MedAustronMedAustron inin
Wiener Wiener NeustadtNeustadt

Approved in Approved in 
November 2004November 2004

Chairman: R. Chairman: R. PPööttertter

Med. Dir.:   T. Med. Dir.:   T. AubergerAuberger
Tech. Dir:   E. Tech. Dir:   E. GriesmeyerGriesmeyer
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ENLIGHT and the European projectsENLIGHT and the European projects
European Network for European Network for LIGHtLIGHt--ion Therapyion Therapy

GSI project  for the GSI project  for the University of University of HeidelbergHeidelberg ClinicsClinics

TERA project  for CNAO in PaviaTERA project  for CNAO in Pavia

MedMed--AustronAustron for Wiener for Wiener NeustadtNeustadt
partner of PIMMS since 1996partner of PIMMS since 1996

ETOILE in Lyon   (expects approval in few weeks)ETOILE in Lyon   (expects approval in few weeks)
preliminary design by IN2P3 and CEA based on PIMMS/TERApreliminary design by IN2P3 and CEA based on PIMMS/TERA

[ASCLEPIOS in [ASCLEPIOS in CaenCaen in 2004]in 2004]

Baltic Centre in StockholmBaltic Centre in Stockholm
preliminary design by TERA: NIM B184 (2001) 569preliminary design by TERA: NIM B184 (2001) 569

In constructionIn constructionin constructionin construction
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At the end: TERA  new instrument for hadrontherapy: At the end: TERA  new instrument for hadrontherapy: 
the the cyclinaccyclinac

10 modulators
10 MW peak each 

4th module
tested First 

room
Second 
room

IBA Cyclone 30IBA Cyclone 30
produces radioisotopesproduces radioisotopes

for diagnosticsfor diagnostics
and therapyand therapy 10 tanks with

two klystrons’LIBO

16 m

3 GHz

17 MV/m
Linear accelerators haveLinear accelerators have

a brilliant future!a brilliant future!
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8.5 km8.5 km

Large Hadron Large Hadron ColliderCollider

TherapyTherapy DiagnosticsDiagnostics

Synchrotron

25 m25 m

PET PET tomographtomograph

CyclotronCyclotron

2 m2 m

Research in fundamental physicsResearch in fundamental physics

1897

2007 – 110 years later

2007


