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1930; invantion of ifla eyeloiron

Spiral tajectory of an
accelerated nucleus

Ernest Lawrence
(1904:=1958)

L 7EE -
~Médern cyclotron : =%
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1944; E. McMillanand V:J\eksler Tne ¢synenroirony

Vertical —
magneticfiel/ P

1 GeV
electron synchrotron

Frascati - INEN - 1959

1959: Veksler visits McMilan
at Berkeley
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Tna first 2f2¢iron linze

Sigmur Varian William W. Hansen

Russell Varian

1939

Invention of the Klystron

linac for e
1.5 MeV at
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‘Conventional” radiotherapy inearacCeleratorsS i oriinaie.
. Courtesy of Elekta

electrons

1 linac every
200 000-250,000

inhabitants
20 000 patiENTSIPERYEar every
Multileaf 10 millieninhabitants
collimator have a 30 sessienitreatment of

about 2 J/KGI=2grays (Gy)
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VEeraseaaie disirioution of in dosa
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N Nadrentnerapy (&) ProtonsSicli NG5S

200 MeV -1 nA
protons

4600 MeV' = 0.1 nA
carpon ions
Wwhnicn can control
radioresistant
umours

charged hadron beam
that loses energy in matter

protons or
carbon ions




WEleragseagie disirioution of ifa XX ray dosa

9 photon fields
Courtesy PSI

At present the best is “ Intensity Modulated Radiation Therapy” = IMRT
In future “Image Guided Radio Therapy” to follow. moving organs
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ryad nadrons
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200 MeV protons ——

4800 MeV carbon ions

neutrons
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1AL Slandard PO CEU UTERRASSIVER ELUIISPIEEU Y]
Witn rasoiraiory geaijre)

Double scatte

Collimato

TERA D



S Stz efiref oraceuyrar Passiye 92:un soraadineg
WILGNE! J)rr story cjzitineg

—-@ﬂﬂl

PS| Collimator
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023, Aehvzneae orocacfura: fayar stackineg
Witn) rasojratory cetineg
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WIRAF=iansity Voo lziiaed Particla Tnaraoy with orotons

4 NON-UNIFORM FIELDS
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Electrons: putin niotu oY AN Y SHEaSHEISEIYN O

TERA



ProtonsdiimoreN avoraln] E16 0 SEZaSam e na e CHeiecisH

30 cm,

S
X ray beam ; \

Beam of 200 MeV proton
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ProtonsdiimoreN avoraln] E16 0 SEZaSam e na e CHeiecisH

30 cm,

<
X ray beam ; \

Beam of 200 MeV proton

Also protons are ‘sparsely ionizing
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CarbonionsSHIamoreNavoran] B30 0 SEZaire

30 cm

S
X ray beam ; \

Beam of 200 MeV protons -

Beam of 4800 MeV carbon ions [ |
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fegiiezigeiior il efgsic ofty favaoravala - 2, affaili ‘dir2iti’ sulle
> callula iumorali

. — i o ——————————— -

S
X ray beam ; \

Beam of 200 MeV protons

30 cm

Beam of 4800 MeV carbon ions [ |

Carbon ins are ‘densely ionizing
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Protonssareguantital

Courtesy of PSI - Villigen
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Carbonionsarexgualii JGrays

Courtesy of PSI - Villigen

Carbon ions deposit in a cell about 25 times more energy than a proton

producing not reparable multiple close-by double strand breaks

Carbon ions can control radio-resistant tumours
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Eye and Orbit ——— -

Chorvedal Molinoma
Retinobiastosna
Chowoidad Metastases

* Ovtecal Rhabdomyosanourish

Lacrimad Gland Carcinnma,

Choroldal Hecmanglomas ©

¢ Soft Teaus
Sarcomas,
Low Geatle
Crondrosans {
Clv_wﬁ:ﬂus'-'

Central Nervous System |

= Aduit Low Grade Ghornas
. Pod i o
* Acoustic Nouroma
Reocurremt ar Unresecratds
Pivdt ey Adcnoma

Recurrert or Unremeccalle
e m(‘oln_\-nna
Rocurrens o Unvesectablo
Cramcpharyngioma

Chordoman and

Low Grade Chondrosarcoma
Clhvant and Cervical $pine
* Braln Metastaoes

» Ooaic Glstena

¢ Arteriovenins Ma¥ormatons
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Head and Neck Tumors

* Locally Advanced Oraptarnms
* Locally Advarced Natopharanx

* Soft Thaue Sarcoma
—

Recurrest or Unrmvoctable
* M, Unresectabie or Recwrrent

Carcimpomas

Chest

* Non Semal Celf Lung Caronoma

Early Stage-—Medically bncperadie

* Paraspiral Tumoes
Foit Tasue Sarcomas, Low Grads

Chaonds osar Coras., Chordonrrsas

Pelvis

Early Stape Prostate Corcinon:a

Localy Advanced Cervix Carvinormna
Sacral Cnordaoma
= Becowront or Unwoseceabie

»

= Localy Advanced Proscate Carcinom
-

-

Rectal Carcinoma
Recurront or Unreweceabile

Podvic Manaes

T2 sjta iraziael
witf) frzefrons

protontherapy:
90'000 patients

carbon ion
therapy
8500 patients

only 1% with ‘active’
dose distribution
systems

RSl and GS|

Withisspot/raster
SCANNING




Mas: General

1OO%A"~'~' --------------- 98%
.| 70%

Control
(%0) ’

asofitzlf rasulis ootainaed aif in rlarvared
arotor cyeloiron in in2 80s

Condrosarcomas, protons

Cordomas, protons

conventional RT
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15 years



Indication End point Results photons | Results carbon | Results carbon
HIMAC-NIRS GSl
Chordoma local control 30 -50 % 65 % 70 %
rate
Chondrosarcoma local control 33 % 88 % 89 %
rate
Nasopharynx 5 year survival 40 -50 % 63 %
carcinoma
Glioblastoma ﬁ\rﬁlzurvwal 12 months 16 months Table by G. Kraft
2007
Choroid melanoma | local control 95 % 96 % (*) _
e Results of C ions
Paranasal sinuses local control 21 % 63 %
tumours rate
Pancreatic av. survival 6.5 months 7.8 months
carcinoma time
Liver tumours 5 year 23 % 100 %
survival
Salivary gland local control 24-28 % 61 % 77 %
tumours rate
Soft-tissue 5 year survival 31-75% 52 -83 %
carcinoma




Nummozrs of gotantiz] oaijanis (%)

X-ray therapy.

every 10 million inhabitants: 20'000 pts/year.

Protontherapy.

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

Therapy with Carbon ions for.radio-resist tumour,

3% of X-ray patients pts/year

TOTAL every 10 M about 3'000 ear

(*) Combining studies made in Austria, Germany, France and ltaly in
ENLIGHT - Coordinator: Prof. Manjit Dosanjh —

Projects in FP7: ULICE, PARTNER, ENVISION
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e acCeleralorSIUSEU MG U VA NN 20 [GINEIAR Y AArE Gl dlss

Teletherapy with protons (200-250 MeV)
CYCLOTRONS (*) (Normal or SC) SYNCHROTRONS

> A— —y

=5 :

»

“2-5 metres

(*) also synchrocyclotrons

Teletherapy with carbon ions (4800 MeV = 400 MeV/u)

SYNCHROTRONS

> — 7

18-25 metres

2= |
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Five companies offer turn-key centres for 120-150 M€.
If proton accelerators were ‘small’ and ‘cheap’,
no radiation oncologist would use X rays.
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Septum Magnet
Electrostatic

Beam Extractio: Defalctor

70-270MeV et

= Mitsubishi
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oS5 raes0s orotoniflaroy js boom

90 000 patients

45,000
40,000 : Ln

35,000 30 centres

30,000
25,000
20,000

15,000

10,000

5,000

u Fa
1950 1960 1970 1980 1990 2000

20-25 sessions per patient

European cost of a full treatment:

IMRT: 7-8 k€
Protontherapy: 20-25 k€
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iFtlSorie)ins of eziraar for) inaraoy afiar ina radiodiology of
ina 70-80s in Barkalay
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slYINE [y @rierzt s Praf £l Isujii weas in2 ojonaar of ezroorn jor
inaraoy

Yasuo Hirao Y Hirao. Y. et al. “Heavy Ion Svnchrotron for Medical Use: HIMAC Project at NIRS
Japan™ Nucl Phys. AS38, 541c (1992)

Hirohiko Tsujii
7500 pts 1994-2012

Since the cells do not repair. less fractions ‘are possible
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Centers 1ol
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eziraarn [an G orotan) inaraoy in Suroge
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TERA oroeranmas sinea 1992

TERA has proposed and designed the ‘dual’ National Centre for carbon ions
and protons based on the Proton lon Medical Machine Study (PIMMS)
made by CERN; TERA, MedAustron in 1996-2000

1. CNAO is ready in Pavia

TERA has introduced and developed awoVvel type of accelerator:

the “cyclinac”

2. “cyclinacs” for protons and

carbon ions
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GNANe) =i eairg Nezjorrzl2 off Adroiarapiza Oncologic:

CNAO Foundation created by the Italian Government in 2002:
4 Hospitals in Milan, 1 Hospital in Pavia and TERA

In October 2003 TERA passed to CNAO
the design of CNAO (3000 pages) and 25 people

Since 2004 INFN is
“Istitutional Participant”
with people and important
construction
responsabilities




CNACO = Cantiro Nezjornzl2 di Adrotarzpiz
President; Erminio Borloni
Medical Director: Roberto Orecchia Technical Director: Sandro RoSSI

Hospital building High-tech building
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CNAO = Caniro Nazjonala di Adrotaragiz

Synchrotron
building

Hdsﬁnal
bulding
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F112 synenrairorn airaz jn Oclogar 2008
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Perspective view
of CNAO

CNAO :t Pavija
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1 | First patient: September 2011

.
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rlIT 2t ml2jed21o2reg

First beam extracted in 2007

First patient: September 2009
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Ine fon efzriry of (I 700 tons — 400 kW
47 4 4 Sk o g

-
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1N 2007 Vied AUSTION NS EEN D PIOUVEU N OTAVIETIET, N

proton gantry.

PIMMS-TERA

© EBG MedAustron GmbH

MedAustron has bought the CNAO construction drawings for 3.2 MEuro
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el |/ ) Surogszn Caniros
EUROPEAN UNION ,," - memg' /

A twmmm
EU Member States

| EU New Members 2004

EU New Members 2007 ‘ T - g o L Haisink|

——t

EU Candidates : /S Talinny

| EFTA Member States

In 2011 Siemens stopped
the realization of the

C,p centresin
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(P) proton treatments

[C.p] carbon and proton treatments
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antars for eziraan fon G oraton) tharaoy in Jao:m)
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Mitsubishi: turn-key system
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Completion: 2011

8 Pl
(220D

=z

Simulation room +*

Preparation room -

Control room
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Cunsz Univarsity: compolaiaed

HIMAC AND NEW FACIILITY DESIGN FOR WIDE SPREAD USE
OF CARBON CANCER THERAPY

K. Noda. T. Fujisawa, T. Furukawa. Y. Iwata. T. Kanai, M. Kanazawa. N. Kanematsu. A. Kitagawa,

Y. Kobayashi. M. Komori. S. Minohara, T. Murakami. M. Muramstsu. S. Sato. Y. Sato. S_ Shibuya.

F. Soga. E. Takada. O. Takahashi. M. Torikoshi. T. H. Uesugi. E. Urakabe. K. Yoshida. S. Yamada.
National Institute of Radiological Sciences,

" Injection
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M Wag suers
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BM: Dipole magnet \
QF/QD: Quad. mag. R 3
ESD: Electrostatic Def.
BMP: Bump magnet
SM: Septum magnet
ESI: Electrostatic Inf.
QDS:Fast uad.
SX: Sextupole mag
CR:Corrector

“Cavey
.Cl

/
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“—~.Extraction
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The CYCLINAC solutionfor

CABOTO-C components6
Source EBIS - SC

Supercon K 600 - SC

ducting 200 tons
cyclotron

Linac CCL @ 5.7 GHz
16 modules

RF power 16 Klystrons
system (Ppeak = 12 MW)
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CABOTO-C-=

CArbon BOoster for
Therapy in Oncology

CarpDONNONSIBYAERA
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O[O tiplfe|tiz) Oroasriios: snargy variaiion in millisaconds

Active Energy
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3D feedback
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s SIRSIEUNEF for orataons f:zs o220 ouift oy A.D.ALV.

Claudio Mellace
——Applications©f Delectors
and Aci)celerators to Medicine
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Dimensionallcomparnison o yICAIH LI NG IEGHE] Tl G167

carbon ions
400 MeV/u

protons
250 MeV

o . TERAcyclinac

CABOTO

HIT
synchrotron

Heidelberg Siemens

Medical
synchrotron

700 tons

IBA/ ARCHADE
SC cyclotron

Energy Selection
System

CNAO
synchrotron
Pavia
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RProton “single 1,00 mifacililies 0N elCaniSErVeN ZanilllIOHIPECPIE;
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First single room facility: Still River synchrocyclotron rotating
around the patient

Monarch 250

Under test, waiting for FDA approuval

Summer Students - 31.7.12 - UA ':

60



S EUrniney Linie for Protoninaraoy = TULIP

C-band linac

Section 1 C-band linac

Line with 2%
momentum
acceptance

35 MeV
cyclotron

Beam dose

" ; ———T delivery
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Conclusions
Protontherapy is on the market and the number of centres and patients

Increases exponentially

Carbon ion therapy is delivering the promised results for radioresistant

tumours but many clinical studies are still needed

As far as dual centres are concerned Europe is doing very well:

Heidelberg is treating patients, Pavi starting in two months,
Wiener Neustadt will come next.

Coordination by ENLIGHT (Dr. Manjit DesanjhnCERN)

At present the focus of accelerator development is on (&) novel carbon ion
accelerators, (b) “single room facilities” for protonsiand (c) ion gantries
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