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Hadrontherapy ? 

 

 

 

Nucleo più 

semplice: 

il protone  

… e di 

neutroni 

 

 

Electrons (X-rays):  

conventional radiotherapy 

Simplest nucleus: 

the proton (p) 

Nucleus of Carbon 

made of 6 protons (p) 

and 6 neutrons (n) 

p 

 

Proton is 2000 times heavier than electron 

Carbon ion is 12×2000 times  

heavier than electron  



Conformal irradiation of tumour volume 

(= reduced damages to healthy tissues) 

Which advantages with hadrons ?   

+ PRECISION 
 



Precision in hadrontherapy 

Beam direction in the patient body 

Tumour 

position 



Irradiation  

technique 

active scanning 

 

 

 

 

(Courtesy of Siemens Medical) 

(Courtesy of GSI) 









Increased radiobiological efficacy of carbon ions wrt X-rays 

(= DNA of tumour cells directly destroyed in multiple hits) 

Which advantages with hadrons ?   

+ EFFICACY 
 



 
d=200 nm 

25 cm 

X-rays: sparse damage and indirect effects 

X-rays beam 

 
d= 4 nm 

 
d= 0.3 nm 

Carbon ions beam 

Carbon ions: clustered damage only on tumour  

and direct effect 



Hadrontherapy in Italy 

Number of potential patients 
ITALY: 60 MILLIONS HABITANTS 

 

X-Ray therapy (photons  5 – 20 MeV) 

               New patients per year:  150'000 pts/y  

 

Protons 

 Categoria A:   elective patients =         1'000 pts/y 

 

     

(Commission Ministry of Health – Year 2009) 

 Categoria B:   good indications =     12'000 pts/y    

 

Carbon ions 

  % radioresistant tumours                    1'500 pts/y  

1 dual centre (p and C): CNAO 

Possibly 1 protontherapy centre every 10 M citizens  



Particles for 

tumour treatments: 

the CNAO 

Hadrontherapy  

in the world 



Protontherapy  is  booming 

(www.ptcog.psi.ch) 
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40,000 patients

22 PT centers

 105.000 patients 

Carbon Ions: > 13.000 patients; 8 centres (+3 planned) 

48 centres  

(+25 planned) 

Research centres 

Hospitals 

+ 46,000 pat. in the past 5 years 

≈ 10,000 pat. per year 



Loma  Linda University Medical Center: first patient 1992 

 First hospital based 

protontherapy centre 

(1992) 

 2012:160 sessions/d 

7m  
synchrotron 

Optivus Ltd. commercialises this centre 



EPAC - 30 June 2006 

16 

IBA 

Mitsubishi 

Hitachi 

Varian 

Protontherapy: a market exists … 



Coming up: single room facility  

250 MeV synchrocyclotron rotating around the patient 

MEVION S250 
 

Superconducting SC 

Diameter 1.8 m 



m

qB
rev  qBp 

Cyclotron Synchrotron 

Spiral trajectory 

Circular trajectory 

B = constant  

Dynamic law: 

 = constant  

Dynamic law: 

Energy increases with B Fixed frequency, high intensities 



The accelerators used today in hadrontherapy are 

“circular” 

SYNCHROTRONS 

18-25  metres 

CYCLOTRONS (*) (Normal or SC) 

4-5 metres 

OR 

SYNCHROTRONS   

6-9 metres 

Teletherapy with protons (200-250 MeV) 

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

(*) also synchrocyclotrons 
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Cylindrical structure 

  

▪ Beam ion   12C 

▪ Irradiation method  Scanning 

▪ Beam energy   430 MeV/n 

▪ Maximum range  30 cm in water 

▪ Field size   20 x 20 cm2 

 

▪ Gantry radius   5.5 m 

▪ Gantry length   13 m 

▪ Total weight   ≈ 200 t 

 

      

     After NIRS 
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Accelerators and Gantries PARTNER school, CERN          F. Kircher                     March 5 2012 

SC'rota. ng'gantry'developed'at'NIRS!

Carbon Ion facilities 

Expansion in 2010 

Superconducting 
gantry 

HIMAC 

Heavy Ion Medical Accelerator in Chiba 

(First patient in 1995) 
2 synchrotrons 800 MeV/u, 

therapy and nuclear physics 



HIT - Heidelberg 

Ion-

Sources 

LINAC 

Synchrotron 

Treatment halls by 

Siemens Medical 

 

High Energy Beam Transport Line 

Quality 

Assurance 

Gantry 

First patient: end 2009 

 

So far about 2.000 patients 



Research issues… 
New accelerators for hadrontherapy 

• fast 3D scanning capabilities  

• increased dose rate capability  

• reduced dimensions and power consumption  

• reduced complexity  



Particles for 

tumour treatments: 

the CNAO 

The CNAO 



Background: 2 main steps  



The Phases of CNAO 

Phase 1: construction Years: 2005 - 2010 

Phase 2: experimentation Years: 2010 - 2013 

Phase 3: running Years: 2014 … 

Phase 0: organisation Years: 2002 - 2004 



The numbers of CNAO’s construction 

N. 14         European tenders completed                

More than 1000  Orders and contracts 

N.600 (500 Italian)  Firms worked for CNAO 

About 80   Authorisation procedures completed 

Cost 135 MEuro  Much less than market cost 



Starting point… THE PATIENT 

Table 1 – Clinical performance specifications for the CNA. 

1 Beam particle species p, He
2+

, Li
3+

, Be
4+

, B
5+

, C
6+

, O
8+

 

2 Beam particle switching time  10 min 

3 Beam range 

1.0 g/cm
2
 to 27 g/cm

2
 in one treatment room 

3.1 g/cm
2
 to 27 g/cm

2
 in two treatment rooms 

Up to 20 g/cm
2
 for O

8+
 ions 

4 Bragg peak modulation steps 0.1 g/cm
2
 

5 Range adjustment 0.1 g/cm
2
 

6 Adjustment/modulation accuracy ± 0.025 g/cm
2
 

7 Average dose rate 2 Gy/min (for treatment volumes of 1000 cm
3
) 

8 Delivery dose precision ± 2.5% 

9 Beam axis height (above floor) 
150 cm (head and neck beam line) 

120 cm (elsewhere) 

10 Beam size
1
 

4 to 10 mm FWHM for each direction 

independently 

11 Beam size step
1
 1 mm 

12 Beam size accuracy
1
 ± 0.25 mm 

13 Beam position step
1
 0.8 mm 

14 Beam position accuracy
1
 ± 0.2 mm 

15 Field size
1
 

5 mm to 34 mm (diameter for ocular treatments) 

22 cm
2
 to 2020 cm

2
 (for H and V fixed beams) 

16 Field position accuracy
1
 ± 0.5 mm 

17 Field dimensions step
1
 1 mm 

18 Field size accuracy
1
 ± 0.5 mm 

19 Field homogeneity
2
 (orthogonal) Rt  105% 

20 Field homogeneity
3
 (longitudinal) Rl  111% 

21 Field symmetry
2
  105% 

22 Lateral penumbra
2
 (80%-20%) 

< 2 mm for each side 

(at the phantom entrance surface) 

23 Distal dose fall-off
3
 (80%-20%)  < 2 mm (in addition to intrinsic distal fall-off) 

24 Source to surface distance (SSD) > 3 m 

25 Coincidence of H and V beam axis ± 0.2 mm 
1
 At isocentre or, for fixed beam, at normal treatment distance. 

2
 At patient surface. 

3
 Measured in water phantom. 

 

Hospital based: safety, efficiency, reliability, maintainability 

(Basic specifications of CNAO facility) 



CNAO - Pavia 



View of the site 



Power supplies 

Mains 

… done together with UniPv 

 



Technical areas 

HOSPITAL FACILITY DEVELOPING ON FOUR LEVELS 

Surface Level (L.0): reception, first visit and medical imaging 

Underground level (L. -1): treatment area 

First floor (L. 1): administration, offices and laboratories 

Second floor (L. 2): direction, conference and meeting rooms 

Hospital facility 



Linac 

Treatment 

Rooms 

Synchrotron 

Ion Sources 

High Energy 

Transfer 

Lines 

Hospital based: safety, efficiency, reliability, maintainability 

COMPACT DESIGN 



The synchrotron for protons and carbon ions 



LEBT 

0.008 MeV/u H3+ 
0.008 MeV/u C4+ 

I ~ 0.5 mA (H3+) 
I ~ 0.2 mA (C4+) 

Continuous beam 

LEBT Chopper 

Two ECR sources 



Ion sources … were protons and carbon ions are generated 
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Each source produces a cloud 

formed by 1 billion of carbon 

ions or 10 billions of protons 



Linac=RFQ+IH 

IH 
0.4-7 MeV/u H3+ 
0.4-7 MeV/u C4+ 

RFQ 
0.008-0.4 MeV/u H3+ 
0.008-0.4 MeV/u C4+ 

217 MHz 



The Linear accelerator  

for ions 

In about 6 meters the beam increases the 

energy by a factor 1000  – to reach 1/10th of 

light speed… 30'000 km/sec 



MEBT 

7 MeV p 
7 MeV/u C6+ 

I ~ 0.75 mA (p) 
I ~ 0.12 mA (C6+) 

(x,x’)Inj 

Current selection 

Debuncher 

Emittance dilution 

Stripping foil 

Match betas 



Intensity degrader 

4 transmission levels: 100%, 50%, 20%, 10% 

Keep overall emittance unchanged 



Multiturn injection 

Bumper Bumper 

Septum 

Closed orbit 

Incoming beam 

Generally there are 2, 3 or 4 bumpers. 

The bump collapses in tens of turns 

Create an orbit “bump” 



7-250 MeV p 
7-400 MeV/u C 

Slow extraction 

I ~ 0.1-5 mA (p) 
I ~ 0.03-1.5 mA (C) 

Synchrotron 

Betatron core 



  

 

16 Dipoles 

to bend (1 fam.) 

24 Quadrupoles 

to focus (3 fam.) 

20 Correctors 

to steer 

MAGNETIC SYSTEM 

The higher the speed the bigger the force 

(SYNCHRO-TRON) 



Beam Diagnostics 

  
Designed and specified  

by CNAO-INFN-CERN 

Faraday Cup 

Tungsten wire 

0,1 mm 

diameter 

Wire Scanner 

Beam Position Monitor 

Flag 



Smooth spill to allow tumour painting 

0 V 

50 ms 

Intensity ripple (DI/I) ≤ ± 20% at 2 kHz 

(extraction with a betatron core - PIMMS)  



HEBT 

60-250 MeV p 
120-400 MeV/u C 

 1010 p/spill (~2nA) 
 4 108 C/spill (~0.4nA) 

different settings for 
 
•Treatment Line 

 
•Horizontal beam size  

 
•Vertical beam size 

 
•Extraction energy 



The extraction lines 

(safety is an issue) 

 

 

 



Collaboration CNAO-PoliMi 

High precision devices for patient positioning 



Treatment Planning System 
(MC in collaboration with INFN) 

 

TPS is directly related to scanning modality and RBE evaluation model 

Need to include management of moving organs and integration of in-room imaging 

(TPS used at CNAO) 



OIS 

PPS-PVS 

DOP 

PT Archive 

(Short-term) 

Imaging Modalities 

(CT, MR, CT-PET)) 

TPS 

CNAO 
Synchrotron 

Control 

System 

and 

Dose Delivery 

System 

PACS 
Long Term Storage  R&V 

DICOM 

DICOM 

RT Ion 

DICOM 

DTMI 
DICOM RT Ion 

S
ie

m
en

s 

DICOM 

RT Ion 

Elekta MOSAIQ V 2.0 

DICOM RT Ion 

Oncological Information System 

Management of patients data in multiple rooms: patient throughput 

Networking with hospitals and clinics: patient recruitment 



Much more than … “just” … an accelerator 



Research issues… 

Research topics at CNAO 



Experimental room 

Research is a must to keep CNAO up-to-date 

Research labs at the first floor 

Collaboration with INFN 

Experimental beamline 

in construction 

European Network for LIGht ion Hadron Therapy 



Production of radioisotopes for imaging 

Collaboration with UniPv 

Interests of Pavia hospitals 

Cyclotron already installed at LENA could be re-used in a 

clinical&research environment for radioisotopes production to 

improve imaging capabilities  

Radiofarmacy and drugs development (chemistry) 



NIRS - 30th November 2007 

1(+1) CT Medical Imaging rooms 

Advanced Medical Imaging Modalities (fusion sw) 

CNAO – Surface Level 

1 MR (3T) room 

1(+1) CT-PET rooms 

Advanced 3D molecular imaging modalities  

 tumour molecular profiling  

 dose painting with different LET ions  

( sources and accelerators choices) 

 (O. Jäkel, in IBT, Springer2011) 



Improvements: On-line imaging and Tumour tracking 
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“Minimal” choice: breathing synchronisation 

(already applied in Chiba and HIT) 

Interesting also for IMRT: 

lots of efforts and devices 

External surrogates with 

correlation models 

X-rays 

Ultrasound, MRI 

Particle radiography 

(Courtesy of Medical Intelligence) (Review in Riboldi et al, Lancet Oncology 2012) 



Dose visualisation: “in beam PET” + secondaries 

Pre-collision Post-collision 

Projectile fragment 

Target fragment 

Projectile 

Atomic nucleus 

of tissue 

12 C 11 C 

16 O 15 O 
Neutron 
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Courtesy of GSI 

ISSUES: low statistics;  

 blood flow dilution;  

 off-line PET  logistics 

R&D Topics: 

Increase efficiency, solid angle 

coverage, new detectors (gas), 

quantitative measurements of the 

dose 

Collaborations  

with INFN groups 



RFQ at LNL for BNCT 

BNCT: Boron Neutron Capture Therapy 

Collaboration 

INFN, UniPv, CNAO 

10B(n,)7Li  



Future expansion of CNAO 



Comparison of dimensions 

Size and magnetic rigidity 

M. Pullia – Carbon ion gantries – ICTR-PHE 2012 5 

Conventional RT 

Proton Gantry 
Br < 2.4 Tm 

Carbon Ion Gantry 
Br < 6.4 Tm 

(Courtesy M. Pullia) 

PSI proton gantry 

GSI carbon ion  gantry 



Novel gantry for carbon ions 

• Innovative layout 

• Cheaper and simplified mechanical structure 

• Less magnets in the gantry line 

 

• Total weight reduced as well as deformations 

• Well known magnet technology 

• Layout scalable to SC magnets 

 

Rationale for the choice 

The ULICE WP6 collaboration realized a conceptual design of a mobile isocenter gantry,  



 

Project in progress by CEA (France) in collaboration with IBA 

Mechanical'architecture'''

! Radial belts and G10 plates 

   to maintain the forces  

! Coil box 

 

! Thermal shields and  

   vacuum vessel 

40 
CAO Philippe Daniel-Thomas 

Accelerators and Gantries PARTNER school, CERN          F. Kircher                     March 5 2012 

90° magnet following a design 

by INFN-Genoa and TERA 
12.2 tons 

B = 5 tesla 

Project in progress at LBL - Berkeley 
Two layer helical wires 
on a straight cylinder 

give a dipole field 

(S. Caspi et al.) 

ISSUES: field quality for scanning beams;  

 changing fields (energy) for active scanning 



Med-Austron (Wien): based on projects of CNAO/INFN/CERN 

CNAO model: requests from the world 

Austria, Croatia, United Arab Emirates, South Korea, 

Australia, USA: various projects request collaboration and 

support 

Med-Austron (Wien) from CNAO: DDS + db + commissioning 



Particles for 

tumour treatments: 

the CNAO 

Clinical results at CNAO 



CE Procedure 

 

October 2010 approved by: 

- Ministry of Health 

- Region Lombardy  

Main Tasks: 

- Dosimetry characterisation 

- Radiobiology characterisation 

- Patient treatments 



Ipot = 76.9 eV 
(similar to Ipot  c/o HIT= 79 eV) 

     
|BPsperim - BPFLUKA| ≤ 0.1 mm 



Radiobiology: cell lines irradiations 

Field10x10 cm2,  

33x33 spots,  

scanning step 3 mm 

In collaboration with INFN groups  

(LNL, Mi, Na, Rm3, ISS – Coordinator: R. Cherubini) Still ongoing research topics in 

collaboration with Uni, INFN, CNR of Pavia 



Horizontal beam of carbon ions 

 

3 animals per field 

 

 

 

In vivo experiments 

In collaboration with NIRS and UniPv 



Results   Survival curves of cells crypts 

in 3 SOBP positions 

Carbon beam at CNAO is biologically 

identical to the ones in NIRS and GSI 

(difference in RBE < 7%) 

Facility Beam 
position 

D10 (Gy) Variance 
D10 

RBE10 Variance  
(%)  

Cobalt-60 
γ rays 

--- 14.86±0.08(*)    

NIRS Proximal 10.38 (+)  1.44 (*)  

 Middle 9.46(+)  1.57(*)  

 Distal 8.29(+)  1.80(*)  

GSI Proximal 10.21(+)  1.47(*)  

 Middle 9.40(+)  1.63(*)  

 Distal 8.37(+)  1.80(*)  

CNAO Proximal 9.85  5.1 % NIRS 
3.5% GSI 

1.51 4.7% NIRS 
2.7 % GSI 

 Middle 9.75  3.1% NIRS 
3.7% GSI 

1.52 3.18% NIRS 
6.7% GSI 

 Distal 8.5 2.5% NIRS 
1.5% GSI 

1.75 2.78% NIRS 
2.78% GSI 

 

Still ongoing research topics in 

collaboration with Uni, INFN, CNR of Pavia 



22 September 2011 

First treatment session at CNAO with protons 



13 November 2012: first patient treated with Carbon Ions 

Local recurrence of adenoid cycstic ca. salivary gland 

 12 fractions 4.1 GyE , 4 fractions per week, 49.2 GyE total dose. 

Boost of 4 fractions in case of good tolerance. 

 3 fields of IMPT 

 



CE label!!! 
CNAO is the only Ion-Centre with CE label, after clinical experimentation 



From 2014 on … the running phase 

Progressively increase the number of patients to reach in 

2017 about 1000 patients per year 

A network is set up to connect CNAO with national and 

international hospitals to efficiently recruit patients 

Research activities are of paramount importance for 

CNAO. A dedicated room is in preparation 

The treatments will be performed in the frame of the 

National Health System 



www.cnao.it 

serviziomedico@cnao.it 

Tel  0382 078963 

Virtual consultation 

   medical consultation  

CNAO Protocols 

http://folder.cnao.it 

direzionemedica@cnao.it 



www.cnao.it 

Clinical Activity  :  

509 pz 

 

30 Phase II Trials 

   

• Skull base chordoma and chondrosarcoma 

• Spinal and sacral chordoma and    

  chondrosarcoma 

• Intracranial Meningioma 

• Boost for locally advanced head and neck   

  cancer 

• Salivary gland tumors 

• Spine and H&N bone and soft tissue sarcoma 

• Mucosal melanoma 

• Recurrent pleomorphic adenoma 

• Reirradiation of head and neck tumors 

• Orbital tumor 

• High risk prostate cancer 

• Locally advanced pancreatic cancer 

• Reirradiation of local recurrence rectal cancer 

• Hepatocarcinoma  

• Hodgikin Lynphoma stage I -II 



www.cnao.it 
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Geographical distribution of patients  
22/09/ 2011 - 10/04/2015 

Total number of patients 509 (of wich: 133 included in clinical trial  + 358 post clinical trial  + 19out of clinical 
trial) 

Ioni Carbonio Protoni 



www.cnao.it 

G0 

G1 

G2 

G3 

G4 

 G0 

G1 

G2 

Acute toxicity (CTCAE criteria) 

Very good results: G3+G4 less than 4% ! 



www.cnao.it 

low-grade  osteosarcoma  of cervical vertebrae, C1-C2 
 56 years old  male 



www.cnao.it 

 

CIRT  73.6 GyE  

16 fractions  IMPT  

 



Clinical efficacy 

  

 

 

 

Protons. Local control at 5 years 

                  Chordoma more than 80% 

                  Chondrosarcoma about 98% 
 

 



 10 months F-UP  

SKULL BASE CHORDOMA: Proton therapy 



                        

  

 

• 5y-LC rate >95% 

 

• Eye preservation 

  > 90% 

 

• Vision acuity 

  > 45% 

 

Clinical efficacy 

  

 

Protons. Ocular melanoma 

 

Local control at 5 years more than 95% 
 

 



www.cnao.it 

In collaboration with INFN and UniPv 



Protons 

Toxicity reduction 

 

(spine irradiation)  

Hadrons 

X-rays   



Relapsed ACC  in right pterygopalatine fossa post Surgery and RT (60 Gy)                                                         

 

6 Nov 2012 >>   Re-irradiation with Carbon RT          >>     12 march 2013 

                         65.6 Gy(RBE) - 4.1 Gy(RBE)/fx, 16 fx  (3 months  after CIRT)                                                         

                         performed in CNAO. 13/11-06/12/12 



Skin Toxicity (not more than G2)   

End of the treatment  

4 months later 
    



www.cnao.it  

Carbon. Chordoma of the sacrum 

 

Local control at 5 years: 85% 
 

 



www.cnao.it 

     1 year after treatment         Diagnosis 

 Carbon. Clinical case at CNAO 



www.cnao.it 

Pancreas 

Clinical Efficacy 

  

 

Carbon. Pacreatic carcinoma 

Survival at 2 years: 50% 

Median survival double wrt best 

starndard RTOG/USA 
 

 

NCI sponsored study                                                                  



www.cnao.it 

Moving organs: 4-D treatment strategies at CNAO 

• Reducing respiratory motion 

(less than 5 mm) using thermo-

plastic mask or compression band 

• Multiple fields  (2-3) and 

fractionated treatment 

• Gating (ref. Phase: max 

expiratory; Anzai system and 

OTS) + rescanning (N = 5) 

2 
1 

4   gating 5  rescanning 

3 



www.cnao.it 

CLINICAL RESEARCH 
 

Protons Hypofractioned  dose 

 

Phase III: Carbon Ions vs conventional 

RT (ACC and sarcomas) 

Melanoma of the rectum and vagina 

 

Advanced lung cancer 

 

Paediatric patients 

 

Phase III study: Carbon ions vs RT / CT 

in locally advanced pancreatic 

 



Formation an important issue 



Communication … another one 



Today at CNAO 115 persons  
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“C’è vero progresso solo quando i vantaggi di una nuova tecnologia diventano per tutti” 

 H. Ford 

Grazie dell’attenzione 



Only existing reasearch facility: KURRY 150 MeV proton scaling FFAG 

+ Simplicity of fixed field 

+ Potential for fast (ms) variable energy 

+ Rapid cycling (200 Hz, repainting) 

- High intensities  

- Multistage accelerators 

- Complicated magnets 

- Complicated RF cavity 

- Dense lattice (ext. diff.)  

(original idea dates back to 1950’s) 

New medical accelerators (?): FFAG 



30 Hz repetition rate (repainting?) 

Fast energy change 

(first publication 1999’s, S. Peggs et al.) 

Injection linac at 8 MeV/u 

Racetrack, FODO in the arcs, D=0 ss 

Fast inj+extr, C = 60 m 

New medical accelerators (?): BNL fast cycling synchrotron 

(from D. Trbojevic et al. IPAC2011) 



CABOTO  =  

CArbon BOoster for 
Therapy in 
Oncology 

150 MeV/u 

Source EBIS - SC 

Cyclotron K 600 - SC 
200 tons 

Linac CCL @ 5.7 GHz 

16 modules 

RF power 
system 

16 Klystrons  
(Ppeak = 12 MW) 

 Linac for Image Guided Hadron 
THerapy  LIGHT  150-400 MeV/u 

400 MeV/u 

Energy is adjusted in 2 ms in the full range by changing the power pulses sent to the 

accelerating modules 

Charge in the spot  is adjusted every 2 ms with the computer controlled source 

300 Hz 

New medical accelerators (?): TERA cyclinac for C-ions 



Pulsed High-Voltage accelerators (G. Caporaso et al) 

 built in collaboration with Tomotherapy – Madison (T. Mackie) 

Far into the future 

Los Alamos solution: Dielectric Wall Accelerator (DWA) 



Laser-driven particle accelerators 

Toncian et al., Science 2006 

courtesy of S.D.Kraft & G. Kraft 


