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During my thesis in high-energy physics (1988-1989),

I met Ugo Amaldi as “spokesperson” 

of DELPHI Collaboration

Started as a fellow of TERA Foundation in September 1992 

1992-1995 Amaldi’s assistant at UniMi (Como seat) – Fisica Superiore + Medical Physics

Project leader of CNAO from July 1996 to October 2003

Board member of TERA from December 1997 to October 2003

DELPHI

HPC (High-density Projection Chamber)



Ugo Amaldi

Gaudenzio Vanolo



CNAO: 1997 Project for Mirasole (Milan)

Red Book

360 pages

Promoting

Committee



Red Book
Index & authors



ATER: project in INFN
ATER-A: Acceleratori (Accelerators) 

 

ATER – E: Elettronica (informatics and electronics) 
 

ATER – I: Interdisciplinare (Interdisciplinary and radiobiology) 
 

ATER – R: Rivelatori (Detectors and dosimetry) 

3.4 GLit = 1.7 MEuro



Novara

Bicocca

IEO

Como

Mirasole

CERN

TERA Headquarters

(+ CNR-Mi + Genova)

~ everywhere …



Optimization of the accelerator technology: PIMMS

At the beginning of 1996, the CERN management agreed to launch a study of a

synchrotron optimized for hadrontherapy under the acronym PIMMS (Proton and

Ion Medical Machine Study).

PIMMS was a collaboration between CERN, GSI (Germany), Med-AUSTRON

(Austria), Onkology 2000 (Czech Republic) and TERA (Italy). CERN

contributed with the full-time leadership of Phil Bryant and the invaluable part-time

assistance of many of its staff members, mainly drawn from the PS Division.

Giorgio Brianti was the Chairman of the Project Advisory Committee,

including U. Amaldi, G. Bachy, J. Bosser, P. Bryant, P. Lefèvre, M. Regler, M.

Silari, W. Scandale and other experts participating occasionally.



From 1996 to 1999 at CERN
PIMMS (Proton-Ions Medical Machine Study)

Objective: define the optimal hadrontherapy centre without constraints

CERN-GSI-MedAUSTRON-

Oncology2000-TERA

PL: P. Bryant (CERN+experts)

PAC: G. Brianti chairman

TERA:  25 manyrs

MedA.: 10 manyrs

O2000:   3  manyrs

GSI: experts advices



A short list of the special features of PIMMS includes:

✓ two injector linear accelerators (linacs), one for protons (20 MeV) and the other for Carbon 

ions (7 MeV/u);

✓ two dispersion-free regions for injection and RF acceleration in a lattice made of short and 

cheap bending magnets;

✓ slow extraction based only on the excitation of a “betatron core” while all the currents in the 

other machine components are kept unchanged and the lattice satisfies the “Hardt condition”;

✓ an ‘empty’ bucket that increases the velocity of the particles entering the extraction resonance, 

thus reducing the intensity fluctuations of the extracted beam;

✓ high-energy beam lines constituted by independent optical modules with separate functions 

(like dispersion matching and beam size selection) to allow simple operation;

✓ a mobile cabin gantry (named Riesenrad gantry) for Carbon ions;

✓ “rotators” to make the beam optics of each gantry completely independent of the gantry

rotation angle.

Main characteristics of PIMMS





2001: 10th anniversary of TERA



25-26 May 2001 – 10 years of TERA in Orta San Giulio (Novara)



Fellows and employees of TERA (1992-2002)

More than 100 persons covering all expertises!



Second TERA project: 3 GHz linacs for proton therapy
Two  proposals based on frequency used only for electron linacs 

U. Amaldi: 1993
novel cyc-linac solution

30 MeV cyclotron injecting  in 
a Cell Coupled Linac

L. Picardi: 1993
all-linac solution

RFQ injecting in a  novel             
Side Coupled

Drift Tube Linac + 
a Cell Coupled Linac

 

 5

The first proposal concerned a 30 MeV cyclotron and a proton linac running at the same 

3 GHz frequency used by the electron linacs employed in conventional radiotherapy (Fig. 2). 

This would imply high gradients and thus a relativly short accelerator.  

 

Figure 2. The first sketch of what was later called a “cyclinac” was based on a 30 MeV 

commercial cyclotron used also for the production of radiopharmaceuticals [16]. 

The study soon branched out in two approaches described in the “Green Book” [16]. 

Firstly, due to the stringent mechanical requirements needed to construct a linac capable of 

accelerating 30 MeV protons (β = 0.25), it was decided that the first Side Coupled Linac 

(SCL) would be designed for a 62 MeV input energy, having in mind in particular the 

Clatterbridge cyclotron. The results of the optimization were presented by M. Weiss and 

K. Crandall in 1994 [17]. Since then M. Weiss has been the leader of the project LIBO 

(LInac BOoster) prototype. Shortly afterwards R. Zennaro joined as responsible for the 

design and the RF tests of the accelerating structures. 

Secondly, an “all-linac solution” was studied by L. Picardi et al., which is based on a Side 

Coupled Drift Tube Linac having an input energy below 62 MeV followed by a LIBO 

structure for higher energies. This is the “TOP project” of ENEA and ISS [18].  

In 1998 a collaboration was set up among TERA, CERN (E. Rosso, B. Szelezs et al.), the 

University and INFN of Milan (C. De Martinis et al.) and the University and INFN of Naples 

(V. Vaccaro et al.) to build and test the double-module LIBO prototype which is at present on 

display at the CERN “Physics and Health” exhibition. This item is discussed in Section 4. 

A generic cyclinac is shown in Fig. 3.  

 

Figure 3. Sketch of a cyclinac with the cyclotron and the high gradient linac. One beam is 

sent to the linac. Other beams extracted from the cyclotron can be used for medical purposes 

different from hadrontherapy. 
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LIBO

ENEA  
Frascati

TERA – CERN
INFN Milan- Naples

2004

2020

IMPLART

ENEA –
Frascati

Two projects from the Green Book - 1995

500 pages !



Prototype built and beam tested by  TERA – CERN – INFN Milan and Naples
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First proton linear accelerator at 3 GHz, the frequency of electron linacs

LIBO is in Microcosm at CERN

LIBO power test at CERN: from   16 MV/m   to   27 MV/m

Riccardo Zennaro

Paolo Berra



www.cnao.it

7 Novembre 2005

CNAO = National Centre for Oncological Hadrontherapy

Not-for-profit private Foundation

Created by the Italian Ministry of Health in 2001
following a request of TERA Foundation

with the purpose to build and run a hadrontherapy Centre



July 2002 - October 2003: 

Final design and 23 persons from TERA to CNAO
(11 still in the Project 20 years after …)

+ Documents, designs

and drawings for about

2000 (!) pages

Franco Gerardi



CNAO Personnel in 2022

Total number: 138

Women: 73
Mean age: 40

Men: 65
Mean age: 40

Graduates: 79% (39% PhD)

Positions: 20

Disciplines: 12



Collaboration agreements: fundamental contracts for 

construction and presently for technology R&D 

NATIONAL

TERA Foundation: final design and high tech specifications

INFN: technical issues (15 systems), radiobiology, research, formation

University of Milan: medical coordination and formation

University of Pavia: technical issues, radiobiology, formation 

Polytechnic of Milan: patient positioning, radioprotection, authorisations

INTERNATIONAL

CERN (Geneva): technical tasks, PIMMS

GSI (Darmstadt): linac and special components

LPSC (Grenoble): technical tasks

NIRS (Chiba): medical activities, radiobiology, formation



PIMMS vs CNAO
(to scale)

77 m

57 m

205 m

113 m



Accelerated ion p, C
Energy range (MeV/u) 60-225 (p) (30-320mm)

120-400 (C) (30-270mm)

The final CNAO system
Intellectual property shared by CNAO-INFN-CERN

Extraction Slow 
Dose uniformity ± 2.5%
Average dose rate 2 Gy/min/liter

Field size (mm×mm) 200×200
Beam size (FWHM) (mm) 4-10
Beam position precision (mm) 0.1



16 Dipoles

to bend
24 Quadrupoles

to focus
20 Correctors

to steer

1 RF cavity

to accelerate

Linac

to pre-accelerate

Sources

to generate

Trasfer-lines

tow. patients



The treatment room

IR cameras for on-line 

motion detection (100 Hz)

Imaging supporting structure rotation: ±180°
Rotation and deployment accuracy: ±0,15mm ±0,1°

Positionng mechanical accuracy: 

0.3 mm peak linear error in absolute positioning

0.1°peak rotational errors in absolute positioning



Risk and 
complexity in 

high-tech 
medical

innovation

Medicine and 
Biology

Physics and 
Engineering

Management 
and 

Innovation

The Hadron Academy
(PhD Courses IUSS-CNAO)



CNAO: >4100 patients
54% carbon ions– 46% protons



(120 pages !!)

Collaboration Agreement

CNAO – TERA

16/04/2015



Present layout 

Synchrotron vault
Hospital building

Expansion area



NEW 2ND FLOOR IN 

CLINICAL INFRASTRUCTURE

NEW BUILDING 

FOR RESEARCH

NEW BUILDING  FOR 

HIGH TECH

Layout end 2023

Synchrotron vault

CNAO 2.0



Collaboration CNAO-INFN-HiFuture

Status: ongoing

installation and 

commissioning

Ready end 2022

INSpIRIT: new ion source



www.cnao.itLevel -1 – Present situation



www.cnao.itLevel -1 – End 2023

BNCT

+

PROTONTHERAPY

48 m

37 m



www.cnao.itLevel -1
48 m

37 m

Installation of high-tech starts fall 2023



New building - excavation work 

Hospital building – Level 2

Beginning
September 2022

Hospital building - Level-1



From TERA experience what I (we) have learned

TERA Foundation: A SCHOOL OF LIFE !

Resilience – “Ci vuole pazienza”

Prominence of scientific approach to problems

Precision and attention to details

Collaboration spirit

Take care of persons

Ethical attitude



Thank you

“Real progress happens only when advantages of a new technology become available to everybody”

H. Ford


