
EPJPlus
your physics journal

EPJ.org

Eur. Phys. J. Plus (2011)126: 78 DOI: 10.1140/epjp/i2011-11078-8

The status of CNAO

S. Rossi on behalf of the CNAO Collaboration



DOI 10.1140/epjp/i2011-11078-8

Regular Article

Eur. Phys. J. Plus (2011) 126: 78 THE EUROPEAN
PHYSICAL JOURNAL PLUS

The status of CNAO

S. Rossia on behalf of the CNAO Collaboration

Fondazione CNAO, via Caminadella, 16, 20123 Milan, Italy

Received: 11 August 2011
Published online: 31 August 2011 …c� Società Italiana di Fisica / Springer-Verlag 2011

Abstract. The CNAO (Italian acronym that stands for National Centre for Oncologic al Hadrontherapy)
has been realised in Pavia, Italy. It is a clinical facility create d and “nanced by the Italian Ministry of
Health and conceived to supply hadrontherapy treatments to patients recrui ted all over the Country. A
quali“ed network of clinical and research institutes, the CNAO Collabo ration, has been created to build
and to run the centre. This organizational model turned out to be very e�cien t and fruitful to reach
the goal of introducing the most advanced techniques and procedures of hadrontherapy. Three treatment
rooms with four beam ports (three horizontal and one vertical) are operat ional and one experimental room
has been built. Beams of protons with kinetic energies up to 250 MeV and beams of carbon ions with
maximum kinetic energy of 400 MeV / u are transported and delivered by active scanning systems. The
machine operation started in 2009 with the commissioning of the high-t echnology components that form
the acceleration chain from the sources to the patient. The dosimetry and radiobiology tests have been
completed with proton beams and CNAO obtained the authorisation to sta rt treating patients. Statistics
from the Italian Association of Radiotherapists and Oncologists (AIRO ) have estimated that more than
3% of the overall Italian radiotherapy annual patients, i.e. more than 3000 new patients per year, would
preferably be treated with hadrontherapy, but this number is steadily increas ing. Pre-selection criteria are
de“ned on the basis of established clinical protocols and the hospitals and the clinics in the network will
address to the CNAO those patients that satisfy the criteria. This paper out lines the project development,
the technical aspects of the realisation and commissioning and the clinical issues relevant for the patients
treatments at CNAO.

1 The CNAO project: history and organization

The history of the National Centre for Oncological Hadrontherapy started with the publication, in May 1991, of the
report •For a center of teletherapy with hadronsŽ signed by Ugo Amaldi and Giampiero Tosi [1]. At that time Giampero
Tosi was director of health physics of the Niguarda Hospital in Milan and was the most famous Italian medical physicist.
Ugo Amaldi, particle accelerators physicist, former member for “fteenyears of the Istituto Superiore di Sanità, was
at CERN in Geneva, where he directed a collaboration of some 500 physicists, for the creation and use of one of the
four major experiments of the LEP accelerator.

The report of 1991 aroused the interest of Nicola Cabibbo, President of INFN. Thus, in 1992 a “rst “nancing was
granted to begin studying a new accelerator both for ions and protons to beused in the new therapy of deep tumours.
The study was funded by INFN and called ATER, a short form for •adroterapi aŽ, a word coined by Amaldi for this
new type of radiotherapy.

In 1992, in order to raise the funds and personnel necessary to the designof the Centre, the TERA Foundation was
headquartered in Novara. In almost 20 years, more than 170 physicists, engineers, computer scientists and technicians
were either employees or fellows of TERA.

Between 1992 and 2002, three full designs of the Centre were completed, based on synchrotrons with di�erent
features, suitable for the possible realization “rstly in Novara (in the years 1993…1995 [2]) and later in Milan, near the
Abbey of Mirasole (1996…1999 [3]). But, after very promising beginnings, several obstacles hindered the realization of
these projects.

In 1995, in order to develop hadrontherapy in Europe and not only in Italy, Amaldi persuaded CERN of the
opportunity to design, at European level, a synchrotron for carbon ions and protons, optimized for therapy. This
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study was calledProton Ion Medical Machine Study (PIMMS) and was completed in 2000 [4]. TERA drew from it a
more compact version called the PIMMS/TERA, which later evolved into t he version CNAO realised in Pavia.

Umberto Veronesi, appointed Minister of Health in May 2000, decided to “nance the construction of CNAO, which
he had known since 1992. In spring 2001, the CNAO Foundation was created. The Minister Girolamo Sirchia, just
appointed, installed a committee to analyze the project and, as soon aspositive advice was issued by the Council in
November 2001, he appointed Erminio Borloni as President.

Erminio Borloni introduced a management approach in the implementation of the Centre and, in addition to
founding Entities included in the Foundation by Ministerial Decr ee, succeeded in creating around the project a network
of national and international collaborations that are still at present the backbone of the CNAO structure. The President
also acquired from TERA young, quali“ed and very motivated sta�, which he joined to the collaborating institutions
to follow the construction phase and to become then the internal engine of the next phase of CNAO.

The years from 2002 to 2004 were essential for the construction of the managerialstructure, the making of the
interface with the institutions, the acquisition of solid bases ofcontribution to the project and the “nalization, in the
technical environment, of the designs and technical speci“cations of both the buildings and plants and of the high
technology. With this organization deployed on the “eld, the actual construction of CNAO began in 2005, with the
ceremony of the “rst-stone laying on March 5th and the e�ective start of operations in the summer of that year.

The years from 2005 to 2009 were a fast ride to complete the works in the shortest time, for the bene“t of the
ill people, and with maximum quality-cost ratio: over 400 were the “rms which worked for the CNAO, including 350
Italian ones; more than 1000 the orders and the contracts; 15 the public competitive tenders banned within Europe; over
70 the licenses that were obtained in areas relating to the construction and practicability, safety, radiation protection
and operation of the facility.

With the inauguration of CNAO, on February 15th 2010, the phase of the construction of the Centre ended and
the second phase, of the so-called clinical trials, started, which will lead to the treatment of some hundreds patients
selected among “fteen elective diseases for hadrontherapy. This phase that has to take place in the biennium across
the years 2010…2012 will allow to scienti“cally validate hadrontherapy in Italian hospitals and to lay the groundwork
for the subsequent phase of startup at full operation rhythm of the structure that intends to treat, under outpatient
treatment, a few thousands patients per year expanding more and more the clinical indications and bringing forward
clinical, radiobiological and translational research.

The realisation of CNAO is based on a strong collaboration network, the CNAOCollaboration, that links CNAO
with the most important Institutions in Italy and abroad. In particular for the realisation of the high technology,
INFN contributed to the completion of 15 tasks and shared the co-direction ship of the realisation. This network has
guaranteed through the years and also in the future the collaboration of outstanding personalities and expertises to
the programmes of the CNAO Foundation. In addition, it has been a fundamental mean of formation for the people
of CNAO that, through the years, has acquired expertise unique in Italy and also in the World. The list of technical-
scienti“c collaborations is summarized in table 1, that indicates also the tasks and the objectives of the common
activities.

2 The CNAO complex

2.1 Buildings and plants and functional areas

The construction of the CNAO facility has been completed at the beginning of 2010 in Pavia. The centre is placed in an
area that hosts other hospitals and the university campus, thus allowing the creation of synergies and collaborations.
The photo shown in “g. 1 is taken from the top of the San Matteo Hospital tower and behind the CNAO one can see,
on the right, the Fondazione Maugeri hospital, behind it the Mondino hospital and in centre-left the buildings of the
University of Pavia.

The CNAO entrance is shown in “g. 2. The large usage of windows allows to bring daylight to most of the areas
of CNAO, an architectural solution to improve the quality of life of operators and patients. From the cross-section,
shown in “g. 3, it is visible the central cavedium reaching the waiting area of the underground level, the development
of the centre on four levels and the clear distinction between thehospital and the technical areas.

Inside the building the following functional areas are present:

… the outpatient service;
… the imaging service (diagnostics in images and nuclear medicine);
… the therapeutic service (hadrontherapy);
… the administrative departments and the o�ces of personnel;
… general services, such as the bar, the conference hall, meetingrooms, and the reading room;
… technological areas, including electrical power plants, thermomechanical and special plants for the operation of the

building, the central electricity transformation units and the tec hnical areas at the service of high technology.
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Table 1. CNAO collaborating institutions.

Institutions Activities

TERA Foundation Final design, High-Tech speci“cations, research issues

INFN Co-direction HT, Technical issues, radiobiology, research, formation

University of Milan Medical coordination and formation

University of Pavia Technical issues, radiobiology, formation

University of Catania Medical physics

University of Florence Medical physics

University of Turin Interface beam-patient, Treatment Planning System (TPS)

Polytechnic of Milan Patient positioning, radioprotection, authorizations

European Institute of Oncology Medical activities, authorizations

San Matteo Foundation Medical activities, logistics

Town of Pavia CNAO site and authorizations

Province of Pavia Logistics and authorizations

CERN (Geneva) Technical issues, PIMMS heritage

GSI (Darmstadt) Linac and special components

LPSC (Grenoble) Technical issues

Med-Austron (Wien) Technical issues

Ro�o Institute (Buenos Aires) Medical activities

NIRS (Chiba) Medical activities, radiobiology, formation

HIT (Heidelberg) Research issues

Fig. 1. Top view of the area occupied by CNAO. In the front the hospital building and the e ntrance, in the back the power
station and the roof of the synchrotron vault.

The hospital building space organization envisages the merging of the functions of high users ”ow on the ground
”oor and the basement; all health services are located here. This choice is justi“ed, in the “rst case, by the immediate
accessibility from outside and, secondly, by the need to ensure an appropriate radiation shielding for the rooms used
for tumour treatment. On the “rst and second ”oors the o�ces of personnel, conference and meeting rooms and other
service areas are located.

The medical personnel is presently dimensioned to cope with the treatments of the clinical trials included in the
experimental programme. During the routine operation phase it is goingto increase up to about 80 persons. The
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Fig. 2. The CNAO hospital building in Pavia.

Fig. 3. Cross-section of the CNAO.

Accelerators Department is completed and the people are presentlyrunning the machine 7 day per week, 24 hours a
day. During the shifts two persons are continuously present in the main control room.

2.2 The outpatients clinic

Like the other services, characterised by a high users ”ow, the outpatient clinic is located on the ground ”oor, shown
in “g. 4. It consists of six ambulatories, equipped with oxygen and vacuum connections, in order to face occurring
emergencies. One of the outpatients units is under high infectionrisk control.

A stand-by space reserved to users on stretchers is foreseen nearthe outpatients unit and within the •sterileŽ area.
Treatments practiced in this structure are formed mainly by clin ical activities, in particular medical visits for initial

consultations and periodic follow-up visits. Specialist visits will be carried out mainly by radiation physicians, but
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Fig. 4. Layout of the ground level.

other specialists• consultations are foreseen in the case of diseases of particular relevance in the “eld of ophthalmology,
otolaryngology, urology, neurosurgery, general surgery, paediatrics and pneumology.

2.3 The diagnostic imaging and nuclear medicine service

This service is located on the ground ”oor (“g. 4) and is composed of a 3 T magnetic resonance room, two rooms for
computed tomography, each equipped with a suitable control room with two workstation supplies, a technical space
and, available for each room, there are an area reserved for emergenciesand two dressing cross-rooms for users.

On the same ”oor there is also a room for the storage of treated patients• medical “les, as well as an area reserved
for the preparation and storage of immobilization devices used in the patients• preparatory and treatment phases.

The Imaging Centre also houses a nuclear medicine sector, dedicatedto CT-PET examinations. This sector occupies
the northern portion of the ground ”oor.

The department consists of two CT-PET rooms with a common control room equipped with two workstations
and a common technical space, a radioisotope administering space and a hot room for manipulation of radioactive
products.

2.4 Treatment service area: hadrontherapy

The basement of the hospital is essentially dedicated to the treatment of patients (“g. 5).
The general waiting room, receiving light by the central courtyard windows row, opens out to the area where the

simulation is done and to the one dedicated to the treatment itself. The “rst area consists of two halls for simulation
(with „interposed„ the control room, equipped with two workstati ons, and the technical space), each served by
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Fig. 5. Layout of the underground level.

dressing cross-rooms. The service provides also two areas adjacent to each room, for the handling of emergencies or
for the wait time of the patients on stretchers, a toilet and two stores containing immobilization devices used for the
simulation.

The area for treatment is functionally organized in multiple distin ct zones. Starting from the waiting room, users
enter through the locker room in the corridor, then through the distribution corridor to one of the “ve preparation rooms
(CAPH = Computed Assisted Positioning in Hadrontherapy) distribute d along an •LŽ following two sides of the waiting
room. From here they are addressed to one of three treatment rooms (two other rooms may be added at a later stage).
A CAD representation of the equipments installed in the “rst treatm ent room is shown in “g. 6. In the representation
the beam line components, the patient positioning system and the position veri“cation system are visible.

Stretchers users, arriving by reserved lifts, make a stop in a dedicated room waiting for the treatment. This space
is located near the treatment rooms. On the same ”oor, other service rooms are available (stores, toilets, medicines
storage), a fully equipped surgery for emergencies and a post-treatment space where patients may relax, if needed,
after the therapy.

3 Clinical trials at CNAO

3.1 Preparatory activity to experimentation on patients

In October 2010 the Ministry of Health approved the beginning of the Phase 1 of clinical trial of CNAO, i.e. the
dosimetry and radiobiology programme necessary for the quali“cation of beamsof protons and carbon ions [5]. The
following paragraphs present the contents of the trial and indicate objectives and timing.

3.1.1 Physical-dosimetry characterization

The physical-dosimetry characterization of particle beams available atthe Centre is essential in the perspective of
cancer patient treatment using radiation therapy. The accurate knowledge of the characteristics and peculiarities
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Fig. 6. CAD representation of the “rst treatment room.

of treatment beams, the implementation of standardized procedures,as well as the preparation of a strict and me-
thodical quality assurance protocol, are essential conditions to fully exploit the therapeutic beams, while ensuring
the safety of the patient undergoing treatment. The medical parameters of the hadrons beams are summarised in
table 2.

At CNAO it will be possible to deliver high-energy light ion beams such as protons (p) and carbon ions (C6+ ) and,
in the future, other particles such as He2+ , Li 3+ , Be4+ , B5+ , 08+ , using the 3D active scanning method (active scanning
in the plane orthogonal to beam direction, combined with the energy active variation spill by spill). The beams of
particles accelerated in the synchrotron ring will be extracted and routed alternately in one of the three treatment
rooms. In particular, beams of protons will have an energy range between 60MeV and 250 MeV, while carbon ions will
have an energy between 120 MeV/ u and 400 MeV/ u. Energies of such beams will cover a range in water up to about
27 cm, with a modulation step of 1 mm, complying with the requirements of clinical use. The overlapping of the dose
curves of mono-energetic beams in depth will issue an expanded Braggpeak, or •spread-out Bragg peakŽ (SOBP),
which will guarantee the conformation of the dose delivered to the targetvolume in the direction of beam penetration
(z) and, simultaneously, a narrow distal penumbra.

Beam sizes will have a width at half height at the isocentre (FWHM)iso comprised between 4 and 10 mm, with
a modulation step of 1 mm. For each isoenergetic slice, corresponding to a certain depth, the thin pencil beam hits
the target spot by spot being de”ected along the x and y directions by means of two scanning magnets rotated
longitudinally by 90 � with respect to each other. Normally the beam will not be switched o� during the transition,
yet very swift, between adjacent spots. For the purposes of patient safety, this active and very sophisticated dose
release modality requires the adoption of a complex dose monitoring system: each of the four “xed beam lines (three
horizontal and one vertical) has a structure called nozzle, placed as last component of the line immediately before the
patient. The nozzle hosts two independent monitoring systems, each capable of controlling in real time the number
of particles as well as the position of the beam. The two systems include two wide surface ionization integral cham-
bers, two strip ionization chambers rotated orthogonally with respect to each other and “nally one pixel ionization
chamber.

Given the very advanced technology involved, the still recent clinical use and the limited availability of treatment
centres with protons and, even more, light ions worldwide, it is therefore essential to de“ne a very stable physical-
dosimetry protocol, preliminary to the beginning of the clinical act ivities on patients. The dosimetry protocols are
studied to measure the beam parameters and verify that the speci“cations are met.
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Table 2. CNAO main medical parameters.

Beam particle species p, He2+ , Li 3+ , Be4+ , B5+ , C6+ (O8+ )

Beam range from 3 g/ cm2 to 27 g/ cm2

Bragg peak modulation steps 0.1 g/ cm2

Range adjustment 0.1 g/ cm2

Adjustment/modulation accuracy � ± 0.025 g/ cm2

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

Dose delivery precision � ± 2.5%

Beam axis height (above ”oor) 120 cm

Beam size1 4 to 10 mm FWHM for each direction independently

Beam size step1 1 mm

Beam size accuracy1 � ± 0.2 mm

Beam position step1 0.1 mm

Beam position accuracy1 � ± 0.05 mm

Field size1 5 mm to 34 mm (diameter for ocular treatments)
2 × 2 cm2 to 20 × 20 cm2 (for H and V “xed beams)

Field position accuracy 1 � ± 0.5 mm

Field dimensions step1 1 mm

Field size accuracy1 � ± 0.5 mm

Field homogeneity2 (orthogonal) R t � 105%

Field homogeneity3 (longitudinal) R l � 111%

Lateral penumbra 2 (80%…20%) < 2 mm for each side at the phantom entrance surface

Distal dose fall-o� 3 (80%…20%) < 2 mm (in addition to the intrinsic distal fall-o�)

Source to surface distance (SSD) > 3 m

Coincidence of H and V beam axis � ± 0.2 mm

(1) At isocentre or, for “xed beam, at normal treatment distance.

(2) At patient surface.

(3) Measured in water phantom.

3.1.2 Radiobiological characterization

The peculiar physics and precision properties of the charged particles, distinguished by an inverse dose pro“le with
respect to photons (as shown in “g. 7 [6]), added to the radiobiological characteristics (increase e�cacy), are the
reasons for introducing these particles in radiotherapy.

In order to take into account the di�erent radiobiological e�ects, the concept of RBE (Relative Biological E�ec-
tiveness) has been introduced [7]. Conventionally, RBE is de“nedas the ratio between the dose of high-energy photons
and the radiation dose under examination, which are needed to produce the same level of the considered biological
e�ect. It should be emphasized that the RBE is not a uniquely de“ned value, but it depends on numerous factors such
as the type of ion and its energy, but also the dose, the dose rate, the dose per fraction, the number of fractions, the
type of cell or tissue and the biological e�ect under examination ([8] and references therein).

The RBE of ions grows, while energy decreases, in correspondence with the end of their path in the biological tissue
(i.e. in the tumour volume), further improving the already favourable d ose-depth distribution. Therefore, knowing the
speci“c ion RBE, for every value of energy,i.e. the RBE at various depths of SOBP, physical dose may be conformed
so as to obtain a uniform biological dose along the SOBP and avoid regions withhigh dose and high RBE outside the
tumour volume. By measuring the physical dose with a column of water atvarious depths of the SOBP, the biological
dose is obtained by multiplying such value of dose by the value of RBEevaluated at the same depth

Dbio (x = x i ) = Dphys (x = x i ) · RBE (x = x i ), i = 1 , . . . , n,

where x i are the points at di�erent depths along the SOBP.
In the therapy with protons a single value of •clinical RBEŽ is used to characterize the SOBP, assumed to be

of 1.1. After the radiobiological experimental characterization of the speci“c therapeutic beams of protons, such RBE



S. Rossi on behalf of the CNAO Collaboration: The status of CNAO Page 9 of 39

Fig. 7. Dose pro“les in water of carbon ions of di�erent energy and of X- and gamma-ra ys.

value is applied to all treatments regardless of the dose per fraction, of the position along the SOBP, of the primary
beam energy and of the type of tissue treated.

Instead, the de“nition of RBE for carbon ions is more complex. In this case, considered the energy of the primary
beam, the variation of the in-depth energy, the fragmentation of the projectile and of the nuclei of the targeted molecule
atoms produce a mix “eld of ions, lighter than primary ions (having low energy and high RBE), especially in the distal
region, which produces a variable RBE along the SOBP, growing up to 50% by switching from the proximal to the
distal region of SOBP.

A map point-point of local RBE must be evaluated on the target volume, in order to guarantee the uniformity
of the biological dose. A systematic investigation, mainly in terms of cell survival, must therefore be carried out at
various depths depending on dose, for ions of di�erent energies, indi�erent mammalian cell lines (of rodent and
human, normal and cancerous, with di�erent radiosensitivity), in vitro . Three cell lines are irradiated at CNAO [5]:
HSG (human salivary gland tumour), T98G (human glioblastoma), V79 (chinese hamster lung “broblast). They are
submitted to di�erent dosage ranging from 0.5 Gy to 7 Gy in order to bui ld the survival curves and compare the
data with the literature. The irradiation with proton beams has been completed in July 2011 and the results will be
published in fall 2011. The data are very positive and have been already presented to the Health Authorities to get
the “nal approval to treat patients.

In parallel with experimental activities in vitro , measurements of the induction of biological e�ects depending on
the quality of the radiation and the dose are performed on laboratory animalschosen for the evaluation of RBEin
vivo. In particular experiments with carbon ions on survival essay for cells of mouse intestinal mucosa exposed to
radiation and evaluation of radiation tolerance of rat spinal cord will be performed ([5] and references therein).

3.1.3 Timeplan

The tasks of the project•s phase 1 (preparatory activity to the experimentation on patients), their duration and
sequencing are illustrated in table 3. The activities are divided by treatment room (see “g. 8 showing the under-
ground ”oor of CNAO), corresponding to the types of available beams: beamswith horizontal impact on the patient
(Rooms 1-2-3) and beams with vertical impact (Room 2).

The initial tasks deal with the adjustment and testing of the machines and of the active dose delivery system.
Trials of dosimetry start subsequently.

The radiobiology part for proton is other than that for carbon ions. Temporally on e will give priority to the
radiobiological characterization with protons in Room 1 so as to be able to begin the treatments of patients starting
from the eleventh month. The second room to be activated is the number 3 also equipped with a horizontal beam. Such
room may be accessed independently and separately from the other ones; it will furthermore be used for radiobiological
characterization with carbon ion beams, including the irradiation of animals. Finally, Room 2, equipped with a
horizontal beam and a vertical beam, will be the last one to come into operation and, initially, it will complete the
treatments of patients with protons needing a vertical beam.
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Table 3. Planning of the phase I tasks.

Fig. 8. Underground ”oor layout of CNAO complex, showing the accelerators and the treat ment rooms.

Starting from the 15th month, all three halls will be operational and used for the treatment of patients also with
carbon ions. In parallel, the follow-up of rats irradiated with carbon ions will be continued for the assessment of late
CNS toxicity.

The timeplan has been approved and started in October 2010. As initially planned the dosimetry and radiobiology
tests with protons in Room 1 have been completed in July 2011 and soon patients treatment will start in parallel with
carbon ion tests in Room 3.

3.2 Request for authorisation to experimental treatments

The second step towards the completion of the clinical trial at CNAO is represented by the de“nition of clinical
treatment protocols with protons and carbon ions ([9] and references therein). CNAO doctors have de“ned a set of
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diseases which will be the object of experimentation and few hundreds of patients who will be selected based on
established and approved criteria and procedures. Clinical protocols will be submitted to the analysis of the CNAO
Ethics Committee and subsequently forwarded to the Ministry of Health for approval.

3.2.1 Protons

The “rst proposal provides the treatment with protons for 80 patients and the clinical study for the evaluation of
local response and of the acute and at medium-term toxicity of radiotherapy with protons in the treatment of the
following solid tumours: chordomas and chondrosarcomas of the skull base andrachis, intracranial meningiomas,
thyroid anaplastic carcinomas.

The primary endpoint of the study will be the answer, the acute and medium-term toxicity. Secondary endpoints
will be local control, the overall survival, the speci“c cause survival, disease-free survival and late toxicity.

This study is a single-arm phase-II trial in single phase.
New protocols are presently in preparation and they will increase the number of treated patients.

3.2.2 Carbon ions

The “rst proposal provides the treatment with carbon ions for 150 patients and the clinical study for the evaluation
of local response and of the acute and the medium-term toxicity in the treatment of solid tumours: chordomas and
chondrosarcomas of the skull base; chordomas and chondrosarcomas of the rachis;sarcomas (bony and soft tissue)
of the head-neck; sarcomas (bony and soft tissue) of the thorax, of the backperitoneum, of the pelvis and rachis;
recurring limb bone sarcomas in surgery; major salivary gland tumours; tumours of non-mesenchymal origin of the
head-neck region.

The primary endpoint of the study will be the answer, the acute and medium term toxicity. Secondary endpoints
will be local control, the overall survival, the speci“c cause survival, disease-free survival and late toxicity.

This study is a phase-II trial of single arm in single phase.
Also in this case other protocols are presently in de“nition and will be included in the clinical trials. The “nal goal

will be the quali“cation of CNAO as a certi“ed medical device.

4 The CNAO accelerators and beam lines

The main accelerator of CNAO is a synchrotron, a circular accelerator, of about 25 m in diameter (refs. [10…13]).
Inside the ring, the sources, the lines of injection and the linear accelerator are housed. Outside the main ring there
are four extraction lines, about 50 m each, leading the extracted beam into three treatment rooms. In each of the two
side rooms a horizontal beam is driven, while in the central hall both ahorizontal and a vertical beam are directed.
A view of the complex of accelerators and lines of CNAO is shown in “g.9.

CNAO is designed to work with ions with 1 � Z � 6 and possibly with oxygen ions, although with reduced
penetration. The beam is capable of achieving, in water, depths between 3 and 27 gcmŠ 2 and its intensity is such to
administer 2 Gy for a volume of 1 l in about 1 minute. The dose is delivered to the tumour with an active scanning
system with a uniformity of ± 2.5%. The main physical parameters of the beam are reported in table 4.

The availability of the machine must be close to 100% in the time reserved for medical use because the therapy
cannot be interrupted for long periods. The following part of this section is a description of the most meaningful and
complex systems of the lines and accelerators of CNAO.

4.1 From sources to injection in the synchrotron ring

4.1.1 Sources and Low-Energy Beam Transport (LEBT)

In CNAO two identical-sources-type ECR (Electron Cyclotron Resonance) are operating [14]. Each source can produce
several kinds of beams simply by changing the gas used to produce plasma and optimizing the settings of certain
parameters, such as RF power and the potential of extraction electrodes. In this way each source is able to compensate
the possible absence of the other. In normal operation conditions, each source produces only one type of beam, protons
or carbon ions, which allows to change quickly the type of ion accelerated.

The LEBT is the line that transports the beam from the sources to the radiofrequency quadrupole (RFQ). Down-
stream every source there is an initial section (called O1 and O2) which selects the desired species and allows the
observation of the beam parameters and the adjustment of the source performances during the use of the other source.
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Fig. 9. View of the synchrotron hall.

Table 4. CNAO main physical parameters.

Beam particle species p, He2+ , Li 3+ , Be4+ , B5+ , C6+ , O8+

Energy range
60…250 MeV for protons
120…400 MeV/ u for carbon ions

Energy step 0.02 MeV

Relative momentum step �p/p max 1.7 × 10Š 5

Beam size 4 to 10 mm FWHM for each direction independently

Beam size step 1 mm

Beam size accuracy � ± 0.2 mm

Beam position step 0.1 mm

Beam position accuracy � ± 0.05 mm

Field size 5 mm to 34 mm (diameter for ocular treatments)
2 × 2 cm2 to 20 × 20 cm2 (for H and V “xed beams)

Source to surface distance (SSD) > 3 m

Max. number of particles per spill at the patient
1010 for protons
4 × 108 for carbon ions

Min. number of particles per spill
108 for protons
4 × 106 for carbon ions

Nominal number of spills and treatment time 60 spills in 2…3 min

A second section (divided into two parts called L1 and L2) is common to both lines and includes a chopper (IC1) to
cut the portion of the beam useful for acceleration in the linear accelerator (LINAC) and various elements to measure
and conform the beam characteristics to the acceptance of the RFQ. In this way one also obtains the minimization
of the losses of beam in the RFQ. In “g. 10, the geometry of LEBT is shownand the explanation of the names is
reported in appendix A.

To allow an easier selection of the desired species, ions12C4+ and H+
3 are utilized: they have the sameQ/A = 1 / 3

and are more easily distinguished from the oxygen ions, which are contaminants since the gas used to produce carbon
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Fig. 10. Layout of LEBT; from the two separate sources derive two separate arms that g et together and share the “nal path
leading to the RFQ (see appendix A for naming conventions).

Table 5. Beam parameters in the LEBT.

H+
3 C4+

Energy [keV/ u] 8

Energy spread < ± 10 eV < ± 10 eV/ u

� P/ P (%) < ± 0.01% < ± 0.01%

Time structure Continuous beam

Transmission e�ciency [%] 97

is CO2. The oxygen ion, which has the closest magnetic rigidity is the16O5+ ; its magnetic rigidity di�ers by about
3% from the one of12C4+ . The LEBT has therefore a resolution capable of distinguish these twoions.

The kinetic energy of the beam in LEBT is 8 keV/ u, which corresponds to the RFQ injection energy. The main
parameters of the beam in LEBT are summarized in table 5 [12].

4.1.2 The RFQ and the IH-LINAC

The RFQ and the LINAC of CNAO [15], schematised in “g. 11, were made in collaboration with GSI in Darmstadt,
which was engaged in building a facility similar to the CNAO in Heidelberg.

The RFQ provides a suitable beam to be accelerated by the LINAC. It therefore accelerates, longitudinally bunches
and transversally adjusts the beam. The energy at the entrance to the RFQ, as mentioned above, is 8 keV/ u while the
energy output is 400 keV/ u.

The main parameters of the RFQ are summarized in table 6 [12].
The LINAC structure is of interdigital (IH) type that accelerates th e beam from 400 keV/ u to 7 MeV/ u in one

3.8 m long tank.
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Fig. 11. Layout of the RFQ and Linac section (see appendix A for naming conventio ns).

Table 6. RFQ main parameters.

Input kinetic energy [keV/ u] 8

Output kinetic energy [keV/ u] 400

RF pulse power [kW] 200

Transmission e�ciency [%] 60

Frequency [MHz] 216.816

Beam repetition frequency [Hz] 5

Tank length [m] 1.2

Tank diameter [m] � 0.3

The LINAC is composed of four accelerating sections among which three triplets of quadrupoles for beam focusing
are housed. Immediately after the tank of the LINAC, there is a fourth t riplet which focuses the beam onto the
stripping foil. This latter strips the remaining electrons from t he particles, thus producing bunches of C6+ or protons.

The main parameters of the LINAC are summarized in table 7 [13,15].

The time length of a beam emitted by the LINAC is at maximum 200 µs. The synchrotron cycle, considering the
time of acceleration, extraction and the time required to get back to the initial conditions, has a duration of 2-3 s, at
irregular intervals. To avoid variation in temperature (and consequently resonance frequency) which would follow a
non-periodical use of the LINAC, it is necessary to pulse the LINAC even when it is not necessary to produce a beam.
It was chosen to power the cavity at the repetition rate of 5 Hz. It is the chopper of LEBT that has the purpose to let
the beam pass only when it is necessary.
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Table 7. Parameters of the LINAC.

Components One tank, 56 gaps,
3 quadquadrupole triplets

A/q of accelerated particles (design ion 12 C4+ ) � 3

Input kinetic energy [MeV/ u] 0.4

Output kinetic energy [MeV/ u] 7

Frequency [MHz] 216.816

RF peak power [kW] 910

RF duty cycle � 0.1%

Max on axis “eld E 0 [MV/m] 18

Max. e�ective gap voltage V 0T [kV] 450

Drift tube aperture diameter [mm] 12…16

Lens aperture diameter [mm] 20

Longitudinal acceptance l [� ns keV/ u] 3.0

Transmission e�ciency [%] 90

Tank length [m] 3.8

Tank diameter [m] � 0.3

4.1.3 The Medium-Energy Beam Transfer (MEBT) line

The MEBT, shown in “g. 12, is the line that transports the beam from the stripping foil to the point of injection into
the synchrotron. In addition to the transport of the beam by minimiz ing losses and matching it to the synchrotron
injection, the MEBT accomplishes other tasks, in particular:

… misaligning the beam vertically in order to obtain the desired dilution of synchrotron emittance;
… adjusting the angle of the injection, to optimize the e�ciency of the multi-turn injection process;
… concluding the selection process of ion species by removing anysurvived contaminants;
… varying in a controlled manner the current injected into the synchrotron;
… optimizing the dispersion in momentum of the injected beam.

Slits in dispersive zone, a debuncher and a series of variable transparency grids have been included in the MEBT
to perform all these tasks. The schemes in “g. 13 show the various transparency grids, equal to 10%, 20% or 50%. The
use of a grid, instead of a collimator, has the advantage of keeping the globaldimensions of the beam upon variation
of the current transmitted, thus simplifying the optimization of the injection process.

4.2 The synchrotron ring

The main accelerator of CNAO is a synchrotron of about 25 m in diameter. The beam is injected at 7 MeV/ u and is
accelerated to energies between 60 MeV, minimum energy for protons, and 400 MeV/ u, maximum energy for carbon
ion beams.

The lattice, i.e. the sequence of magnets building up the accelerator, is based on two symmetric and achromatic
•de-tunedŽ arcs joined by two non-dispersive straight sections. The resulting geometry and the corresponding optical
functions are illustrated in “g. 14.

In the synchrotron there are 16 dipoles and 24 quadrupoles [16]. The 16 dipoles are powered in series, while the
quadrupoles have been divided into three families of 8 quadrupoles each. The three quadrupoles families allow the
necessary ”exibility to obtain all the necessary betatron tune values by maintaining the two non-dispersive regions.

The injection scheme is multi-turn in the horizontal plane. For reasons of space charge and beam size in the
extracted beam, it was decided to increase the vertical-beam emittance in the synchrotron. This is obtained with a
vertical misalignment between the closed orbit of the synchrotron and the trajectory at the entrance of the injected
beam. The “lamentation caused by this misalignment causes the desired emittance increase.

Multi-turn injection takes place by creating a local distortion in t he closed orbit (commonly known as bump) that
brings this orbit close to the electrostatic injection septum. The amplitude of the bump is progressively decreased
to zero. Thus, the injected beam •rolls upŽ around the closed orbit, ending up with occupying the entire transversal
opening of the synchrotron.
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Fig. 12. MEBT Layout (see appendix A for naming conventions).

Fig. 13. Degrader schemes.
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Fig. 14. Synchrotron layout (top) and optical functions (bottom) (see appendix A for nam ing conventions).

Since the therapy requires the highest stability and repeatability of the beam, the particles that after injection
are outside the design emittance are eliminated using two scrapers. In order to minimize the mechanical movements,
the •scrapingŽ of the beam takes place by moving the beam with a bump,rather than by moving the scraper in and
out.

The multi-turn injection e�ciency is about 1.9 equivalent turns f or protons and about 2.6 equivalent turns for
carbon. The di�erence depends on the fact that the desired total emittance of the circulating beam at injection is
21.2� mm mrad for protons and 30.5� mm mrad for carbon.
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Fig. 15. The betatron core and schematics of the B, V lines.

The beam acceleration is provided by a single RF cavity located in the non-dispersive region opposite to the one
occupied by the injection and extraction elements. The actions performed by the RF cavity can be divided into four
phases:

… beam adiabatic capture;
… acceleration;
… preparation of beam at extraction;
… stabilization of the extracted beam.

Capture and acceleration occur by tuning the cavity to the revolution frequency of the beam (using a harmonic
number h = 1) and by synchronizing it with the energy increase and the magnetic “eld value. At the end of acceleration
the beam must be prepared for extraction. For the chosen extraction scheme, it is necessary to increase the beam
momentum spread up to ± 0.2%. This is achieved by executing a quick jump with the RF cavity from the stable 0�

phase to the instable 180� phase and back again to 0� .
The extraction procedure is the most critical step of the whole synchrotron project. An extracted beam (often

called spill) as much as possible uniform in time and constant in transversal distribution is a qualifying requirement
for a radiotherapy device with active scanning.

In this scheme a circulating beam, wide in�p/p , is extracted by pushing it into resonance with a betatron-core [17],
a particular type of induction accelerator. The betatron core of CNAO and the scheme of the magnetic “eld lines (B )
which, varying in time, induce an accelerating potential (V ) on the beam axis are shown in “g. 15.

The location of the betatron core is not critical and it has been placed in afree straight section of the synchrotron
lattice.

4.3 The High-Energy Beam Transfer (HEBT) line

The strong asymmetry between the vertical plane and the horizontalplane for the extracted beam has been taken
into account when designing the extraction lines [4]. In the vertical plane, in fact, the beam has an usual appearance,
with bell-shaped distribution and elliptical isodensity lines.

In the horizontal plane, instead, the extracted beam is the portion of separatrix cut by the electrostatic septum.
This particular distribution is called •bar of chargeŽ.

The simulation of the bar of charge in the empty ellipse also allows for analternative method for adjusting the
horizontal dimension; in fact, by varying the phase advance, also theorientation of the bar of charge varies and
consequently its projection on thex-axis, that corresponds to the horizontal-beam dimension.

Extraction lines are divided into three parts:

… the line between electrostatic septum and thin magnetic septum;
… the initial external part of the line dedicated to the reset of dispersion function;
… the “nal part leading the beam into the various halls.

A view of the HEBT lines is reported in “g. 16.
The sector of the line between the electrostatic septum and the thin magnetic septum is internal to the synchrotron

and the regulations in this part consist of a local bump obtained with “ve local machine correctors. This allows for
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Fig. 16. The HEBT lines layout (see appendix A for naming conventions).

adjustment of the circulating beam in position and angle to the electrostatic septum and to position the gap between
the circulating beam and the extracted beam to the thin magnetic septum. The “rst external part begins with three
magnetic septa, the “rst thin and the second two slightly thicker, powered in series.

In the “rst external common sector three dipoles are inserted, so that the dispersion invariant is reset. Interlaced
with these three dipoles, there is a fundamental element of the project: the HEBT chopper. Such device consists of four
fast dipoles fed in series according to the scheme (+B,ŠB, ŠB, +B). In normal conditions magnets are switched o�
and the beam strikes an obstacle (dump) avoiding irradiation of the patient. The obstacle is also capable to measure
the beam dimensions and intensity. When the magnets are switchedon, the beam is de”ected allowing it to avoid the
dump. In this operation the beam remains on the same trajectory downstream the chopper and so remains correctly
directed onto the patient.

The chopper response time is less than 260µs, which allows switching the beam on and o� so as to administer less
than 2.5% of the dose of a voxel (volume pixel), the precision limit “xed by doctors for treatment planning.

4.4 The dose delivery system

CNAO is designed for a fully active dose distribution system [18,19]. This means that the tumour is ideally divided into
•slicesŽ, i.e. into regions that are reached by particles of the same energy. Each slice is then irradiated by •paintingŽ
it with a pencil beam, somehow as it happens in the TV for the reconstruction of the image. The concept is illustrated
in “g. 17 [20].

In this way the beam is directed to the various points of the tumour by varying its position without adding
additional thicknesses on the path of the beam that can lower its quality. The energy is varied by the synchrotron so
as to choose the slice and, within the slice, the beam moves thanks to the “nely laminated scanning magnets.

The maximum speed with which the beam can be moved by the scanning magnets is 20 m/ s. The position of the
beam is controlled in real time thanks to a system of monitors that measure the position of the beam and the number
of particles received by each voxel. This system (illustrated in“g. 18) is used both to decide when the foreseen dose
to each voxel has been reached and to correct the position of the beam by acting on the scanning magnets.

The measurement systems are duplicated and each of the two detectors (Box1 and Box2) in sequence measure and
control separately the beam parameters: position, pro“le and number of particles. Discrepancies in the measurements
lead to fast beam interruption by acting on the chopper magnets in veryshort times.



Page 20 of 39 The European Physical Journal Plus

Fig. 17. Principle of active dose distribution.

Finally, it is worth mentioning that all along the path of the beams there are sensors that measure and control the
characteristics of the particle beams. Moreover, the entire complex is managed by a complex control system that was
designed to govern automatic irradiation of the patient and avoid all human actions which are sources of potential
errors and inaccuracies. Finally a triple-safety system designed to protect the components (Device Interlock System),
as well as to ensure operators (Safety Interlock System), and to protect the patient (Patient Interlock System) monitors
the treatment parameters and intervenes to stop the beam automatically in case of problems and errors.

5 Patient positioning and veri“cation systems

Patient set-up veri“cation and motion management in particle therapy is a critical issue as the required accuracy
level is higher than in conventional photon radiotherapy, due to the enhanced sensitivity of particle beams to target
misalignments. Hence, there is a need for dedicated solutions to be implemented in particle therapy centres to gain
accurate dose delivery [21].

The concept developed in CNAO for patient set-up, immobility veri“ cation and dynamic tumour targeting relies
on the integration of optical tracking and in-room imaging systems (“g. 19) [22]. The CNAO approach relies on a
technological framework consisting of:

… point-based and surface-based optical tracking;
… in-room stereoscopic X-ray imaging;
… treatment planning images.

The purpose is to extend the current potential of integrated solutions that have been developed for conventional
photon radiotherapy. The plus of the proposed concept is the combinationof treatment planning volumetric data and
full-surface capture in the framework. This allows one to implement patient set-up, immobility veri“cation and 4D dose
delivery techniques where the integration of point-based and surface-based optical tracking with imaging is envisioned.

The CNAO Computer Aided Positioning System in Hadrontherapy (CAPH) in cludes 3 custom-designed sub-
systems combining ease of use with the highest safety and accuracy:

…a robotic pantographic patient positioning system(PPS) (“g. 20) featuring 6 degrees-of-freedom motion capabilities
and combining a wide range of linear and rotational movement with a high positioning accuracy (< 0.3 mm, < 0.1� ).
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Fig. 18. Schematization of the CNAO monitoring system placed upstream the patie nt.

Fig. 19. Integrated overlay of optical and imaging data.
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Fig. 20. Layout of the patient positioning and of the stereoscopic X-ray imaging system at CNAO. The upper panels show the
layout when the X-ray system is not in use, whereas the lower panels depict X-ray tubes and panels deployed for simultaneous
stereoscopic imaging.

The device performs automatic docking with a dedicated treatmentcouch and chair and patient handling across
each of the beam-speci“c positions received from treatment plan. Weight sensors and anti-collision panels ensure
the highest patient and operator safety during operation.

…an isocentric in-room imaging system (PVS) (“g. 20) based on stereoscopic X-ray imaging. The system hangs
from the bunker ceiling and can rotate around the vertical axis according to the treatment table position. Both
X-ray tubes and ”at panels are deployed only during imaging, when the tubes pivot, whereas the ”at panels slide
into position. Rotational motion and tubes and panel de”ection features the highest accuracy and repeatability
(0.3 mm linear, 0.1� rotational) in order to ensure the highest accuracy of image registrationmethods based on
known imaging geometry for DRRs generation and registration with in-room imaging.

…an infra-red (IR) optical tracking system (OTS) (“g. 21) featuring real-time localization of a con“guration of control
points and patient surface detection through laser light pattern projection. The system includes three TV cameras
mounted above the nozzle and provides sub-millimetric marker 3Dlocalization accuracy in a one…cubic-meter
working volume cantered at isocenter.

The CAPH sub-systems integration allows one to perform fast and swift veri“cation of the patient set-up, to
estimate and apply 6 dof correction vectors for set-up error minimization and to implement target position estimation
through in-out correlation models for time-resolved dose delivery techniques [23].

6 Information Technology (IT) at CNAO

The overall management of CNAO needs the support of an extended IT environment. The information system included
the following modules:

… the system for reservation, admission, registration and data acquisition for the creation of the patient electronic
record (ADT);

… the system for the de“nition of the Treatment Plan (TPS);
… the system for the storage of data related to the analysis and exams executed on the patients (PACS);
… the system for management and veri“cation of the treatments, including the storage of the treatment data (OIS);
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Fig. 21. Three-dimensional model showing the design of IR optical tracking.

… the system for the administrative management of the centre (invoicing, reimbursement, declarations to insurance
companies, link with the public healthcare system, management control, warehouse management, asset manage-
ment) (ERP);

… the system for the o�ce management (OA);
… packages that allow the integration of the preceding modules, enabling the exchange of information in order to

avoid data entry repetition;
… a high throughput network that builds a common layer for all computingresources (ESB).

The di�erent components of the solution adopted for CNAO are shown in “g. 22.
The ADT solution (Admission, Discharge, Transfer) is composed of a centre wide support for the reservation

management, a centre wide data base (BDC) and a system for the management of the Electronic Patient Record
(EPR).

The PACS (Picture Archiving and Communication System) includes a medical database management system that
can be accessed by means of DICOM (Digital Imaging and Communication in Medicine) protocol.

The TPS (Treatment Planning System) package allows medical physicists to build the Treatment Plans based on
the analysis of the information collected on the patient by means of CT(Computer Tomography), NMR (Nuclear
Magnetic Resonance) or PET (Positron Emission Tomography) images.

The analyses are stored in the PACS and retrieved using the DICOM Protocol.
The OIS (Oncological Information System) solution includes the support for the management of oncological patient

electronic records exchanging data with the ADT package and a system for treatment data veri“cation and storage
(R&V) that is the real monitor of the medical activities in the centre . It checks that all actions aimed to realize a
treatment are thoroughly executed in the right sequence and with theright tools. It also records the execution of all
the steps performed during the treatment together with the accompanying information.

The ERP (Enterprise Resource Planning) allows the administration personnel to manage the ledgers, the active
and passive invoicing, the warehouse, the assets and to control the whole management.

A link with the Public Healthcare system (PHL) is necessary for sending the summaries of the activities performed
in the centre for reasons related to the present law. The PH modulesends and receives the “les with the format
imposed by the law.

A large networked “le management system (Shared File System) and a set of personal computers (OA) allow
interacting with the programs available and archiving the computer-based activities of the centre.

The OIS system has also a link with the machines delivering the treatment. The machines (synchrotron, linac,
particle sources, transport lines) can execute their tasks by means of a control system that oversees all the production
activities. The control system is composed of the following modules:

… Patient Positioning System (PPS);
… Dose Delivery System (DDS);
… Machine Control System (MCS).
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Fig. 22. The modules included in the IT of CNAO.

The control system components are shown in “g. 23. The Patient Positioning System sets and continuously acquires
the patient position as established by the treatment plan; it also veri“es that the position of the couch or the chair is
as required (PVS … Patient Veri“cation System).

During the treatment an online system continuously veri“es that th e patient is in the planned position, by means
of an optical tracking system (OTS). If the patient moves outside the tolerances of the planned position an interlock
system is activated and the treatment delivery is suspended.

The treatment plan is translated into a series of codes that are related to machine set points. The Master Timing
Generator (MTG) sends the codes to all the equipment at the right moment during the treatment in order to obtain
the planned characteristics of the beam corresponding to the energies needed for correctly delivering the treatment.
Each device is placed in its working conditions by means of the controlsystem supervising the machines (CS); the
control system also veri“es that the planned working conditions arereached for each setting corresponding to a given
code. If the working conditions are not reached an automatic interlockforbids the delivery of the beam.

The operators in the control rooms can see the working values by means ofdedicated programs and by means of
an analog and video signals acquisition and distribution system, that is able to connect the signals coming from the
machines to the scopes present in the control rooms (SADS).

The beam is directed on the cancer area by means of scanning magnets (SM) that are able to move the beam
according to the coordinates issued by the treatment plan. The quantity of charge to be delivered in each position is
calculated by the treatment plan and delivered by the Dose DeliverySystem (DDS) that actually counts the amount
of charge placed in each spot. When the planned amount of charge is reached fora given slice, the Dose Delivery
System informs the control system that it is ready to treat a new tumour slice and the working conditions for the new
slice are assigned according to the new code distributed by the Master Timing Generator (MTG).

7 Main results of accelerator commissioning

The CNAO accelerator commissioning began in 2009, and has been carried out interleaving periods of commissioning
with periods of construction and installation of the accelerator complex and of the treatment rooms. This chapter
brie”y summarises the main results obtained so far, and the commissioning milestones are listed in table 8. While
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Fig. 23. The components of the CNAO•s control system.

Table 8. CNAO accelerator commissioning milestones.

January 2009 LEBT with H3+ and C4+ beams

March 2009 RFQ with H3+ and C4+ beams

September 2009 LINAC with H3+ and C4+ beams

December 2009 1st turn in synchrotron

January…July 2010 Completion of installation

August…December 2010 Synchrotron with proton beams

January…May 2010 Proton beam characterization in treatment rooms

June…July 2011 Radiological cells irradiation

August 2011 Synchrotron and HEBT with carbon ions

preparing for the patient treatments, the activity of optimisati on of the accelerator set-up in order to reach the design
performances in all systems is continuously performed.

7.1 Injector

The injector commissioning has been successfully accomplished in2009, [12,15,24]. Table 9 summarizes the measured
main beam parameters along the injector chain.

H+
3 and C4+ at 8 keV/ u were produced by the two ECR sources, design beam currents were reached and even

exceeded for both ion species, within the design emittances.
Diagnostic tanks along theLEBT measure beam position, beam size and beam current. During commissioning the

temporary installation of extra diagnostic tanks at the input point of RFQ and IH Linac has proven to be very useful
in order to characterize the beam parameters in the most critical points of the transport line.

The RFQ and the IH LINAC commissioning has been performed in cooperation with GSI sta�. The RFQ acceptance
was determined by measuring the beam transmission through the RFQ of a small emittance probe beam as a function
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Fig. 24. Measured RFQ acceptance. The blue ellipse shows the 1� design acceptance, the cyan ellipse correspond to 50%
transmission obtained from measurements, and is de“ned by the Twiss parameters shown in the “gure.

Table 9. Proton and carbon ion beams measured parameters at CNAO injector. Currents c orrespond to the maximum measured,
emittances range re”ects the di�erent measurements with di�erent source currents.

ECR RFQ RFQ IH MEBT
Output Input Output Output after stripping

Kinetic energy [keV/ u] 8 8 400 7200 7200

Beam current (H +
3 -p) [µA] 1100 900 550 415 1200

Beam current ( 12 C4+ -12 C6+ ) [µA] 200 170 110 82 115

� x 90% [� mm mrad] (H +
3 -p) 160…200 160…200 15…25 6 7

� y 90% [� mm mrad] (H +
3 -p) 160…200 160…200 14…23 6 8

� x 90% [� mm mrad] ( 12 C4+ -12 C6+ ) 160…200 160…200 23…27 5 5

� y 90% [� mm mrad] ( 12 C4+ -12 C6+ ) 160…200 160…200 22…26 4 4

of the position in the horizontal and vertical phase space at the RFQ input, thanks to the Response Matrix measured
in the temporary diagnostic tank. Figure 24 shows the horizontal and the vertical RFQ acceptance for the H+

3 beam
at 8 keV/ u compared with the design acceptance, proving the good agreement.

The Linac accelerates the beams up to 7.2 MeV/ u. After the stripper foil where protons from H +
3 and C6+ from

C4+ are obtained, 900µA of H+ and 115µA of C6+ , to be compared with the design values of, respectively, 670 and
120µA.

High transmission e�ciency ( � 90%) along the MEBT has been achieved for both species. Transverse emittance
measurements, performed with the quadrupole scan method, and steerer response matrices show a good agreement with
the nominal optical model. The quadrupole settings behind the linac were optimized to achieve minimum horizontal-
beam diameters at the stripping foil in order to reduce emittance growth e�ects, as reported in table 9.

A noteworthy feature of the whole injector is its repeatability: even after shutdown periods, the beam is transported
up to the synchrotron injection section by applying the same settings to sources and magnets, correctors included.
The only steering procedure routinely applied after each start-up of the system involves the last steerers of the LEBT
which match the position and angle of the incoming beam to the RFQ acceptance at the level of 0.1 mm and 0.1 mrad.

7.2 Synchrotron

The “rst set of treatments will make use of proton beams reaching depths between 100 and 200 mm, corresponding
to energies in the range from 118 to 174 MeV, as speci“ed in the following section. Protons have therefore been used
for the synchrotron and HEBT commissioning, giving priority to the set -up of the whole complex for the “rst phase
of the experimental program.

The “rst weeks of synchrotron commissioning were dedicated to thedebugging of the hardware or installation
errors.

The synchrotron beam pro“le monitor (BPM) electrodes• signal is proportional to the charge distribution derivative,
and is not responding to a continuous beam. The possibility of chopping the beam in the LEBT to very short pulses
has been very useful for measuring the injected beam: a pulse length of 1µs, corresponding to about half the length
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Fig. 25. Beam signal on three pickups along the synchrotron with the 1 µs beam pulse, in the “rst few days of commission-
ing (left), and after the debugging of some installation error (right). The green line represents injection bumper signal.

Fig. 26. RFQ, IH LINAC, injection bumper and DCT beam at synchrotron injection.

of the ring at the proton injection energy, has been used for the “rst tests. The beam position was measured turn by
turn, as shown in “g. 25, left, where the “rst few turns signals are shown on three di�erent pickups. The diagnostic
of some of the usual installation problems was masked by the very good acceptance of the synchrotron where tens
of turns in the ring were obtained even with inverted polarity of th e injection bumper, and the dumper placed on
the wrong side of the vacuum chamber. Once solved these problems themulti-turn injection (see “g. 25, right) was
obtained with no need of steerings, showing the very good alignment ofthe synchrotron elements.

Multi-turns injection is performed on the injection bumper ramp . In “g. 26 the image of the oscilloscope shows
the signals of the injection bump that gradually reduces to zero in a few tens of microseconds. Corresponding to the
descent there comes the current pulse of the beam of protons evidenced by the trace of the current transformer (ACT).
On the same image the signals of the accelerating power of RFQ (yellowcurve) and linac (blue curve) are depicted.

The relationship between the trapping RF frequency and the dipolemagnetic “eld via the bending radius, the length
of the synchrotron and the slippage factor has been obtained by sweeping the RF frequency at constant magnetic “eld
and beam energy, and observing the DCCT signal (see “g. 27).

An initially very short step in acceleration (from 7.2 to 8 MeV) was used to check the consistency of beam energy,
dipole “eld, quadrupole, dipole and RF ramping set-ups. Once proved that the behaviour of all systems was as expected,
the acceleration in the whole range of energies (60 to 250 MeV) was successfully performed with no need of major
adjustments, and without using vertical or horizontal steerers. There are still beam losses, in the injection process,
and during the trapping and the acceleration. This does not impinge the performances of the complex, since the beam
current obtained is by far su�cient for this “rst phase of operation wit h protons. The causes of the losses are being
investigated, in order to correct them in view of the carbon ion operation, where the available beam current is lower.

The usual optics measurements have been performed: tunes, response matrices, betatron functions, dispersion
functions. All of them show a very good agreement with the optical model. Some examples are reported in “gs. 28, 29
and 30. The only characteristic signi“cantly di�ering from the nominal model was the natural chromaticity � x : in the



Page 28 of 39 The European Physical Journal Plus

Fig. 27. Measurements results of “rst RF frequency sweeping (horizontal axis). Dipole current was “xed at 163.5 A. In
correspondence to sigma peak (signal on S8-032A-PUH pick-up) the DCCT peak appears.

Fig. 28. Measured horizontal betatron functions and simulated ones.

Fig. 29. Measured and simulated dispersion function.

horizontal plane it turned out to be slightly positive, instead of th e expected low negative value, presumably due to
sextupolar terms in the dipoles. This behaviour repeats at all energies. In order to set the chromaticity at the negative
extraction value (� x = Š4), the two sextupole families are now both defocusing.
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Fig. 30. Measured and simulated response matrix of few steerers in the horizontal plane.

Fig. 31. Dipole “eld reconstruction (green), betatron core voltage (pink), DCCT (y ellow) and BPM (light blue) signals.

7.3 Beam extraction and HEBT

The synchrotron and the HEBT set-ups have been optimised in the energy range needed for the “rst treatments.
Figure 31 shows the signals of the dipole “eld reconstruction (green line), which include the low-“eld ”at bottom, the
injection value, the acceleration ramp, the extraction ”attop, and “n ally the ramp to the maximum value to close the
hysteresis loop. The blue line represents the BPM signal which is not zero only when the beam is bunched. The rf is
switched o� slightly before the betatron core (pink line) is switch ed on. The DCCT signal (yellow line) representing
the number of particles, shows that there are losses in the trapping and acceleration process. The accelerated beam is
completely extracted with a good spill uniformity.

The diagnostics of the HEBT include the SFH system, which measuresboth pro“les and position of the beam,
intercepting the beam and used therefore only while optimising the transport and for the “nal beam quality assurance
in front of the nozzle. Figure 32 shows an example of a SFH measuring the 150 MeV beam on one position. The SFHs
have been also used for emittance measurements via the quadrupole scanning method, to tune the HEBT optics up
to the treatment rooms.

In “g. 32 the pro“les of the extracted beam in the two transversal planes are shown. The image of the horizontal
plane (left) shows the asymmetric pro“le determined by the bar ofcharge.

The stored beam energy and the extracted beam energy di�er by 0.1% due tothe e�ect of the betatron core. A “ne
tuning of the synchrotron dipole “eld, RF parameter set-up, beam position at the extraction septum, betatron tune
and chromaticity has been carried out in order to obtain the needed accuracy for the energy de“nition. The extracted
beam energy was measured through the Bragg peaks; few iteration of the synchrotron parameters were needed in order
to reach the requested accuracy of 0.1 mm in depth. The agreement between synchrotron-de“ned beam energy, and
energy de“ned by the Bragg peaks is shown in “g. 33. In order to obtain sucha good agreement a slight dependence
of the stored beam orbit in the synchrotron with the extracted energy is needed (few mm in the orbit). This can be
explained with a dependence of the emittance and beam distributionon the stored beam energy. A Spread Out Bragg
Peak along the range between 100 and 200 mm depth has been measured with an uniformity of 1% in dose deposition
(see “g. 34).
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Fig. 32. 150 MeV beam pro“le and position measured at one SFH along the HEBT.

Fig. 33. Measured Bragg peaks matching FLUKA simulations for di�erent energies in the range of interest, better than 0.1 mm
in depth.

A beam transverse position repeatability at constant energy within 0.2mm, and a transverse position precision
at di�erent energies of 0.5 mm have been reached, “tting treatment requirements. The beam size at the isocenter is
about 1cm (FWHM, see “g. 35). In the present range of energies no correction has been applied to the beam size
to compensate for the emittance damping with energy, because the variation is acceptable. When larger ranges of
energies are used the variation can be easily compensated with the HEBTquadrupole settings.

The spill length is � 1 s. A maximum number of 8× 109 particles per spill at the treatment room has been measured.
In order to control the dose delivered in the spill the degrader is used in the MEBT, limiting the stored current in the
synchrotron, down to 10% of the maximum stored current.

The spill uniformity is improved by the empty bucket method in the synchrotron and by the air core quadrupole
(ACQ). With no correction the spill structure shows a very stron g modulation at 100 Hz, and very high value of peak
to average current ratio (Rp-a � 55). With the empty bucket method the Rp-a is lowered to � 7, and very good results
have been obtained with the air-core quadrupole (Rp-a � 3) (see “g. 36).

After optimising the beam transport up to the “rst treatment room, it has been straightforward to obtain similar
beam characteristics in terms of transmission and beam size in the other two treatment rooms, where the proton
beams have been transported at the maximum energy, 250 MeV.

Acceleration, extraction and HEBT transportation of carbon ions is in progress.
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Fig. 34. Spread Out Bragg Peak between 120 and 180 mm.

Fig. 35. Beam position and beam size at isocenter as a function of the beam energy.

Fig. 36. Max/mean spill intensity without (0…55) and with ACQ (55…150).
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Fig. 37. Peak“nder water column aligned along the horizontal-beam line for high- resolution depth-dose distribution determi-
nation.

8 Physical characterisation of proton beams

Clinical commissioning of the particle beams represents the mandatory process to be performed before clinical use of the
machine to ensure that safe and accurate treatments will be provided to patients undergoing hadrontherapy [25,26]. At
CNAO, proton commissioning mainly consisted of physical and biological characterization of the scanned beams. This
section focuses on the dosimetry and physical aspects of CNAO beam characterization, which includes the preliminary
de“nition of beam speci“cations, the commissioning of the Dose Delivery and treatment planning systems (TPS), the
determination of absorbed dose to water under reference conditions and baseline for periodic quality control tests.

The energy consistency and constancy of the proton beams produced by the synchrotron, mainly in terms of
depth of Bragg peak in water, over the available range, that is from 60 to 250 MeV, were “rst veri“ed, using the
dedicated dosimetry system called Peak“nder (PTW, Germany) shown in “g. 37. It consists of a double, sealed
and motorized water column assembly, with two large-diameter ionizationchambers (Bragg peak chambers, PTW,
Germany), enabling to determine integral depth dose distributions for particle pencil beams at very high resolution
(up to 10 micrometers) [27].

An example of depth dose Bragg peak curve is reported in “g. 38. Then, to speed up the beam commissioning phase,
it was decided to concentrate our attention to a limited number of machine settings, as well as range and numbers
of proton energies, consistently with the clinical needs and expectations. Fifty-one beam energies were selected, from
approximately 120 to 170 MeV, corresponding to the depth of the Bragg peakin water in the range of 100 to 200 mm,
with a step of 2 mm. Spill duration and spot dimensions were, respectively, “xed at the nominal values of 1 s and 10 mm
(full width at half maximum, FWHM, at the isocenter, in air), while f our nominal beam intensities were chosen, from
about 108 to 109 protons per spill.

For the commissioning of the Dose Delivery System, which consists of a double assembly of two large-area ionization
chambers, two orthogonal strip chambers and one pixel chamber, the ion collection e�ciency of the chambers as a
function of the applied voltage was determined. The value of 400 V was found as the optimal one. The response
homogeneity of the large-area chambers as a function of the beam spot position was found to be within ± 0.3%. Both
scanning magnets were also calibrated, by accurately determining the relationship between the applied current and
the spot position at the isocenter plane, as a function of the beam energy.

The commissioning of the commercial TPS which will be used at CNAO inthe clinical practice (syngo PT Planning,
version VB10, Siemens, Germany) was performed by means of a combinationof measured data and Monte Carlo
simulations. The library of proton beam characteristics, in terms of available beam foci, intensities and energy steps,
was “rst created in the TPS. Solid slabs of various thicknesses (RW3, PTW, Germany), which can be “xed along
the beam line close to the patient using a custom applicator, were alsocon“gured in the TPS for target located at
water-equivalent depths less than 100 mm. Then, the phase of physicalbeam data acquisition on the TPS started,
mainly including depth dose distribution tables, Houns“eld unit l ook-up tables for each of the two CT scanners
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Fig. 38. Example of a depth-dose curve measured at the isocenter distance for a pencilproton beam (250 MeV).

Fig. 39. Example of transversal dose pro“les for the 118.4 MeV energy, measured in a motorized water phantom at di�erent
depths (WED) using a PinPoint ionization chamber and compared to Monte Carl o simulations.

(one multislice CT and one PET/CT machine) installed at CNAO and each scan protocol [28,29], beam sigma tables
in air and water. On the basis of experimental depth dose distributions measured using the Peak“nder at the isocenter
for a set of mono-energetic pencil beams, “ne tuning of the physically relevant parameters for accurate Monte Carlo
calculations was performed, aiming at achieving an agreement betweenthe two data sets of at least 0.1 mm in terms
of Bragg peak depth in water. The optimal value of 76.9 eV for the ionization potential in water for protons was found
and used for simulating all the 51 needed depth dose curves.

Transversal dose pro“les for mono-energetic pencil beams were measured for di�erent beam energies both in air, at
several distances from the nozzle, and in water, at six various depths,using EBT2 radiochromic “lms (International
Specialty Products, USA) and a small-volume PinPoint ionization chamber, model 31014 (PTW, Germany) scanned
in a motorized 3D water phantom. Typical examples are shown in “g. 39.
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Fig. 40. Example of a uniform square “eld achieved using the energy of 121 MeV using a scanningstep of 1.5 mm and measured
by means of EBT2 radiochromic “lms at the isocenter, on the surface of a p lastic phantom. Film analysis and calculation of the
isodoses were performed using a commercial software.

Fig. 41. Experimental set-up for the determination of dose to water under reference conditions, using a water phantom and a
calibrated Farmer ionization chamber.

For the determination of absorbed dose to water under reference conditions, basically the IAEA TSR-398 for proton
beams was adopted, modi“ed following the formalism early proposed in1999 by Hartmann and collaborators at the
GSI facility in Darmstadt (Germany) [30,27,31…33]. A calibrated Farmer-typeionization chamber, placed on the beam
axis in a water phantom at the depth of 2 cm was used. Mono-energetic, uniformly scanned beams (6× 6 cm2) were
produced as reference “eld size, as shown in “g. 40.

The experimental set-up is shown in “g. 41. The Dose Delivery calibration curve for the beam whole energy range,
expressed as number of particles (Np) per counts and achieved by polynomial “tting of the experimental data, is
reported in “g. 42.

The short and long (three months approximately) term constancy of theDose Delivery System was± 0.5% and 1%,
respectively, while the proportionality within ± 1% and the dependency on beam intensity negligible. Furthermore, 3D
scanning aiming at creating a uniform typical spread-out Bragg peak (SOBP) was tested and measured in terms of
both absorbed dose and relative dose distribution, as reported in “gs. 43 and 44. Field homogeneity was found within
the tolerance level (± 2.5%).
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Fig. 42. Calibration curve for CNAO proton beams (see text for details).

Fig. 43. Example of a screenshot acquired during 3D scanning, showing how the custom software implemented in the Dose
Delivery System is working. In this example, 16 energies were used to create a 6 cm wide SOBP and deliver homogeneous dose
in a 10 × 10 × 6 cm3 box in water. The nominal spot size and transversal scanning step were 10 and3 mm, respectively, while
spill duration was approximately equal to 1 s.

Finally, on the basis of the pre-de“ned protocol for periodic quality checks on radiation beams, established following
international guide lines and published reports as refs. [26,34,35], the baseline was created, mainly using radiochromic
“lms, ionization chambers and various dedicated plastic phantoms, also including inhomogeneous inserts.

9 Conclusions

The CNAO of Pavia is approaching the start-up of medical activities having completed the testing phase for protons
and obtained the necessary authorisations. This is an innovative and technologically advanced structure; its realisation
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Fig. 44. Transversal and longitudinal dose pro“les measured using an EBT2 “lm expose d in a water-equivalent plastic phantom
on the central plane of the scanned “eld.

has been pursued aiming at objectives of safety, e�ciency, reliability and maintainability. The CNAO mission is twofold:
on the one hand, treating patients with solid tumours by using protons and carbon ions, particles called, in jargon,
hadrons (hence hadrontherapy); on the other hand, developing clinical, radiobiological and translational research in
the experimental room, in dedicated areas and in laboratories.

This is an important novelty on the front of the “ght against cancer and a concrete hope for thousands of patients,
to whom the traditional therapy has not given the desired results. This therapy does not replace conventional radiation
therapy, but it is an additional weapon available to patients and physicians. The Centre of Pavia will use basically
carbon ions, similar to protons as for their ability to achieve the target; however, as for the type of damage that they
can provoke to the tumour mass, this is much more intense and qualitatively suitable for the treatment of radioresistant
tumours.

The Centre will provide outpatient services. To ensure the availability of therapy with beams of hadrons to all
patients on the national territory a health and research network is being created around the CNAO. At full regime,
in the three treatment rooms, the CNAO will be holding approximately 20000 sessions per year, which correspond,
according to medical estimates, to approximately 3000 patients per year. CNAO will treat various diseases: bone and
soft-tissue sarcomas, central nervous system and paraspinal tumours,head and neck district tumours, eye and mucosal
melanomas tumours, non-small-cell lung cancers, primitive liver tumours, childhood neoplasias and other indications
are rapidly adding up to the list.

At European level, there are almost a dozen projects, coordinated within the framework of ENLIGHT (European
Network for Light Ion Therapy), trying to obtain approvals and funding and all of them look at CNAO as a partner
capable to provide medical and technical support for the attainment oftheir objectives. Within the Seventh Framework
Programme of the EC, CNAO participates in two projects already approvedand funded. The project ULICE (Union
of Light Ion Centres in Europe), in which CNAO coordinates twenty Europ ean institutes to •openŽ hadrontherapy
Centres to the international clinical and scienti“c community and t o support research, training and communication
projects. The second project, named PARTNERS, brings together a dozen institutes with the aim of forming a new
generation of health professionals and technicians in hadrontherapy activities.

CNAO construction was made possible by setting up a group of internal experts within the Foundation and a
dense network of collaborations at the national and international level (the CNAO Collaboration), who followed the
speci“cation, implementation, installation and start-up of each single system integrated in an organic and e�cient
complex. It is useful to note that in this way the total cost is very low compared to similar systems realized or under
design and at the same time the Foundation currently has available unique expertise to manage the operation and the
maintenance phase for the bene“t of patients.
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Appendix A.

The name of a machine element is built as follows: two letters identifying the sector, a progressive number of three
digits (corresponding also to the order of appearance along the beam line)to count the elements, a letter to further
indicate parts of the element, a code of three letters indicating the element type (the code description is reported in
the following table). Example: L2-014D-FCA indicates a Faraday cup of the LEBT (FCA) placed in section L2. Letter
D indicates that in the same tank many objects are present.

CODE DESCRIPTION
ACQ Air Cored Quadrupole
ACT AC Current Transformer - Current Monitor for the MEBT
BDE Dump Bumper at the End of the bump
BDI Injection Bumper
BDS Dump Bumper at the Start of the bump
BEC Betatron Core
BLM Beam Loss Monitor
BOX Empty BOX for beam diagnostics,
BSE Beam Stopper for Extraction lines
BWS Both planes wire scanner for monitoring pro“le in LEBT line
CAV RF Cavity
CEB Corrector for Extraction lines - Both planes (H+V)
CFC Anular Faraday cup downstream the LEBT chopper
CGI Degrader (Current Grid for Injection)
CHD Chopper Dipole (HEBT Chopper)
CIA Corrector Injection type A. Corrector dipole in LEBT, both planes (H+V )
CIB Corrector Injection type B. Corrector dipole in MEBT, both planes (H+V)
CSH Horizontal Corrector for Synchrotron
CSV Vertical Corrector for Synchrotron
DCT DC Current Transformer - Current monitor in Synchrotron
DEB Debuncher
DIA Diamond Detector
DOG Watch Dog (veto counter). Gives an alarm when hit by the beam.
DPC Beam Dump in the HEBT Chopper.
DPH Beam Dump in the synchrotron, Horizontal plane.
DPV Beam Dump in the synchrotron, Vertical plane.
DRI Drift, Straight section
DTL Drift Tube LINAC
EDF Dipole in the extraction line, type F.
ESE Extraction Electrostatic Septum
ESI Injection Electrostatic Septum
ESP Electrostatic Septum Placeholder.
FC1 Faraday Cup for LEBT line - GSI Electronics
FCA Faraday Cup for LEBT line - CNAO Electronics
FCB Faraday Cup for MEBT line
FOI Stripping foil
GCT GSI Current Transformer - Current Monitor in MEBT
HBM Huge Bending Magnet, 90 deg in vertical line
IC1 Chopper for injection 1. Electrostatic de”ector.
IDA Dipole in Injection Lines, type A. 90 deg bending magnet in LEBT.
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CODE DESCRIPTION
IDB Dipole in Injection Lines, type B. 42 deg bending magnet in MEBT.
IDC Dipole in Injection Lines, type C. 75 deg bending magnet in LEBT.
IMS Magnetic Septum for Injection
ITM InterTank Matching section
MBD Vertical Dipole Downwards in the vertical line (same as MBS + tilt)
MBS Main Bending dipole in Synchrotron
MBU Vertical Dipole Upward in the vertical line (same as MBS + tilt)
MOB Mobile Pro“le detector.
MSN Magnetic Septum Narrow (thin).
MSP Magnetic Septum Placeholder.
MSW Magnetic Septum Wide (thick)
NZL Nozzle Monitors
PIA Pro“le Monitor in LEBT
PIB Pro“le Monitor in MEBT
PUB Pick Up in the MEBT
PUH Horizontal PickUp. Beam position monitor in synchrotron
PUV Vertical PickUp. Beam position monitor in synchrotron
QIA Quadrupole in Injection lines, type A. Used in LEBT
QIB Quadrupole in Injection lines, type B. Used in MEBT
QIM Quali“cation intensity monitor
QKH Horizontal Tune Kicker
QKV Vertical Tune Kicker
QPM Quali“cation Pro“le Monitor
QUE Quadrupole in extraction lines.
QUS Quadrupole in synchrotron
RFQ RFQ
SCA Raster scanning dipole hor V
SCH Beam scraper hor
SCV Beam scraper ver
SFH Beam Pro“le monitor in HEBT. Both planes.
SHH Schottky monitor Hor
SHV Schottky monitor Ver
SKQ Skew quadrupole
SL1 Solenoid in the LEBT
SLA Slits for LEBT, type A
SLB Slits for MEBT, type B
SO1 Source 1 (Protons generally)
SO2 Source 2 (Carbon generally)
SPU Vertical Pick-up inside Resonance Sextupole
SSM Septum Shadow Monitor
SVA Vacuum Valve for Synchrotron
SW2 Switching dipole lines extr in h3
SWH Switch dipole lines extr in h5. Positive for line Z, negative for li ne T.
SWO Switching dipole 30 deg. Negative for line LEBT C, positive for l ine LEBT P.
SWV Switching dipole for Vertical line
SXC Chromaticity sextupole
SXR Resonance sextupole
T45 Luminescent Screen T45 (“rst turn monitor)
T60 Luminescent Screen T60 (injection monitor)
VV2 Vacuum Valve MEBT
VVH Vacuum Valve HEBT
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