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This study:
• was set up under the project managership of the Université Claude Bernard
Lyon 1 (UCBL), which initiated the project,
• involves physicians, medical physicists, scientists and engineers from: UCBL,
Université Joseph Fourier Grenoble 1, the University Hospital (Hospices Civils
de Lyon) in Lyon, the University Hospital in -Grenoble, the Regional
AnticancerAnticancer Centre  Léon Bérard in Lyon, the Orsay and Nice proton-
therapy centres, CNRS, CEA, CERN, GSI (Darmstadt), TERA (Milan), ESRF
(Grenoble) and GANIL (Caen),
• is the subject (for the technical part) of a research contract between UCBL,
CNRS/IN2P3 and the CEA/DSM,
• has been funded initially by the Rhône-Alpes Region, the Metropolitan Authority
of Lyon, ANVAR and UCBL, and then in the context of the "Hadrontherapy"
budget of the current State-Regional Spending Plan (Ministry for Research,
Rhône-Alpes Region and Metropolitan Authority of Lyon).

• Preface •
The Université Claude Bernard Lyon 1 took the initia-
tive in 1999 to ask a number of physicians and phy-
sicists to draw up a specification for the creation of a
Light Ion Hadrontherapy Centre. Under the auspices
of this university and with the financial support of
the local authorities and the Ministry for Research a
preliminary design was undertaken corresponding to
this specification. The technical part of this design
was the subject of a research contract between the
University (UCBL), the Commissariat à l'Energie
Atomique (CEA-DSM) and the Centre National de la
Recherche Scientifique (CNRS-IN2P3).

This report is thus the result of close collaboration
between physicians (oncologists and radiotherapists)
and medical physicists from Lyon and Grenoble
University Hospitals and Regional Anticancer Centre
Léon Bérard (Lyon), scientists (physicists, computer
scientists and health economists, from the universi-
ties of Lyon and Grenoble) and engineers specializing
in accelerators (CEA, IN2P3, CERN, GSI, TERA).
Together they constitute a substantial multidiscipli-
nary team capable of defining the structure and cost
of the project, recently named ETOILE, and of initia-
ting the research programmes necessary to perfect this
innovative therapy.

This project has taken full account of the experimen-
tal work carried out in Japan and Germany. It is part
of a coordinated European approach, with similar
projects developed in Germany, Italy, Sweden and
Austria. Clearly the result of the conjunction of the
research and clinical worlds, its future will include
being taken on by the national health system and the
involvement of national and regional decision-makers.
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Foreword
Successful treatment of cancerous tumours frequently involves irradiation. This is
most often performed using X rays, but also, more rarely, using proton beams (proton-
therapy) or neutron beams (neutrontherapy). One method, light ion
hadrontherapy, has been tested in Japan and Germany for several years. This method,
which requires heavy-duty equipment, has demonstrated the advantage of these
ions, and in particular carbon ions, for the accurate treatment of deep-seated tumours
which are inoperable and radioresistant.

The French ETOILE project: Espace de Traitement Oncologique par Ions Légers
Européen (European Light Ion Oncological Treatment Centre) proposes to build a
carbon ion hadrontherapy centre in the Rhône-Alpes region of France. This
project is based on the promising clinical results obtained recently at Chiba in Japan
and Darmstadt in Germany, following on from the pioneering work initially
carried out at Berkeley in the USA. We are not the only organization with this aim,
as a fairly similar development will be initiated shortly in Heidelberg, Germany, and
projects at a similar stage as ours are in preparation in Milan, Stockholm and Vienna.
The emergence in Europe of a number of projects collaborating with one another
in a network is absolutely necessary for the clinical validation of treatment using
carbon ions.

We are convinced that France has the resources to develop such a centre, which will
be able to cure more than 500 of the 1000 patients treated each year (for whom
existing treatments would have little effect). This will help to put France back in the
market for heavy-duty equipment for medicine. This aim is economically viable in
that the cost of treatment is lower than other cancer therapies currently in use.

The French project will be located in Lyon, in the Rhône-Alpes region. This
decision is justified both by the strong initial commitment of the Claude Bernard
and Joseph Fourier scientific and medical universities at Lyon and Grenoble respec-
tively. In addition, Geneva the home of CERN where the study of a synchrotron
(PIMMS) adapted to the medical requirements of hadrontherapy was carried out,
is close. This project has been made possible by the tight collaboration between the
French universities, the CEA (DSM) and the CNRS (IN2P3). Moreover, a European
network (ENLIGHT) has recently been created to co-ordinate the essential medi-
cal and technical collaboration between the various European projects.

The multidisciplinary research programmes that have been undertaken around the
ETOILE project are essential for the provision and control of treatment plans for
patients. They ensure that all the clinicians, radiobiologists, medical physicists,
physicists, engineers, computer scientists and economists work together. There is
no doubt that if this project is a success, there will be considerable medical and
economic spin-offs throughout the whole health sector, in particular in the fields
of oncology, including radiotherapy, imaging and medical physics.
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• I •
Introduction 

Volume II of the ETOILE project concerns the prelimi-
nary technical design of the devices required to produce,
select, accelerate, shape, transport to the treatment rooms,
distribute and control the ion beams in the target volume
to be treated in accordance with the requirements deter-
mined by the calculations of the treatment plan.

It presents a solution for their installation in a building
on a site chosen as the reference and covers the various
technical and medical areas necessary for the operation
of a treatment centre.

The problems of safety are examined from the point of
view of the patients, the staff and the environment.

Although they are covered in detail in volume I, the
medical and technical performance specifications and
a description of the site are repeated in this volume. This
volume also contains a summary of the capital costs
and the development programme with the associated
resources.

I-1
Medical performance specifications
Projectiles ions 12C6+

Possibility of other projectiles from protons to 16O
Time for changeover between two types of particle < 1 hour
Depth of penetration of ions (p, C) 2 to 27 cm in water
Maximum dimensions of the area of irradiation
(perpendicular to the direction of the incident beam) 20 x 20 cm2

Maximum continuous physical dose rate 2 Gy with a treatment time of one minute per litre
Distribution of the dose in the target volume (max I and E)

Distal drop 100% - 30% less than 3 mm
Lateral penumbra 80% - 20% less than 2 mm

Lateral precision of the direction of the incident beam 2 mm at the target volume
Diameter of the beam at mid-height variable from 4 to 10 mm
Spatial resolution of the field of irradiation ~ 2 mm
Angular rasterscanning of the beam Yes
Distance between scanning magnets and isocentre of the tumour > 3 m
Possibility of distributing very low doses Yes
Possibility of several incident directions 
of the beam in one room Yes
Safety of the patient:

- rapid stopping time 200 µs
- uniformity of the dose in the target volume tolerable deviation ± 2.5%
- precision of the dose delivered ± 2.5%

Irradiation techniques with the beam:
Active: energy can be varied rapidly Yes

intensity can be varied rapidly Yes
position of "pencil" beam can be varied Yes

Examine the possibility of also having passive irradiation Yes
Number of rooms 1 - 2 treatment rooms with horizontal beam

- 1 treatment room with vertical beam (with the possibility
of installing an additional horizontal beam)

Equipment in treatment rooms - possibility of robot-controlled beds and/or chairs
- 3 X-ray tubes for digital imaging, possibility of PET
- marker systems

Rooms attached to each treatment room 1 pre-positioning room
1 irradiation control room

Number of simulation rooms with X-ray scanner 1 to 2
Number of patients per annum 50 to 100 in the first year, 200 to 500 in the second year, 500 to 1000

in the third year
Minimum dosimetry (measurements) just before the patient Ionization chambers
Per beam line - 2 for controlling the position and shape of the beam

- 2 for controlling the dose
- 1 for redundancy

Number of treatment planning rooms (planned dosimetry) 2 rooms with 3 consoles per room

1During this preliminary design the benefit of carrying out the preliminary investigation of a treatment room with rotating
isocentric gantry has come to light.
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I-3 
Reference site
The main characteristics of the site are as follows:

A location in an urban area surrounded by residential
blocks of flats, private houses, hospitals and research
centres, next to the Lyon ring road.

The location stands on 50 m of fluvioglacial alluvial
rocks which are themselves on top of a thick layer of
argillaceous molasse. Data concerning the hydrology of
the site lead us to believe that it would be possible to
draw off water for cooling the equipment of the centre

(quantity less than 200 m3 per hour) which would avoid
the necessity for a system based on cooling towers.

The site is large enough to be able to accommodate
additional buildings for new technical facilities and to
house patients or research staff on a temporary basis.

I-2
Technical specifications

Variable energy accelerator Synchrotron
Sources 2 ion sources for carbon ions and protons

(+ possibility of using other ions)
ECRIS type (Electron Cyclotron Resonance Ion Source)

Ions delivered in the rooms 12C6+ , 1H1+

Final energies for 2 to 27 cm penetration in water C: 85 – 400 MeV/uma
p: 50 – 200 MeV

Variation of the energy and intensity The variation of the energy requires rapid adjustments of
the accelerator (around 1 second)

Variation of the penetration depth In 1 mm steps if the penetration is less than 20 cm
In 1.5 mm steps if the penetration is greater than 20 cm

Variation of the beam size (total width at mid-height) 4 to 10 mm spot with diameter adjustable by steps of 2 mm at the
patient

Number of energy steps 255
Typical beam intensity for a physical dose rate Maximum number of particles per spill at the patient :
of 2 Gy/min per litre 12C6+ : ~ 4 x 108

protons ~ 1 x 1010

typical values for active scanning (ref: PIMMS [7] in volume II)
Variations for each energy according to the treatment Imax/Imin intensity variation = 1000
plan and the shape of the tumour Cycle duration: 1 to 10 seconds
Fluctuation of the position of the beam at the isocentre Less than ± 15% of the diameter of the spot at mid-height
during the extraction cycle
Rasterscanning of the beam in the treatment room Horizontal and vertical scanning magnets
Parallax Distance between scanning source and isocentre of the tumour greater than 3 m
Easily variable beam entry angles Rotating isocentric gantry instead of the fixed vertical beam
Reproducibility of the dose delivered, Contamination of the beam less than 1%
its uniformity and its contours Precise on-line monitoring of the parameters of the beam

On-line monitoring of the spectrum of the ion source
Fast stopping of the beam Rapid deflector, in 200 ms

Associated mechanical stopping of the beam

Precision of the positioning of the patient in relation to the beam, Head : 1 mm
with appropriate immobilization device Body : 2 mm
Areas to be provided Reception, management, administration, secretarial offices, waiting

rooms, consulting rooms, anesthetics room, offices for: doctors, phy-
sicists, engineers, technical areas, maintenance, storage (including
activated materials), diagnostics, library, archives, visitors, meeting
rooms, toilets

Assumption for work with three treatment rooms 1000 patients routinely treated per annum after three 
years’ operation
15 sessions on average per patient
220 days of treatments per annum

Table I-1: medical performance specifications

Table I-2: technical specifications
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• II •
Reasons for the choice 
of machine

First of all, the reasons which have led to the choice
of a synchrotron (the main element of the facility)
will be given. Then a detailed technical description
will be given of each subsystem.

• Choice of a synchrotron

The synchrotron is the type of accelerator which
best meets the specifications. It is needed to be able
to treat tumours which have a complex shape, and
which may be mobile, in a minimum amount of
time. If half an hour per session is not to be excee-
ded, it is essential that the irradiation itself does not
exceed 5 to 6 minutes.

The synchrotron meets the medical specifications
and provides the required flexibility.

- Energy and intensity can be chosen at each spill of
particles according to the depth to be reached in the
tissue and the dose to be deposited in the tumour.

- For the treatment of mobile tumours, the spill may
be triggered by a "gating" signal. The cycle may have
a variable duration (1.4 to 10 seconds from spill to
spill), and can thus adapt to the biological rhythm of
the patient.

- For the treatment of tumours which are not
connected, the spill can be interrupted within one
cycle so that healthy tissue between the two separate
parts of the tumour is not irradiated. This configu-
ration is very common.

• Feasibility

The medical use of the synchrotron has been
demonstrated in a large number of cases, for exam-
ple in Germany, Japan and the United States. It has
been adopted for all new-generation facilities devo-
ted to the treatment of cancer using light ions, when
the energies are around 400 MeV/amu (HICAT pro-
ject in Heidelberg, CNA Italian project, Swedish pro-
ject at the Karolinska Institute, Austrian Med-AUS-
TRON project).

• Advantages of the synchrotron

The reason for this choice will not be covered in detail
here as it has already been widely covered in many tech-
nical studies carried out over the last 10 years and in
many initiatives proposing a dedicated hospital-based
facility [1] [2] [3] [4] [5] [6]. However the main argu-
ments in favour of a synchrotron are:

- More suited to the acceleration of
high energy ions,

- Possibility of precise variation of
energy from one spill to the next,

- Rapid switching between different 
types of ion,

-Three-dimensional conformal 
irradiation of deep seated tumours,

- Ease of maintenance and access for 
repair,

- High level of reliability.

• Structure of the synchrotron

The design principle of an optical synchrotron struc-
ture meeting given specifications (energy, intensity,
emittance of the beam, types of ion accelerated, high
degree of stability, compactness, control of the spill,
etc) may be based on various different types of solu-
tions.

For compact, medium sized machines such as medical
accelerators, the lattice may consist of two or four per-
iods and the number of main dipoles and quadrupo-
les per period is a free parameter.

The injection in the ring does not impose severe res-
trictions concerning the optical structure, but careful
attention must be given to the fractional value of the
tune numbers in order to allow for the tune spread at
injection due to space charge effects.

The extraction is more restrictive in the case of slow
extraction on a third integer resonance, as specific ele-
ments such as extraction sextupoles, magnets or elec-
trostatic septum deflector and other special systems
must be inserted in the structure in locations which
depend on the optical functions, which must also be
very carefully adjusted.

It follows from this that the optimization of a high pre-
cision synchrotron for specialized applications requi-
res considerable work which may require the involve-
ment of several experts over a long period.
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Such an task was undertaken at CERN from 1996 to
1999 before the start of the ETOILE project. The objec-
tive was to carry out the detailed design of an instru-
ment optimized for light ion or proton therapy and to
make it freely available to European countries ready to
start the construction of a national facility.

As indicated in reference [7]:

"The Proton Ion Medical Machine Study (PIMMS)
group was formed following an agreement between the
Med-AUSTRON (Austria) and the TERA Foundation
(Italy) to combine their efforts in the design of a can-
cer therapy synchrotron capable of accelerating either
light ions or protons. CERN agreed to support and host
this study in its PS Division. A close collaboration was
also set up with GSI (Germany). The study group was
later joined by Onkologie-2000 (Czech Republic). Effort
was first focused on the theoretical understanding of
slow extraction and the techniques required to produce
a smooth beam spill for the conformal treatment of
complex-shaped tumours with a sub-millimetre accu-
racy by active scanning with proton and carbon ion
beams. Considerations for passive beam spreading were
also included for protons".

Making use of this considerable body of work, and fol-
lowing the examples of the Italian (CNA),Austrian (Med-
Austron) and Swedish (Karolinska Institute) projects,

we have decided to adopt the PIMMS synchrotron for
the French ETOILE project.

• Principle of the facility

The general structure of a hadrontherapy facility based
on a synchrotron is given in figure II-1, and described
in the following sections. Two sources produce ions
which are pre-accelerated by a linear accelerator (linac)
and are then injected in the synchrotron for accelera-
tion to their nominal energy. The particles are then
extracted and transported along beam lines to the treat-
ment rooms, which are arranged in a "fishbone" struc-
ture. The active scanning system is located at the end
of the line and can, if necessary, be replaced by a pas-
sive diffusion system.

Figure II-1: general structure of the facility



14

e to i l e p r o j e c t
Vo l u m e  2 /  j u l y  2 0 0 2

• Machine cycle

The synchrotron operates in pulse mode in order to
comply with the requirements for flexibility descri-
bed earlier. The machine cycle can be varied from spill
to spill and according to the characteristics of the
volume to be treated. The values given below are
approximate and we will refer to the tables of cha-
racteristics for specific values. The cycle can be bro-
ken down as follows:

Injection in the synchrotron: The beam from the source
is chopped into a macropulse lasting less than 200
microseconds. These particles are injected in the ring
in 33 microseconds by a standard multiturn injection
process.

Acceleration : The particles are accelerated in the syn-
chrotron up to nominal energy. This phase lasts a
maximum of 0.7 s.

Plateau and spill: The cycle is maintained at an energy
plateau until the end of the spill. It is triggered either
at the start of the plateau (fixed tumour) or by a
"gating" signal (mobile tumour) and can last from
0.2 s to 4 s depending on the requirement. The spill
is obtained by a slow extraction system which makes
it very homogeneous.

End of cycle: The hysteresis cycle of the magnetic ele-
ments is completed and is restored to the injection
values. This final phase can last up to 0.5 s.

Each cycle is independent of the others. The machine
is pulsed at a rate of less than one hertz.

Figure II-2: simplified illustration of the machine cycle
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• III •
Production of ions

The technology of the ion sources is established and
can provide the ion species and intensities required,
whether protons, helium, oxygen or carbon ions. The
injection can use two "ECR" (Electron Cyclotron
Resonance) type sources which fully meet the specifi-
cations for the ion species considered. These sources
have permanent magnets and are the best choice in
terms of cost and reliability since they require neither
a power supply nor a high pressure cooling system.

• Carbon ions

Carbon ions are provided by an ECR source which
can provide the charge states required (4 for carbon)
before injection in the linear accelerator. This type of
source was chosen by GSI for the Heidelberg hospi-
tal project.

This source is commercially available: for example
SuperNanogan [8] whose main advantages are:

• Excellent long term stability of the current (± 1%)
over at least 2 weeks with 200 µA of C4+.

• Beam emittance of 180 p mm x mrad at 8 keV/amu
(0.75 p mm x mrad normalized)

• Interchangeability. The injector is necessarily equip-
ped with 2 sources, which can each be specialized
for one type of ion or deliver the same ion. They
are identical, which means that they can be main-
tained without interrupting the operation of the
centre.

Figure III-1: 14.5 GHz SuperNanogan source with permanent
magnets (dimensions ~ 0.5 x 0.5 x 0.5 m3)

• Protons and molecular ions

Protons can generally be supplied by a discharge
source or an ECR source. The intensities of molecu-
lar ions required are 1.2 mA with 1H2+ and 800 µA
with 1H3+.The H2+or H3+ are used to reduce the space
charge (the extraction voltage is higher). They are
converted to protons by stripping at the exit of the
linac.

Figure III-2: typical spectrum (optimized for C4+) of ions produ-
ced by SuperNanogan (I = 200 mA). Gas feed CO2, extraction
voltage 29 kV and RF power 114 W
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• IV •
Injection system
IV-1
General introduction

The injection system shown in figure IV-1 runs from
the production of ions in the sources to entry to the
synchrotron via a low energy analysing line, a linear
accelerator ("RFQ" + "linac"), a stripper and a medium
energy line.

Figure IV-1: elements of the injection system

The injection system of the ETOILE project is based on
that proposed for the facility dedicated to ion beam can-
cer treatment at Heidelberg (HICAT project) [9].

The injector of the HICAT project was designed seve-
ral years ago, mainly by the GSI teams and the uni-
versity of Frankfurt [9] [10] [11] [12] [13] [14]. This
structure has been chosen as the reference for the pre-
liminary design of the ETOILE project for a number
of reasons. The architecture chosen is in fact as sim-
ple as possible (a single injector for protons and car-
bons) while providing a wide range of adjustments.
It is therefore optimized with respect to costs (design,
construction and operation). Even though some choi-
ces are very much connected with the actual expe-
rience of the laboratories involved in its design (RF
frequency, "IH" structure), it is a very good solution
for meeting the requirements of the ETOILE project
specifications and to serve as a solid base for its costing.

The Heidelberg project version of this injector [10] is
shown below in figure IV-2 [15]. We are using it in a
similar configuration, but the PIMMS ring is diffe-
rent from the Heidelberg synchrotron. In our case,
the RFQ + linac assembly is placed inside the ring in
order to minimize the ground area used and the length
of the medium energy beam lines. However, the ion
sources are located outside, in a room the access of
which is allowed during operation.

This injector accelerates carbon ions and protons, and
also other types such as helium or oxygen.

Figure IV-2: diagram of the HICAT project injector system
(Heidelberg) [11] [15]. ECRIS = ECR ion source - SOL = Solenoid –
QS = Quadrupole – QD = Doublet – QT = Triplet

In the ETOILE project, at the exit point of the ECR
source, a transport and analysis device ensures the
purity of the beam. The beam is transported, via the
low energy line, to a compact accelerator assembly
consisting of a radiofrequency quadrupole ("RFQ"),
a matching section and a interdigitated ("IH") struc-
ture. It then passes through a thin carbon foil 
("stripper") which gives it its final charge state (6+ for
carbon ions). It is then carried to the injection point
in the synchrotron via a medium energy beam line.
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IV-2 
Main parameters

Table  IV-1 : parameters of the injection system

IV-3 
Description

• Sources. The use of two identical ECR sources gives
the possibility to switch rapidly between ion spe-
cies and also provides a backup source in the event
of a fault.

• Low energy line. The beam from the source is ana-
lyzed by a magnetic spectrometer which is follo-
wed by a triplet of quadrupoles, making it possi-
ble to adjust the intensity of the beam in a range
from 1 to 1000 by monitoring the losses on a dia-
phragm. There is then a switching magnet which
selects the source, downstream of which is a chop-
per which adjusts the duration of the pulse injec-
ted in the RFQ.

Figure IV-3: beam envelopes for the low energy line
(excluding space charge)

The possibility of transport without losses, with space
charge, of a H2+ beam (1 mA at 8 keV/amu) in the low
energy line has been established by associating the
quadrupoles in triplets and not in doublets. The beam
has reduced oscillations and a diameter of around
70 mm [17].

• RFQ. A radio-frequency quadrupole ("RFQ") crea-
tes an initial acceleration from 8 keV/amu to 
400 keV/amu. It is "4-rod RFQ" type, and was desi-
gned at the University of Frankfurt. It operates at 
216 MHz with a peak RF power of 100 kW, and an
electrode voltage of 70 kV [10].

• A matching section enables transition from the RFQ
to the "IH-DTL" interdigitated structure which fol-
lows. It is also used to correct the beam trajectory
and to measure some of its characteristics such as
the intensity.

• IH-DTL. This second part provides acceleration
from 400 keV/amu to 7 MeV/amu. It consists of a
3.8 m long cavity. The acceleration is provided by
56 accelerating gaps and focusing by 3 triplets. This
part also operates at 216 MHz with a peak RF power
of 1 MW, a maximum field on the axis of 18 MV/m
and an effective acceleration voltage per gap of
450 kV maximum [10].

Parameters Carbon ions Protons
Kinetic energy 7 MeV/uma 7 MeV
Duration of turn 2.06 µs 2.06 µs
Source current 125 µA 12C4+ 2.4 mA for protons

1.2 mA for 1H2
+

Total standardized emittance < 1.2 π 10-6 m x rad < 1.2 π 10-6 m x rad
Dp/p at injection in the synchrotron < ± 1.5 10-3 < ± 1.5 10-3

Current at injection in the synchrotron 105 µA with  12C6+ 1.38 mA
Injection time in the synchrotron 33 µs (16 turns) 33 µs (16 turns) [16]
Injection efficiency 23% 12%[16]
Repetition < 1 Hz < 1 Hz
Maximum duty cycle 4 x 10-5 4 x 10-5
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We refer to [10] for further details concerning the cha-
racteristics of this injector.

• The medium energy line transports ions at
7 MeV/amu from the exit point of the linac to injec-
tion in the ring. It has, amongst other elements, a tri-
plet focusing the ions on the stripper (consisting of
a 50 µg/cm2 thick carbon foil), an association of a
doublet with a deflecting magnet, a triplet, another
association of a deflecting magnet with a doublet
[18]. This assembly transport the ions to the entry
point of the injection elements in the synchrotron.

These elements consist of two septum magnets pre-
ceding the final electrostatic injection septum. The
total deflection is 90 degrees. The medium energy
line then finally is fitted with a debuncher which
reduces the ∆p/p of the ions injected to 
± 1.5 x 10-3 (it was ± 2 x 10-3 at the exit of the strip-
per) and analysing slits. The debuncher cavity of
the HICAT project has been chosen [19] : a quar-
ter-wave coaxial resonator with two accelerator
gaps, 270 mm long.

Figure IV-4: beam envelopes (carbon ions and
protons) for the medium energy line

Figure IV-5: diagram of the medium energy line
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• V •
Synchrotron

As already stated, the PIMMS synchrotron is the
main element of the ETOILE hadrontherapy facility.

Given the considerable amount of work and the
numerous publications by the PIMMS team, we will
not attempt to give a detailed review of all the techni-
cal considerations which led to this machine optimi-
zed according to current state of the art. However, cer-
tain basic choices determining the philosophy for the
design and operation of the accelerator are given here:

• multiturn injection (proposed by CNA) for filling
the ring with carbon ion (or proton) beams which,
after acceleration, have constant transverse emit-
tances over almost the whole range of extraction
energies,

• use of a betatron core, a concept invented and
developed for the SATURNE 2 synchrotron at
Saclay [20], to bring the beam to the resonance
while keeping the optical parameters of the machi-
ne unchanged during the extraction process.

V-1 
Main parameters

The ring has a circumference of 75.24 m and has an
optical configuration with separate functions com-
posed of FODOF type cells. The magnetic structure
consists of 16 H-type dipoles with a maximum field
of 1.5 T and 24 quadrupoles with a moderated maxi-
mum gradient of 3.65 T/m.

The optical structure has a superperiodicity of two in
order to give two dispersion free long straight sections
in which the accelerator cavity, the resonant sextupole
and the injection and extraction septum elements are
located. This makes the ring as compact as possible.

The quadrupoles are divided into three families to
enable the tune numbers  to be adjusted to the values
required for injection or extraction while maintaining
the dispersion function at zero in the two long straight
sections. Apart from the resonant sextupole, four other
sextupoles are placed in the dispersive parts of the
ring to control the chromaticity. This is important to
prevent instability of the beam due to the space charge
at injection and to adjust the Hardt condition which
determines the extraction quality.

The main parameters of the synchrotron are sum-
marized in Table V-1 and the diagram showing the
main components is given in figure V-1.

Compared to the wide range of other machines of an
equivalent size, the PIMMS synchrotron presents rela-
tively smooth focusing optics which results in low sen-
sitivity to field errors. This is particularly important
for medical machines, in particular if the active scan-
ning technique is used as the uniformity of the spill
by slow extraction may be significantly affected by
dynamic field errors.

The synchrotron cycle (that is the cycle of the magne-
tic field of the magnets and the acceleration) contains
the following basic phases, as described earlier: field
increase from the resting level to injection energy,
injection plateau, acceleration to extraction energy,
extraction level, field increase to peak value of the hys-
teresis cycle of the magnets, return to resting level.
This procedure ensures good reproducibility of the
magnetic field from cycle to cycle. The typical dura-
tions of the various phases are given in Table V-2. The
total of all these phases gives a cycle of 1.5 to 10 seconds
for a spill of 0.2 to 4 seconds.
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Figure V - 1: the PIMMS synchrotron
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V-2
Injection

As already seen, the HICAT injector has been propo-
sed for the ETOILE project. This choice, already also
made by the CNA project [21] [22], has clear advan-
tages in terms of development, equipment and cons-
truction costs, but raises new problems concerning the
injection of the proton beam necessary for irradiation
by passive diffusion.

Two limitations must be taken into account:

• Acceptance of the ring imposed by the aperture of
magnetic elements already defined in PIMMS,

• The tune spread due to the proton space charge,
which must not exceed the value reached at 20
MeV for 2 x 1010 particles at the patient and per
spill (also the case with PIMMS).

The first limitation is easily overcome as the emittance
of the proton beam stored at 7 MeV, which must be 
21 π 10 -6 m x rad (cf. Table V-3) remains less than that
of the carbon beam at injection, i.e. 30 π 10-6 m x rad
(figure V-2). In fact, for protons, the emittance at 
7 MeV is inferred from the emittance at 20 MeV 
(12.5 π 10-6 m x rad) by a factor equal to the ratio of the
Lorentz coefficients βγ (20 MeV)/βγ (7 MeV) = 1.7. This
ensures that the proton and carbon emittances are
equal over the whole of the range of extraction ener-
gies of PIMMS.

Maximum energy (carbon) 400 MeV/uma
Injection energy (carbon and protons) 7 MeV/uma
Circumference 75.24 m
Superperiodicity 2
Number of dipoles 16

Maximum field 1.5 T
Bending radius 4.23 m

Number of quadrupoles 24
Maximum gradient 3.65 T/m
Length 0.35 m

Number of sextupoles 5
Chromaticity/resonant, maximum strength 54/85 T/m2

Length 0.2 m
Horizontal/vertical tune numbers νx/νz

Injection, carbon 1.68/1.72
Injection, proton 1.764/1.829
Extraction 1.6666/1.72

Maximum horizontal/vertical optical functions βx/βz 
Injection, proton 17.1/17.2 m
Nominal 16.1/14.8 m

Increase to injection 70 ms
Injection plateau 50 ms
Acceleration to maximum energy 700 ms
Magnetic field plateau 200 à 8680 ms

Including slow extraction of the beam 200 à 4000 ms (min. to max.)
End of hysteresis cycle 500 ms maximum
Total 1.52 s à 10 s

21

Table V-2: synchrotron cycle

Table V-1: machine parameters
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The second limitation disappears because the num-
ber of protons in each spill (1010 at the patient) is redu-
ced by a factor of two2 in relation to the nominal value
of PIMMS. This reduction of intensity combined with
the increase in emittance leads to a tune shift which
is almost unchanged despite its significant dependence
on energy. The consequence of this is that the opera-
ting point in the tune number diagram does not have
to be changed. In fact, the tune number slip Dn is pro-
portional to N/Sβ2γ3 where S is the cross-section of the
beam and N is the number of particles stored. Thus,
the cross-section of the beam varies as 1/βγ, and the-
refore increases by a factor of 1.7 between 20 and 7
MeV. Reducing N by a factor of 2 gives tune numbers
νx = 1.751 and νz = 1.813, which are very similar to

those expected at 20 MeV νx = 1.764 and 

νz =1.829 ([7], page 70).

Figure V-3 illustrates the dispersion of tune num-
bers .

Energy βγ (Lorentz) βγ/βγ|7MeV/uma Bρ εx, z/π
(MeV/uma) (T x m) (10-6 m x rad)

Carbon 7 0.123 1 0.763 30
85 0.437 3.56 2.714 8.44

120 0.524 4.26 3.254 7.04
400 1.022 8.32 6.346 3.61

Protons 7 0.122 1 0.383 21.2
20 0.208 1.70 0.650 12.5
50 0.331 2.70 1.040 7.84
60 0.363 2.97 1.137 7.14

220 0.724 5.91 2.265 3.58

2 This only moderately increases the irradiation time in 
passive mode, which is in principle much faster than active
mode.

Figure V-2: horizontal and vertical envelopes of the beam stored at injection. Top: carbon, εx= εz = 30 π 10-6 m x rad.
Bottom, protons, εx = εz = 21 π 10-6 m x rad. The emittances are total emittances. The beam transport and focusing elements are
represented schematically near the axis.

Figure V-3: dispersion of tune numbers  due to the space
charge for 7 MeV protons

In view of these results, a new multi-turn injection
layout with 7 MeV protons has been optimized [16]
[23], in relation to the initial PIMMS scenario,
without having to make any major changes to the
injection parameters, summarized in table V-4.

Table V-3: energies, momenta, rigidities
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This concept of forced-acceleration extraction based
on the use of a betatron core was developed and per-
fected 20 years ago for the SATURNE 2 synchrotron
at Saclay [20]. The extraction process is easier to
control with this technique as all the optical ele-
ments of the machine are kept constant, with the
only dynamic system being the power converter of
the betatron.

Another possibility for performing slow extraction
is to excite the movement of the particles using a
transverse radio-frequency field. This technique,
known as "RF knock-out", has been successfully tes-
ted at GSI [25]. It is proposed for the HICAT project,
and is currently routinely used at the
CHIBA/HIMAC medical accelerator. It could also be
considered for ETOILE.

A comparison of these two techniques should be
carried out within the context of a detailed prelimi-
nary design, examining the following points.

• Regularity and uniformity of the spill which
could be affected by fluctuations in power sup-
ply. These problems can however be controlled
by real-time dosimetry at patient level.

• Possibility of modulating the intensity and even
momentarily interrupting the spill within one cycle
in the case of non-connected tumour sections.

Note:

At 7 MeV the sensitivity of the closed orbit to field
errors is clearly greater than at 20 MeV. However the
example of the MIMAS machine (injector for the
SATURNE 2 machine) demonstrates the feasibility of
injection of 390 keV protons without any particular
difficulty. As a comparison with PIMMS, the field in
the MIMAS dipoles was 8.0 x 10-2 T, and the gradient
in the quadrupoles was 4.1 x 10-2 T/m [24]. The injec-
tion was carried out over 130 turns, and took around
1 ms (compared with 16 turns and 33 µs for ETOILE).
The closed orbit at injection was corrected without
any problem from ± 10 mm before correction to 
± 1 mm with correction.

V-3 
Extraction

Slow extraction is a conventional way of extracting
the stored beam from the synchrotron. It consists of
inducing an unstable movement of the particles for
a rational value of the horizontal tune number. Half-
integer resonance and third-integer resonance can
both be used. For medical machines third-integer
resonance is preferable as it produces a slow spill
which is easier to control. This is important for irra-
diation of deep-seated tumours using active scan-
ning and for on-line dosimetry.

Slow extraction requires special equipment. In the
case of the PIMMS synchrotron, a sextupole induces
an instability in the horizontal movement when the
tune number is close to 5/3, a betatron core slowly
drives the beam onto the resonance and an electro-
static septum deflects the large amplitude particles
in the direction of the extraction channel. This pro-
cess provides a high level of homogeneity in the
spill.

Some restrictions are imposed on the optical func-
tions at the location of the instability excitation sex-
tupole and the electrostatic septum in order to satis-
fy the "Hardt" condition which improves the extrac-
tion efficiency and the quality of the beam extracted.

Carbon Protons 
(active) (active et passive)

Injection energy 7 MeV/uma 7 MeV
Particles stored 8 x 108 3.4 x 1010

Injection 16 turns 16 turns
Injection efficiency 23% 12%
Emittance stored 30 π 10-6 m x rad 21 π 10-6 m x rad

Table V-4: injection parameters
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• VI •
High energy beam lines
VI-1
Introduction

A "fishbone" structure has been chosen which is advan-
tageous in terms of modularity, adjustment and pos-
sibility of extension [26]. It makes the installation of
additional rooms easier if required. A general view is
given in figure VI-1.

The 150 metres of lines are made up of independent
achromatic basic modules giving regular and repeti-
tive beam envelopes. There are three basic modules
which enable easy adjustment of the beam diameter
in each of the treatment rooms. This is an advantage
for a medical machine which must be totally auto-
mated.

The beam quality can be tested at the downstream
end of the fishbone. This solution is also recommen-
ded for the Heidelberg centre. It is considered an
advantage by certain French medical physicists for the
same reasons [27].

The scanning system has been positioned downst-
ream of the last deflection dipole on each line. An
upstream scanning system would require a final dipole
with a larger pole and air gap. The solution proposed
makes maintenance easier and enables the use of iden-
tical dipoles in the high energy lines. The advantage
is practical as well as economical. On the other hand
it does lead to additional building costs, as the line
with vertical beam is higher.

To carry out the calculations, the origin of the high
energy lines has been taken, as in PIMMS, at the entry
of the electrostatic injection septum, around 11 met-
res upstream from the actual separation of the vacuum
chambers of the ring and of the high energy lines. This
makes it possible to define the original optical condi-
tions based directly on the characteristics of the slow
extraction process.

VI-2
Principles

The design principles of the high energy lines can be
summarized as follows:

• The PIMMS structure is retained up to the first
quadrupole "QFA" of the extraction section.

• A 3.8 m long straight section is left free from all
equipment downstream of the "QDB" so that a

handling vehicle can pass, by simple removal of
the vacuum chamber.

• An initial section deflects the beam by 45 degrees
to inject it into the fishbone itself. It contains a fast
beam stopping system, described below.

• The basic modules are achromatic, and are cha-
racterized by identical beam properties at both
ends: same diameter (varying from 4 to 10 mm)
and low divergence.

• The deflections are performed by 22.5 degree,
1.66 m long C-dipoles which are all identical and
have parallel faces.

• All the quadrupoles are identical, 0.35 m long with
a 20 T/m maximum gradient.

• The size of the beam at the origin of the high
energy lines is:
- in the horizontal plane:
10 mm total, regardless of the energy and the type
of particles
- in the vertical plane:
17.4 to 11.4 mm for carbon,
from 85 to 400 MeV/amu
16.8 to 11.3 mm for protons, from 50 to 220 MeV

• The total momentum dispersion is 1.1 x 10-3

• The size of the beam at the patient is adjustable
from 4 to 10 mm.

VI-3
Description of the optics

Extraction section (figure VI-2)

This section, which is 29.50 metres long, transport the
beam from the electrostatic extraction septum to the
fishbone. Its geometry is that of PIMMS up to the first
quadrupole QFA, which is followed by a matching qua-
drupole QDB, then a 3.8 m long free section to allow a
handling vehicle to pass through. This is followed by a
pair of quadrupoles QDC/QFD, then a 45 degree deflec-
tion which guides the beam via the last three quadru-
poles, QF1/2/3, to the fishbone exit. The dispersion func-
tion is identically set to zero downstream from the
deflection using quadrupoles QFA/QDB/QDC and QFD
only. The beam is matched to the fishbone exit charac-
teristics at the exit point of QF3 by the seven quadru-
poles QFA to QF3.

90 degree deflection module

This module, which is 21.19 metres long, provides
horizontal deflection towards the treatment rooms
(figure VI-2), and vertical deflection at the down-
stream end for the vertical line (figure VI-4).
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Figure VI-1: high energy lines and beam distribution in the
treatment rooms (the vertical line is drawn in the horizontal
plane)
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VI-4 
Description of the high energy beam lines

From extraction to the first room

This line, which is 50.7 m long, consists of the extrac-
tion section and a horizontal deflection module. The
structure is given in figure VI-2, together with the
beam envelopes for a 10 mm diameter (the structure
enables a range of 4 – 10 mm) at the patient.

From extraction to the second room

This line, which is 58.7 m long, consists of the extrac-
tion section, followed by a FODO module, then a 
90 degree horizontal deflection module. The struc-
ture is given in figure VI-3, together with the beam
envelopes for a 10 mm diameter at the patient.

The module is symmetrical both geometrically, as
shown in the figure, and optically. The quadrupoles,
and thus their power supplies, are connected in pairs
QP1l-QP1r, QP2l-QP2r, QP3l-QP3r.

The two pairs of quadrupoles at the beam line extre-
mities are only used for adjusting the beam diameter,
while the central triplet also ensures the achromatism
of the module. It should be noted that the downst-
ream straight section (i.e. on the patient side when
using the module at the end of the line) can be exten-
ded by 50 cm or more if necessary, while maintaining
the coupling of the quadrupoles, with no major dete-
rioration of the beam characteristics at the patient.

FODO module (figure VI-4)

The "FODO" module, which is 10 metre long, is used
to transport the beam between the deflection modu-
les and along the various straight sections. It consists
of four quadrupoles connected in two pairs, QDl-QDr
and QFl-QFr.

It is used for the periodic transport of the beam enve-
lope using a transfer lattice -I (where I is the identity
matrix). This FODO geometry can also be used in the
room with the vertical beam if a decision is made later
to add a line with horizontal beam.

“S” vertical module

This module, which is 22 metre long, starts and ends
with a pair of 22.5 degree dipoles, which take the beam
from the lower horizontal plane to the upper vertical
deflection. The beam is matched by a set of five qua-
drupoles. A module of this type will not be used in
the design of a rotating isocentric gantry.

Fast stopping device

Figure VI-5 describes this system ("beam chopper")
which is included in the 45 degree deflection of the
extraction module. In normal operation the beam fol-
lows a trajectory along a chicane made of 4 fast dipo-
les BM1 to BM4 (magnetic length 0.3 m, deflection
6.6 mrad, see location in figure VI-2).

In the event of a stop, the fast dipoles are cut in less
than 200 microseconds and the beam is sent to a beam
dump located in the centre of the chicane. This design
allows to prevent any beam shift at the patient during
the stopping.

Figure VI-2: beam delivery to the first room (horizontal beam)
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From extraction to the room with vertical beam

This line, which is 98.70 m long, consists of the extrac-
tion section, two FODO modules, a horizontal deflec-
tion module, an "S" module which transport the beam
from the horizontal plane at the machine to the final
vertical deflection module which directs the beam to
the target volume. Figure VI-4 gives the beam enve-
lopes for a 10 mm diameter on the target.

The structure of the line with vertical beam is such
that a horizontal line can be added at a later stage in
the same room, connected at the exit point of the " S''
section.

Figure VI-3: beam delivery to the second room 
(horizontal beam)

Fast beam stop

The horizontal beam envelope is given in figure VI-5,
as an example with optical adjustment to the maxi-
mum dimensions.

Figure VI-5 : central trajectory and beam envelope in the chica-
ne providing the fast stop (for a maximum horizontal dimen-
sion)

VI-5 
Option with rotating isocentric gantry

Until now the scenario which has been described has
been based on fixed beam lines, as required in the spe-
cification. However, a vertical fixed line in any case
requires fairly large transport optics and a fairly large
building. The estimation of the overall financial cost
of a scenario with rotating isocentric gantry is there-
fore justified, while remaining within the framework
of a simplified preliminary design.

This additional study has been carried out in less detail
than for the fixed lines, based on:
• the proposed structure for the HICAT gantry [28],
• budget estimates made for lines with fixed beam

(optical elements, power supplies, command and
control, building),

• an estimate of the terminal dipole.
The main unknown factor is the price of the rotating

27

Figure VI-4: beam delivery to the room with vertical beam



28

e to i l e p r o j e c t
Vo l u m e  2 /  j u l y  2 0 0 2

structure. A preliminary mechanical study has been
carried out in order to estimate the weights involved.
This study needs to be carried out in more detail. The
following conclusions have been drawn:

• transport line: 120 tons
• counterweight: 80 tons
• support structure: 400 tons

giving a total estimated weight of 600 tons.

The price of the support structure has been estima-
ted taking the following basic costs into account:

• design
• construction (industrial documentation, process

quality test runs, manufacturing, heat treatment,
test assembly and transport)

The plan of the building corresponding to the repla-
cement of the line with vertical beam by a line with
rotating gantry is given in XVI-6. The only modifica-
tions in terms of civil engineering are for the gantry
part. The additional cost for this option is approxi-
mately 8.2 M¤ (including the building).

Figure VI-6: outline diagram of the gantry (from GSI)

The scanning system is installed upstream of the ter-
minal dipole in order to minimize the total diameter
of the rotation system.

The optics of this assembly will be incorporated in
the modular design of the fixed lines (achromatism,
adjustable beam diameter) which must be able to
compensate for the consequences of rotation of the
arm on the beam characteristics at the isocentre.
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• VII •
Technical devices 
and components
VII-1
Transport and focusing elements 
of the synchrotron

The various elements are those described in the
PIMMS document ([7] part 2). They are the result of
a detailed study which will not be covered again here.
They have however been the subject of a budget esti-
mate either from manufacturers for standard elements
or for the betatron core, or consultation with specia-
lists from CERN [29] for special elements such as sep-
tum deflectors. Septum deflectors require a high deg-
ree of technical skill, as does the betatron core.

VII-2
Transport and focusing elements for 
the high energy lines

A comprehensive study of the beam envelopes has been
carried out for all operating conditions (energy and dia-
meter) and has led to definition of the optical elements
and the vacuum and diagnostics systems. It has thus
been possible to define the useful aperture which cor-
responds to the maximum transverse size of the beam
with the addition of a safety margin.

The quadrupoles required are the same as those pro-
posed for the PIMMS extraction line ([7] volume 2
appendix II V). The magnetic length is 0.35 m for a
maximum field gradient of 20 T/m.

The dipoles are new, with C-type dipoles being used,
and are all identical. The main characteristics are given
below [30]. The technology used and the magnet assem-
bly remain those which were defined for the PIMMS
beam line magnet. It will consist of a stack of identical
laminations whose profile is determined by the stan-
dard cross-section. All the laminations will be assem-
bled on a circular template corresponding to the ben-
ding radius of the magnet.

The characteristics of the dipole are given below. It has
been designed in 2-D using OPERA-2D code.

VII-3 
Power supplies

All the power supplies of the synchrotron are based
on the characteristics of the PIMMS optical elements.
The project only uses standard tolerances (5 x 10-5)
for the following reasons :

• The technologies used must be controlled, relia-
ble and optimized from an economic point view,

• The spills obtained by the proposed extraction
method have been measured on the SATURNE 2
machine and have demonstrated a high degree of
consistency,

Figure VII-1: standard cross-section of a dipole

Type C
Number 22
Overall length 1.8930 m
Iron length 1.661 m
Overall width 0.815 m
Overall height 0.880 m
Air gap 0.0560 m
Weight 7.25 t
Nominal field 1.5 T
Maximum field 1.57 T
Maximum current 610 A
Magnetic length 1.661 m
Radius 4.231 m
∆B/B tolerance ≤ ± 5 x 10-4

Horizontal "good field" region ±31 mm
Vertical "good field" region ±28 mm
Resistance (coils in series) 0.0488 Ω
Inductance (coils in series) 0.159 H
Number of coils 2 (1/pole)
Number of turns 128 (64/coil)
Number of water circuits in // 8 (4/coil)
Average length of one turn 4.157 m
Length of one water circuit 67.6 m
Total power 18.2 kW
Temperature rise  ∆T 12.7 °C
Flow rate 20.5 (2,56/circuit) l/min
Pressure drop ∆P 6.44 bar

Table VII-1: characteristics of a dipole for high energy lines
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• Any micro-breaks in the spill can be compensated
by real-time control of the delivered dose in order
to ensure its consistency.

The quadrupoles of the high energy lines are fed sepa-
rately. Their power supplies are defined by the cha-
racteristics given in the PIMMS project.
The dipoles of the high energy beam lines are sup-
plied in pairs [31]. The characteristics of their power
supplies are given in table VII-2.

VII-4 
Vacuum systems

The vacuum systems associated with the synchrotron
and beam lines are described below.

The conclusions can be used to define a coherent pum-
ping system which corresponds to the criteria of an
"industrial" type machine with maximum reliability
and optimum efficiency.

VII-4-1 Synchrotron

Required pressures

An average pressure of 5 x 10-7 Pa will enable carbon
ions and protons to be transported in the synchro-
tron with minimum losses (due to collisions with the
molecules of residual gas).

Guidelines which led to the proposed structure

In order to minimize the time for which the machine
is not available in the event of an accidental rise in
pressure, the following principles have been adopted:

• the desorption rate used to calculate pumping is
1 x 10-7 Pa.m.s-1. This is the rate for a clean cham-
ber which is not baked,

• the construction of the vacuum chambers will use
technologies which allow baking at 120°C for a few
hours. In this way it will be possible to restore the
nominal pressure quickly and safely if the 
synchrotron returns fully or partially to atmosphe-

ric pressure,
• all the pumping is carried out using ion pumps

which require no maintenance.

Vacuum chambers

The calculations are made using the dimensions of
the vacuum chambers of the PIMMS project. These
chambers are made of stainless steel. The connections
between the elements are Conflat® type flanges with
copper seals. The vacuum chambers of the dipoles are
corrugated.

Vacuum and measurement devices

Table VII-3 summarizes the main characteristics of
the pumping system. The synchrotron is divided into
3 sectors by isolation valves. Each sector has a rou-
ghing vacuum system with the associated pressure
measurements. High vacuum techniques should be
used for cleaning and assembly. Venting to atmosphe-
ric pressure will be achieved using dry nitrogen.

Pressure measurements are taken using Pirani, Penning
and Bayard Alpert pressure gauges. A gas analyzer will
be used to qualify and quantify partial pressures. The
safety functions are controlled by Pirani and Penning
pressure gauges.

Baking system

This consists of single heating elements whose power
is adapted to each vacuum chamber. The corrugations
of the chambers of the dipoles reduce the thickness
of the wall (the impedance thus becomes non-negli-
gible) which can then be used as a heating element.
In all cases, no costly regulation system is required,
simply a few monitoring thermocouples.

Pre- 3 dry mechanical pumps (15 m/h)
evacuation 3 turbomolecular pumps (150 l/s)

3 Pirani pressure gauges + power supply
3 Penning pressure gauges + power supply
3 x CF 100 isolating valves for the TMP

Pumping 15 ion pumps 400l/s
3 x CF 160 isolating valves for the sectors

Measurements 3 Pirani pressure gauges + power supply
3 Penning pressure gauges + power supply
9 Bayard Alpert pressure gauges + power supply
1 gas analyzer

Baking Heating elements

Characteristics 60 V / 610 A
Regulation 5 x 10-5

Mains supply 3 x 400V
Cooling Eau
Dimensions (width, depth, height) 60. 80, 160 cm
Weight 500 kg
Number 11 (pour 22 dipoles)

30

Table VII-2: characteristics of the dipole power supplies in the
high energy beam lines

Table VII-3: vacuum systems of the synchrotron
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VII-4-2 Beam lines 

From the point of view of vacuum quality, different
separate sections are planned. Each line has its own
roughing and pumping system. Diaphragms are pla-
ced close to the intersections with the synchrotron in
order to minimize the flux of gas from the lines due
to the differences in pressure. Pressure measurements
are taken using Pirani, Penning and Bayard Alpert pres-
sure gauges. Safety functions are provided using Pirani
and Penning pressure gauges.

As for the synchrotron, the desorption rate used for
the calculations is 1 x 10-7 Pa.m.s-1. However, no baking
system is planned.

Likewise, high vacuum techniques must be carefully
applied (cleaning, assembly, dry nitrogen for venting
to atmospheric pressure).

VII.4.2.1 Pomping system for low energy line
The low energy line contains the two ion sources and
all the vacuum chambers up to the isolation valve before
the intersection with the synchrotron.

Required pressures

The distribution of the pumping system in the low
energy line makes it possible to adapt the pressure at
the source side (1 x 10-3 Pa) to the pressure which must
be maintained in the synchrotron on the isolating
valve side (5 x 10-7 Pa).

Vacuum and measurement devices

In the sources, pre-evacuation and pumping are car-
ried out by mechanical and turbomolecular pumps.
In the rest of the line, the pre-evacuation system
consists of a mechanical pump and a turbomolecu-
lar pump with the associated measurement equip-
ment. Pumping is carried out using cryogenic pumps
which absorb the high flux coming from the sources.

A diaphragm, the size of which is determined accor-
ding to the profile of the beam, is placed immediately
upstream of the isolating valve to reduce the flux ente-
ring the synchrotron.

Table VII-4 summarizes the main characteristics of
the pumping elements.

Source 6 mechanical pumps (15 m3/h)
pre-evacuation 6 turbomolecular pumps (450 l/s)
and 6 Pirani pressure gauges + power supply
pumping 6 Penning pressure gauges + power supply

6 x DN 150 isolating valves for the TMP
Line 1 dry mechanical pump (15 m3/h)
pre-evacuation 1 turbomolecular pump (150 l/s)

1 Pirani pressure gauge + power supply
1 Penning pressure gauge + power supply
1 x CF 100 isolating valve for the TMP

Line 3 cryogenic pumps 1500 l/s
pumping 1 x CF 100 isolating valve for the sections

3 Pirani pressure gauges + power supply
3 Penning pressure gauges + power supply
3 x DN 200 isolating valves for the cryo.
pumps
4 x DN 100 isolating valves for the sections

Line 1 Pirani pressure gauge + power supply
measurement 1 Penning pressure gauge + power supply

1 Bayard Alpert pressure gauge + 
power supply

VII.4.2.2 Vaccum systems for the linac and the
medium energy line

These assemblies are isolated by valves on either side
of the synchrotron.

Required pressure

The average pressure required in the medium energy
line is 1 x 10-6 Pa.

Vacuum chambers

As with the synchrotron, the vacuum chambers are
made of stainless steel. The junctions have metal seals.
High vacuum techniques must also be applied.

Table VII-4: vacuum systems for the sources and the low 
energy line
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Vacuum and measurement devices

A pre-evacuation system will be provided, with the
associated measurement equipment and a secondary
pumping system with ion pumps.

Table VII-5 summarizes the main characteristics of
the pumping elements.

VII.4.2.3 Vaccum systems for the high energy line
Required pressures

The average pressure in the high energy lines is 
1 x 10-5 Pa.

Vacuum chambers

The vacuum chambers are made of stainless steel, as
for the synchrotron. The junctions are made using
Conflat® flanges and with copper seals.

Vacuum and measurement devices

Table VII-6 below summarizes the main characteris-
tics of the pumping system for the high energy lines.
Immediately next to the synchrotron exit point, a
high-speed valve is placed as a safety device. Each line
has its own pre-evacuation and pumping system.
The pressure measurements and safety functions are
dealt identically to those in the rest of the machine.

VII-5 
Accelerating system of the synchrotron

The acceleration of protons and light ions in a syn-
chrotron from a few MeV/amu up to energies of a few
hundred MeV/amu requires the development and
implementation of a radio frequency cavity which can
be tuned across a wide frequency range: a few hund-
red kHz to a few MHz [32]. Until very recently (1990)
these cavities used ferrites as the electromagnetic load.
The main characteristics required for these materials
are naturally a high magnetic permeability and low
electromagnetic losses. The power of the associated
amplifiers is several dozen kW. Of course, the opera-
tion of these cavities has been improved with succes-
sive developments of proton and heavy ion synchro-
trons, and a large number of radio frequency
configurations have been used.

Requirements for increasingly compact machines are
now appearing, in particular for accelerators for medi-
cal use. Considerable progress has been made due to
the use of amorphous magnetic materials. These mate-
rials have a very high magnetic permeability at low
frequency so that the longitudinal dimension of these
cavities is smaller than that of a ferrite loaded cavity.
Moreover, these materials allow a greater deviation of
the tuning frequency of the cavity. The polarization
circuits of the material are also simplified [33] [34].

The cavity proposed for the ETOILE project is iden-
tical to that proposed in PIMMS and in the CNA pro-
ject. It is based on a prototype using the materials
already mentioned, which was tested in 1987 at the
Saturne National Laboratory, then transferred to
CERN. The configuration used is the combination of
2 quarter wave lines in opposition, separated by the
accelerator gap. The polarization of the material only
requires a maximum of a few dozen amperes to cover
the frequency range (0.5 MHz – 4 MHz).

Pre-evacuation 4 dry mechanical pumps (15m3/h)
4 turbomolecular pumps (150l/s)
4 Pirani pressure gauges + power supply
4 Penning pressure gauges + power supply
4 x CF 100 isolating valves for the TMP

Pumping 8 ion pumps 150l/s
2 ion pumps 400l/s
4 x CF 100 isolating valves for the sections
1 x CF 100 high-speed valve

Measurement 4 Pirani pressure gauges + power supply
4 Penning pressure gauges + power supply
4 Bayard Alpert pressure gauges +
power supply

Pre-evacuation 1 dry mechanical pump (15 m3/h)
1 turbomolecular pump (150 l/s)
1 Pirani pressure gauge + power supply
1 Penning pressure gauge + power supply
1 x CF 100 isolating valve for the TMP

Line pumping 4 ion pumps 400 l/s
2 x CF 160 isolating valves for the sections

Linac pumping 4 ion pumps 150 l/s
Measurement 2 Pirani pressure gauges + power supply

2 Penning pressure gauges + power supply
2 Bayard Alpert pressure gauges +
power supply

Table VII-5: vacuum systems for the linac and the medium
energy line

Table VII-6: vacuum system for the high energy lines
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The associated power amplifier has a push-pull struc-
ture. The cavity has already been tested by coupling
it to a 2 tube amplifier (each tube can deliver a power
of 50 KW [35]).

The day-to-day operation of a synchrotron for medi-
cal use must be as easy as possible. For this reason it
is planned that the "low level" electronics associated
with the radio frequency system of the synchrotron
will be mainly integrated in the control system of the
facility. Interfaces with operators will therefore be
made extremely user-friendly. The parameters and
their evolution will thus be displayed and any mal-
functions detected immediately.

VII-6 
Diagnostics

The large amount of equipment planned for ETOILE
is necessary to ensure reliable operation in an industrial
type frame, in which operation of the machine must be
highly automated. The diagnostics are totally integra-
ted in the control system, and thus also have a user-
friendly operator interface. The diagnostics include both
the systems necessary for day-to-day operation and those
required for specific "machine" measurements. The fact
that a person is being irradiated imposes strict require-
ments in terms of safety. It is also essential to ensure that
the prescribed dose is given, as well as its location.

The operation of a synchrotron which is for medical
use only requires a wide range of beam diagnostics to
perform the following functions:

• start up the accelerators and bring them quickly
up to nominal performance,

• check the beam characteristics in order to qualify it
prior to use for medical treatment,

• measure and log the beam parameters to guaran-
tee reliability and traceability of operation,

• detect malfunctions and quickly ascertain the
cause.

Measurements which are essential for operation
concern:

• the intensity of the beams and thus measurement
of the transmission efficiency of the beam transport
lines and the machines,

• the position of the centre of gravity of the beams.
This measurement is essential for the automatic
alignment of the beam on its nominal axis,

• the transverse profiles of the beam.

Beam intensity

The intensity of the beam is measured from the ion
sources up to the synchrotron exit point using cur-
rent transformers giving its AC and DC components.

For the lines to the treatment rooms, the absolute
intensity is measured using Faraday cups, which are
interceptive diagnostic devices. These are used to cali-
brate secondary emission chambers, which are non-
interceptive, and can remain inserted in the beam
during operation. They also provide the image of the
spill. Real-time control of the beam is thus provided.

Position of the beam centre of gravity

Stripline electrodes for measuring the position of the
beam centre of gravity are installed in the injection line
from the linac up to the synchrotron. A precision of
1/100 of the diameter of the vacuum chamber can be
achieved.Automatic alignment of the beam can be achie-
ved using an appropriate operating program.

The synchrotron is equipped with pick-up electrodes
which are essential for measuring the closed orbit and
for measurements specific to synchrotrons, such as the
tune number. This type of electrode will also be used
for measuring the beam transfer function.

In the high energy lines the position of the beam is mea-
sured by multiwire ionization chambers which also give
the beam profiles. These are the only detectors which
can be used here.

For the treatment rooms, multiwire ionization cham-
bers will be used whose high voltages and gas pressure
can be fully controlled. These devices are essential to
guarantee the characteristics of the beam up to the
patient.
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Transverse beam profiles

In the low energy line upstream of the linear accele-
rator, it is necessary to use profilers to determine the
characteristics of the beam before it enters the radio-
frequency quadrupole and the synchrotron. The tech-
nology for the detectors to be developed is known [34].
For the synchrotron, a residual gas ionization profi-
ler needs to be developed.

In the high energy lines, the profiles are given by mul-
tiwire ionization chambers.

Note: diagnostics are constantly being developed and
will be updated in line with future technical develop-
ments.

.

Location/function Type Quantity
Injector, low and medium energy lines  

Beam display Scintillators + C.C.D cameras 8
Beam intensity (D.C. component) D.C. Current Transformer 3
Beam intensity (A.C. component) A.C. Current Transformer 3
Measurement of number of charges Faraday cups 5
Beam transverse profile Profilers 8
Position of the beam centre of gravity Stripline pick-up electrodes 5
Beam phase / RF / energy Capacitive pick-up electrodes 4
Shaping of beam Horizontals and vertical slits 5 horizontal + 5 vertical

Synchrotron
Beam display Scintillateurs + cameras C.C.D. 2
Position of the beam centre of gravity Electrodes "pick up capacitives" 10/8 (horizontal/vertical)
Beam intensity (D.C. component) D.C. Current Transformer 1
Beam intensity (A.C. component) A.C. Current Transformer 1
Beam phase / RF Electrodes "Pick up capacitives" 1
Transverse profile of the circulating beam Moniteur à ionisation du gaz résiduel 1 (horizontal/vertical)
Beam loss monitor chambre à ionisation 10
Beam transfer functions Déflecteurs électrostatiques 2 (horizontal/vertical)
"Schottky" diagnostics Electrodes "pick up capacitives" 2 (horizontal/vertical)

High energy lines
Beam display Scintillators + CCD cameras 9
Beam intensity Faraday cups 5
Beam transverse profile Multiwire ionization chambers 22
On-line beam control Secondary emission chamber 4
Beam loss monitors Ionization chambers 10

Treatment rooms
On-line dose control Ionization chambers 15 (3 beam lines )

Table VII-7: summary of the beam diagnostics planned for the ETOILE project (including treatment rooms)
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VII-7 
Systems for distribution of the dose to the patient

VII-7-1 Active scanning

An active system for distribution of the dose can be
installed in a room with fixed beam (horizontal or
vertical) or in a room with gantry.

Beam scanning equipment has been developed for
carbon beams at GSI and for protons at PSI
(Switzerland) with the aim of developing conformal
treatment of tumours.

The active scanning system [37] will be similar to that
developed by GSI and proposed for the HICAT pro-
ject [38]. It is placed downstream of the last deflec-
tion dipole. This makes it possible to considerably
reduce the size, and thus the cost, of the optical ele-
ments. This is also a definite advantage in terms of
handling (see also the "beam distribution" section).
However, it also means that the line with vertical beam
has to be higher.

The energy of the beam, which can be well control-
led, precisely defines the depth of the Bragg peak for
a given spill.

The corresponding section will be scanned using two
magnetic dipoles, and dose modulation can be obtai-
ned by varying the scanning speed (which can reach
10 m/s). The dose will be controlled in real time, as
stated previously, in order to compensate for any fluc-
tuations. The synchrotron allows to interrupt irra-
diation during a spill in order to avoid irradiating
healthy tissue located between two non-connected
parts of the tumour and to minimize the treatment
time. In this way, it is not necessary to start a new
machine cycle.

Parameters : Horizontal scanner : Vertical scanner :
Maximum magnetic field 0.38T 0.38T
Sweep rate 38 T/s 10 T/s
Maximum bending angle 1.45° 3.3°
Magnetic length 0.546 m 1.220 m
Aperture 140 mm x 130 mm 170 mm x 170 mm
Maximum current 400 A 400 A
Conductor cross-section 8.5 x 8.5 mm 8.5 x 8.5 mm
Number of turns 96 128
Power consumption 11 kW 25 kW
Weight 275 kg 725 kg

Once the section has been fully irradiated, the depth
of treatment will be changed by changing the energy
of the beam delivered in the next cycle.

Using this scanning technique, shown in figure VII-2,
it is therefore possible to scan all the layers and fol-
low the contours of the tumour with an extremely
high degree of precision.

Table VII-8 gives a few typical specifications of the
scanning system [38]

Figure VII-2: principle of the active system (irradiation by scanning).
GSI doc. [6]

Table VII-8: characteristics of the scanning magnets
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VII-7-2 Passive mode distribution 

Although the "active scanning" method is the irradia-
tion technique planned for the ETOILE project, the
possibility of "passive" irradiation, as used for example
at the HIMAC synchrotron at Chiba [39], should be
allowed for. The beam and the optical elements of the
transport lines at the facility must also be suitable for
the use of this technique.

The properties of the beam delivered to the patient in
the case of the passive irradiation technique are obtai-
ned by degradation of the incident beam characteris-
tics supplied by the accelerator downstream of the high
energy lines. To do this, position and/or energy disper-
sion devices are used, combined with conformation
devices which are either lateral (collimators) or distal
(compensators).

Position dispersion expands the transverse dimensions
of the incident beam. It is achieved for example by scan-
ning the incident beam (wobbling). Two-dimensional
conformation to the geometry of the area to be irra-
diated is carried out using devices such as asymmetric
collimators or multileaf collimators.

Energy dispersion or distal dispersion enables SOBP
(Spread Out Bragg Peak) which spreads out the depth
of the irradiated area. This effect may be combined with
modification of the average energy of the beam in order
to adjust the irradiated depth. Distal conformation to
the volume to be irradiated is obtained using devices
such as a transmission block or compensator bolus.

It should be noted that devices for dispersion-unifor-
mization of the transverse density, which are purely
optical and thus not interceptive, seem to lend them-
selves to use in hadrontherapy. This type of device, for
which the principle of use is shown in figure VII-3 [40],
has already been studied in other projects [41].

Figure VII-3: main optics of a disperser-uniformizer combined
with the high energy lines.The main feature of the device is the
insertion of two non-linear magnetic lenses (octupoles, HO and
VO)

Figure VII-4: section of the beam with almost uniform transverse density obtained by means of octupolar lenses
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• VIII •
Control system.
Computer infrastructure

This section covers all the elements needed for the
facility in terms of the control system, equipment for
general computing and data storage, networks and
operation of the facility. The following section is desi-
gned to provide the basic elements needed to carry
out the detailed design of the control system. Where
possible, commercially available components which
meet the requirements are indicated. However, in view
of the rate of industrial development in this field, it
is clear that the choices made here will have to be upda-
ted at the construction stage. They do, however,
demonstrate the feasibility of the technical options
chosen. We also make reference to  [42] [43] [44] [45]
[46] [47] [48] [49] [50] [51] [52] [53].

VIII-1 
Overall design

The system described in this section can be divided
into two main parts:

• The accelerator control system, responsible for
supervising the accelerator from the source up to
the end of the transfer lines. The "accelerator" staff
will use this control system from the main control
room.

• The treatment control system, responsible for sup-
plying the correct dose rate to the patient. This
system must control in particular all the safety
aspects concerning the patient. The medical staff
will use this system from dedicated control rooms.

The above subsystems will be linked together by a
standard Ethernet network.

The number of nodes (PC, VME, workstations, com-
puter, other) to be connected to the network has been
estimated for each part of the facility :

• Accelerator: 70 nodes
• Machine and treatment control rooms: 50 nodes
• Offices: 80 nodes

Each node will be connected to a switch by a point-
to-point link. Two switches would seem to be suffi-
cient for this facility. These switches are available from
CISCO, for example, in various configurations (CATA-

LYST family). They provide connections with speeds
ranging from 10 Mbps up to 1 Gbps. VLAN techno-
logy is used to isolate the logical networks. This tech-
nology groups individual nodes into logical groups
whatever their geographical position on the network.

One VLAN will be used for the accelerator, one for
the treatment rooms and one for the offices.

It will be possible to access the Internet via a dedica-
ted node running firewall software to protect the site
from external attack. One of the leading products in
this field is FireWall-1 from CheckPoint.

VIII-2 
Accelerator control system

This concerns the source, the injector, the synchro-
tron and the beam lines up to the treatment rooms.
Its purpose is to adjust the various parts of the
machine, monitor the parameters, manage the safety
devices, provide the interface with the operators, and
carry out the essential function of pulse-to-pulse
modulation of the parameters for adjusting the energy,
the beam diameter and the intensity at the patient.

The system is based on established solutions: VME
will be used for interfacing the equipment, with the
possibility of using VXI for controlling the RF system.

For high level tasks, such as the operator interface,
database management or archiving, workstations with
various configurations will be used. A TCP-IP network
will link the various elements.

At the lower level, fieldbuses will be used, such as: G3
[44] for the optical loops for the source, GPIB for the
RF instrumentation, Worldfip or CAN or Profibus for
the power supplies.

The control software will be EPICS [45], one of the
most widely used in the field of accelerators. This soft-
ware will constitute the top layer of the vxWorks real-
time system [46]. This architecture is illustrated in
figure VIII-1.
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This system meets the following requirements of the
specification.

• Reliability

"The hardware and software chosen must ensure a
good level of reliability. The day-to-day operation in
a hospital environment rules out any solution which
may present risks".

VME is a very robust mechanical and electronic stan-
dard which is used in harsh environments: TGV train,
Pathfinder Mars rover.

Servers and workstations which are critical for the
operation of the machine will be equipped with redun-
dant power supplies and RAID disks to improve their
reliability.

EPICS and vxWorks are well known for being relia-
ble software components.

This architecture (VME + workstations + vxWorks)
has been successfully used, for example, for more than
10 years at the CEA Saclay. CEA Saclay also uses EPICS
for various projects at DESY, TJNAF and CERN.

• Robustness

"The system must provide protections to avoid any catas-
trophic consequences for treatment or for the accelera-
tor which may result from human error. Temporary fai-
lure of any of the control systems must have a limited
impact. Such a failure must at minimum leave the acce-
lerator in a condition in which its operation remains pos-
sible".

Following the technique used at GSI and planned for the
future at Heidelberg [47], the various possible adjust-
ments of the accelerator will be stored locally in the VME
system in Flash-EPROMs. This will avoid the risk of
adjustment values being changed accidentally, as could
happen if these values were stored in computer files, for
example.

Before a treatment is started, the accelerator must be pro-
tected against any accidental change made by the opera-
tors. This locking mechanism is necessary. For this pur-
pose, EPICS provides a very powerful secure access
structure. Permission for an operator to access a para-
meter is subject to a combination of conditions which
may be: identification of the person requesting access, of
where the request originated, what action is to be per-
formed,and (particularly important here) in what context.

Figure VIII-1: proposed architecture for the ETOILE project
control system
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In this architecture, there is no data concentrator or any
other system which could have catastrophic conse-
quences if it failed. EPICS could be described as being
somewhat fault-tolerant.

The latest version of vxWorks provides memory pro-
tection.

• Availability

"Intelligent tools must enable the operator to detect
and quickly locate any problems. The modular hard-
ware architecture must enable rapid replacement ".

The EPICS general alarm detection tools will be used
to inform the operator of any faulty channels.

VME technology enables a module to be replaced in
less than a minute. The restart of a VME crate takes
less than a minute.

• Safety

"The safety of people and equipment requires the use
of standard computer systems".

This point concerns the safety of the accelerator itself
(beam losses, cooling default, temperature rise in the
power supplies, etc) and the safety of staff (for exam-
ple, access to rooms which may receive the beam).
These safety aspects are now commonly handled using
PLCs in a redundant configuration.

• Performance

"This requirement concerns the particular require-
ments connected with pulse-to-pulse operation".

A specific network will handle rapid synchronization
problems. The control system responsible for ram-
ping the radio frequency or the magnets will be cho-
sen accordingly (use of fast DSP).

The EPICS protocols and databases will be optimized
for maximum performance.

• User friendliness

"The tools for interaction with the control system
must be intuitive and easy to use".

Several features of EPICS will have to be improved
to meet this requirement.

• Support

"Each hardware and software component must have
the support of large industrial companies or a large
group of users".

VME components are produced by well-established
commercial firms, and EPICS also has the support of
the accelerator communities throughout the world.

14 VME crates will be used to control the machines
(sources, linac, synchrotron). Some of these crates will
be to standard VXI for controlling the radio frequency.

10 VME crates will be used for beam transport to the
treatment rooms. The number of crates has been cho-
sen to reduce the length of the cable runs (typically,
one VME crate will control 2 dipoles).

For local maintenance a number of workstations will
be installed along the accelerator: 9 for the sources,
linac, synchrotron, and 4 for the beam transports.

VIII-3 
Treatment control system

The following functions are required:

• Selection of the treatment plan from the patient’s
database

• Request to the accelerator control system in
order to obtain the beam characteristics cor-
responding to this treatment plan

• Adjustment and control of the scanning magnets
• Control of the intensity and position of the beam
• Stopping/starting the beam according to the pro-

gress of the treatment
• Interfacing with the medical operators
• Archiving of all useful information concerning

the treatment

A number of the choices made for the accelerator
control system will be used: VME for the hardware
interfaces, workstations for the operator interface,
Ethernet for the communication requirements. Many
of the characteristics concerning reliability, robust-
ness and availability will therefore be valid.

The treatment control system is organized as follows,
and is shown in figure VIII-2.
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• Supervision

This task will be performed by a VME crate contai-
ning a CPU running under EPICS which will be lin-
ked to the accelerator control system via Ethernet.
This will display the current treatment, send the neces-
sary requests to carry out the treatment, and provide
all the information to the medical console. This sys-
tem will also be responsible for the centralized mana-
gement of the parameters.

• Sequencer

A second CPU will be responsible for sequencing all
the operations specified in the treatment plan. In order
to ensure maximum safety of this sequencer, which is
crucial for treatment, it will not run under EPICS, and
will not be connected to the Ethernet. The software
will be resident in rewritable memories (EPROM),
and the interface with the supervision and acquisi-
tion systems will be via shared VME memories.

• Acquisition

A fast acquisition system will play a number of impor-
tant roles in the sequencing and carrying out of treat-
ment.

This system sends requests to the accelerator control
system concerning the required beam characteristics.
It also controls the scanning magnets. It must acquire
important parameters supplied by the ionization
chambers, such as the position, intensity and profile
of the beam.

If an anomaly is detected, it must send an alarm to
the safety system very quickly. It must therefore be
very fast, and like the GSI choice for this, a DSP-based
architecture will be used. These processors can read
the treatment electronics of the ionization chambers
via a dedicated channel at 20 Mb per second.

A system grouping up to 4 DSP with 4 communica-
tion channels in one VME crate is sold for example
by Pentek [48]. This crate will give a procedure stop
signal if one of the above parameters (scanning
magnet, intensity, position) moves outside the speci-
fied tolerances. A specific alarm signal will also be pro-
duced in the event of failure of one of the DSP.

The planned configuration provides adequate redun-
dancy to ensure a good level of safety for the system.

• Hard-wired safety systems

The purpose of this crate is to provide the maximum
possible level of safety to the patient. It receives various
signals, analyzes them and generates an output signal
enabling or inhibiting the use of the beam. To obtain
the highest possible level of reliability, a solution based
on a completely hard-wired system will be used. The
signals coming to this crate are from the DSP, the ope-
rator console, and from various alarms at the patient.

• Manual medical console

This console is completely hard-wired and will be used
mainly by the medical operators to start treatment,
send a fast stop signal and to display the treatment
parameters on appropriate LED display units. If the
medical workstation or the VME dedicated to treat-
ment fails, this manual console will remain operatio-
nal, thus providing a high degree of safety.

• Medical workstation

This workstation has a very sophisticated graphics
interface to display and store data for the patient treat-
ment plans. It also gives the status of the critical com-
ponents in the facility: magnets, ionization chambers,
patient positioning, high voltages. It displays all the
alarms detected by the safety systems.

Another screen will display the tumour being treated
with the possibility of zooming in on the part being
irradiated. It stores the whole treatment on disk, which
can then be used for subsequent analysis. The gra-
phics package IDL [49] is ideal for this purpose.

Each treatment room will have a VME assembly (safety
crate, manual console, and workstation) with the cor-
responding software.

This treatment control system, although limited in
terms of the hardware used, is by far the most com-
plex and crucial part of the whole facility.

In particular all aspects concerning safety, reliability,
redundancy, user-friendliness and ergonomics of the
system must be carefully designed and developed, as
well as being inspected and audited by external orga-
nizations.
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VIII-4 
Computer infrastructure

• Computers running under UNIX/LINUX

These will be used for the following purposes:

- accelerator database server: A commercial ORACLE
[50] type database will be used to describe all the
equipment (configuration management). The real-
time data to be loaded in the VME will be extracted
from this database.
- treatment database server: Another ORACLE type
database will contain all the information concerning
patients and their treatment. For an assumed 1000
patients per year, this will represent a significant volume
of stored data.
- archive server (traceability): This computer will conti-
nuously archive all the parameters of the facility, so that,
if required, these parameters can be correlated with a
particular treatment.

- other smaller servers will be used, for example, for sto-
ring VME startup programs or for development purpo-
ses.A mail server and an Internet server will also,of course,
be necessary.

• High volume storage and backup

All the servers will have sufficient storage capacity.
However, to provide a greater storage capacity, smooth
evolution and maximum availability, an NAS (Network
Attached Storage) storage unit is planned. This unit
will provide up to 1 Tbyte of storage. A central sys-
tem will carry out server backups. A robotized tape
library, such as the P6000 from ATL [52] with
Netbackup software from VERITAS [53], may be used.

In addition to daily backup operations, this will pro-
vide long term storage for treatment data.

Figure VIII-2: architecture of the treatment control system
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IX-2 
Testing the quality of treatment and real-time
control at the patient

Qualification

For a reference machine configuration, the real-time
dosimetry diagnostics, placed in the beam in front of
the patient (Table VII-7), will be calibrated using cali-
brated ionization chambers. For this calibration, refe-
rence ionization chambers are placed in a volume of
water. As in conventional radiotherapy, the reference
measurement systems (ionization chamber, cable, elec-
trometer) are calibrated by an approved central cali-
bration laboratory.

For a given treatment, a set of measurements must
first of all be taken on a water phantom to validate the
machine configuration. Measurements can also be
taken using solid phantoms (plastic plate type) and
parallel plate ionization chambers (PPIC) and mul-
tiwire plate chambers (MWPC).

Development is currently being carried out on poly-
mer gels to provide 3-D mapping of the deposited
dose. It will be possible to transpose these techniques
to conventional radiotherapy.

• IX •
Testing the beam quality

To ensure the quality of the treatment using carbon
ions, the beam which is delivered must be qualified.
For one patient, the energy and intensity vary from
spill to spill, at an approximate rate of 0.5 Hz. The
beam which is delivered must have the required cha-
racteristics and a high level of stability, throughout
the day, without the necessity for further adjustment
phases. In addition, the dose deposited in the target
volume must be totally guaranteed.

The assumptions made and the scenario used in this
section are based on actual experience from GSI. At
the start of the day a period of two hours is planned
for quality test runs of the machine and the control
system in each of the rooms [54]. A one-hour period
of post-treatment checks is also planned at the end of
the day [27] [54]. This period is a safety element.

IX-1 
Testing the machine quality

The machine adjustments will be carried out at the
end of the fishbone.

The energy of the beams delivered is guaranteed by
means of Bragg peak measurements. The purity of
the beam delivered and its intensity is also control-
led.

The geometric precision of the beam (diameter and
position) at the patient must be better than 1 mm to
be able to guarantee the value, the uniformity and the
location of the dose deposition. Experience of opera-
tion at GSI has demonstrated that this type of machine
had a ± 0.5 mm drift over two weeks in the horizon-
tal plane and was even better in the vertical plane. It
also demonstrated that the theoretical "machine" para-
meters (voltage setpoints, current setpoints, etc), sto-
red in the memory, were sufficiently reproducible and
reliable.
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Figure IX-1: measurements on solid phantom

Figure IX-2: display of the 3-D distribution of the dose deposi-
ted in a reference material using dosimetric gels (from GSI [6])

Figure IX-1 gives an example of measurement with
a solid phantom [37] [55] consisting of a stack of
several ionization chambers and plastic plates
(PMMA) of variable thickness.

Real-time dose control at patient level

During treatment, on-line control and control at
patient location will be carried out using a series of
wire chambers (profile measurement) and a series of
ionization chambers (control of the intensity and the
dose).

The dose deposition can be guaranteed by a measu-
rement every 25 µs (as at GSI) during the scanning
process. As already mentioned in the "beam scanning
system" section, the area to be treated is scanned with
no interruption in the spill, but the scanning speed is
not constant. The beam is only moved from place to
place after the prescribed dose has been reached.
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• X •
Safety

The purpose of this section is to examine the radiologi-
cal protection to be implemented around the facility
which is to deliver proton beams to the patient with a
maximum energy of 250 MeV (1 x 1010 particles per spill)
and carbon ion beams with a maximum energy of 400
MeV/amu (4 x 108 particles per spill). The case of beams
of ions with an intermediate mass has also been inclu-
ded. The layout of the chicanes is given for information
only in plan XVI-9 and is still to be finalized.

The hadrontherapy centre must meet the requirements
of the regulation ensuring correct organization of the
radiological protection for the staff working there and
also for the environment and the public.

The main problems which arise are:

• the identification of controlled zones
• the determination of biological protections
• control of access in the rooms and around the

rooms equipped to receive the beam
• the measurement of the dose equivalent rates

connected with ambient radiation during opera-
tion of the accelerator and irradiation of patients

• the evaluation of constraints related to the radio-
logically-induced activation of the elements of the
machine, air and water

• the handling of activated materials

X-1 
Controlled zones

The radiological protection zoning based on opera-
tion of the machine is defined as follows:

• "machine" areas : forbidden access controlled zone
• areas accessible to patients : public zone (a dose

equivalent rate of 0.5 µSv/hr is considered, applying
the specification of 1 mSv/year for 2000 hours of
presence [56])

• patient treatment areas : either forbidden access
controlled zone (treatment in progress) or green
controlled zone

• technical area on first floor: basic controlled zone
(a dose equivalent rate of 10 µSv/hr, is considered,
applying the limit of 20 mSv/year specified by
European directive 96/29 for 2000 hours of pre-
sence)

• source room : basic controlled zone
• "living area" on first floor : public zone

During normal operation, losses are divided over 7
locations, as shown in plan XVI-9.

The main protection against radiation will be the
thickness of the shielding walls.

The beam losses are defined in Table X-1 [56] and
diagram XVI-9.

It should be noted that the intensity of protons is
always 25 times greater than that of 12C.

The calculations performed by the radiological pro-
tection department of CEA Saclay [56] have given the
following results for the thickness of passive biological
shielding (concrete density 2.3) to be installed in order
to comply with the radiological protection objectives.

Loss points number of 12C  number of protons
per spill 3 per spill4

P1 (extraction) 6.4 x 107 1.6 x 109

P2 (adjustment line) 5.76 x 108 1.44 x 1010

P3 (scanning: 1.32 x 108 3.31 x 109

treatment room)
P4 (patient irradiation) 4 x 108 1 x 1010

P5 (scanning: 1.32 x 108 3.31 x 109

treatment  room)
P6 (patient irradiation) 4 x 108 1 x 1010

P7 (patient irradiation) 4 x 108 1 x 1010

3 spill frequency: once every 1.5 s
4 number of protons in active mode

Table X-1: losses (active scanning)

44
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At 0°, the 12C require a thickness of 360 cm for the faci-
lity. At greater angles it is sized for protons. At 90°, the
facility must be totally sized for protons.

Sky effect has been taken into account in the deter-
mination of the thickness of the concrete slab above
the irradiation areas. It appears that for a dose equi-
valent rate taken at 10 µSv/hr on the roof, the sky effect
does not cause any higher exposure level than the
public dose at a distance from the facility. The final
engineering study will determine the thicknesses of
concrete walls that sustain machine elements and the
concrete floor above the synchrotron. These thick-
nesses will be larger than required for radiation safety.

X-2 
Systems for stopping the beam 
in the event of an anomaly

This involves the "beam safety devices" (SF). Their
operation will be essential in the event of any ano-
maly and each time there is a request to enter a room
whose access is controlled.

Wall Distance between source Loss(es) Angle in relation Thickness 
and observer (m) in question to the beam (°) required (cm)

ME 10.60 P1 90 90
MN 20 P1 0 200

6.4 P2 90 200
MO 5 P2 0 500*

6.4 P7 90 200
MS1 13** P7 0 380***
MS2 13** P3+P4 0 380***

13** P5+P6 0 380***
MS3 26 P1 90 70
MSA 6.4 P3+P4 90 200

6.4 P5+P6 90 200
MSN 3 P2 90 150
Plafond 3 P3+P4 90 150

(*)    : local protection should be considered (beam stop)
(**)   : distance from source to start of baffle (living area side)
(***) : total thickness of front walls of the baffle

Table X-2: thickness of biological shielding

There are beam stopping devices which can be inser-
ted along the transport line in order ensure that it is
not possible for the beam to enter a room in which
staff are present. There is also a beam stopping device
enclosed in a special concrete block located at the end
of the fishbone. The role of this device is to enable
adjustment of the beam intensity. A fast beam stop
(200 microseconds) is planned for the first deviation
after ejection of the beam from the machine.

Figure X-1: location of the beam safety devices

Area of application Conditions
Machine room 2/3 entre CF1, CF3 et HF S1

2/3 entre CF2, CF3 et HF S2
Room 1 SF11 et SF12
Room 2 SF21 et SF22
Room 3 SF31 et SF32
On-line source Diversion (direction of magnet)
Main beam stop (AFP) Activated by the main system if there is an

access or radiation detection fault and if
the SF are not in place after 2 seconds

Redundant Activated by the redundant system if beam
beam stop (AFR) is present and presence of persons detected

and if the SF are not in place after 2 seconds
Fast beam stop Protection of the patient in the event of an

irradiation fault

Table X-3: beam safety devices
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The beam safety devices will be controlled by two inde-
pendent systems. The main system will monitor the
levels of radiation and control access to the rooms. The
redundant system will monitor the status of the beam
safety devices and any access and will manage the risk
of presence of the beam in a room in which staff are
present.

X-4 
Measurement of radiation

For this type of facility, 5 neutron indicators are recom-
mended, located as follows: one per treatment room,
one in the public area, one in the controlled zone in
the technical area.

In addition, it is advisable to provide 5 photon indi-
cators for each of the beam loss points in order to
control external exposure due to residual activation.

The thickness of the walls has only been calculated
based on losses during normal operation. It would be
advisable to check that the beam losses during the
adjustment phases do not cause risks greater than
those during normal operation.

X-3 
Access control

This involves access to the rooms which may receive
the beam. Two situations need to be considered: treat-
ment room and machine room.

When the beam safety devices for the treatment room
are in place, the room is a monitored zone with free
access. When the patient has been positioned, the per-
son responsible for the irradiation will carry out a
check, leave the room and close the door, then confirm
a "ready" to carry out irradiation (release of the beam
safety functions and sending the beam). Staff access
to the treatment room will be authorized as soon as
the beam is no longer arriving on the patient (fast set-
ting of the beam safety devices). This authorization
will also depend on the neutron radiological level given
by the indicator for the room.

The machine room will be accessed via an intermediate
chamber which will make it possible to count and/or
display the movement of staff. The assurance that there
is no-one in the room when the beam safety functions
are released will be conditional upon initialization of
the counting system after a check has been carried out,
if necessary. Visual and audible devices will be used to
warn workers inside the rooms of the radiological level
and that the beam is due to arrive. It will only be pos-
sible to open locked doors from the outside using a
badge or an emergency key. Unexpected opening of a
door will trigger the setting of the beam safety devices.

The access management system will use safety PLCs to
control the opening and closing of the treatment room
doors and the doors of the intermediate chambers, and
also to perform the counting functions.

The radioactivity levels will be monitored by a set of
fixed and mobile indicators placed at appropriate points
over as large an area as possible. The radiological pro-
tection indicators connected to an illuminated signa-
ling system will authorize or prohibit access to the syn-
chrotron room, to the beam line and to the treatment
rooms, and will provide information on the activity in
these different areas. These sets of indicators will be
connected to a central control panel which will provide
information on the status of the various detection assem-
blies and the dose rate value measured at the position
of the detector.All the data will be archived by the control
system.
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• XI •
Building and infrastructures
XI-1 
Civil engineering

The civil engineering will depend on the radiological
protection studies which determine the thickness of the
biological protections both for the side walls and for the
slab located in the ceiling of the synchrotron (sky effect).
It will also depend on the options examined: line with
vertical beam or rotating gantry, for the installation of
a traversing crane and the reinforcement of the floor
slab. No detailed study of the concrete structures has
yet been carried out.

A plan has been proposed (after studying comparable
projects) for the layout of the machine devices and the
medical and technical areas.

There is no traversing crane in the synchrotron room
(unlike the area containing the vertical beam or a gan-
try) but a distance of 3 metres has been kept free around
it for transporting the dipoles or other heavy equipment
using an appropriate machine [55].

The fishbone structure of the beam distribution system
will facilitate further development of the building.

In accordance with the specifications of the doctors, the
reception area will be on the same floor as the treatment
rooms and the machine. The patient’s route has been
designed so as to avoid meeting other patients, machine
technicians, or research staff.An anesthetics room, com-
bined with a recovery room, is also planned.

The upper floor of the building is designed to house the
medical services (examination rooms, scanner and MRI)
and the general and auxiliary services (electrical distri-
bution, cooling, ventilation). It will also house all the
power supplies in order to minimize their distance from
the equipment.

The plans showing the different options for the facilities
at the hadrontherapy centre are given in plans XVI-3 to
XVI-7 (Plans of the treatment floor and the service floor,
sectional drawings, solution with gantry and route for
patients). In this initial design the building will occupy
a ground area of 64 x 58 m2. The synchrotron room
alone will measure approximately 30 x 30 m2.

XI-2 
Infrastructures

These designs, developed in the context of a preliminary
design, have taken into account, with the help of manu-
facturers, all the technical aspects and requirements of a
medical treatment centre, in order to estimate the cost.

XI-2-1 Main power supply
and uninterruptible power supply

The synchrotron is a pulsed machine. During the cycle,
on increasing to the maximum field (operation at maxi-
mum energy and therefore at maximum power), the
current in the dipoles varies from 100 to close to 3000
amperes in ~ 0.8 s. The voltage can therefore reach over
1000 volts, while its value at the plateau is around 200
volts. At lower energy, after the spill, it will be necessary
to increase the current to maximum before decreasing
it for the start of a new machine cycle, in order to main-
tain the same hysteresis cycle of the magnets. This cau-
ses a significant fluctuation in the active power (up to
2MW) and reactive power (up to 5 MVAR) on the mains
supply, whose consequences would be perturbations of
around 10% of the mains voltage if compensation were
not provided.

In addition, thyristor power supplies generate low fre-
quency harmonic currents5 which cause perturbations
on the mains supply.

It will therefore be necessary to minimize the level of this
perturbation caused on the mains supply (voltage, reac-
tive power and harmonics generated), so that it remains
below that specified by the electricity supplier6 and to
avoid causing malfunctions in the facility itself. A sys-
tem must therefore be provided to compensate for the
reactive energy and to filter the harmonic currents.

5 The dipole power supplies generate harmonics 11 and 13 (550 Hz and 650 Hz). This interference is proportional to the power,
hence the need to filter them.
6 The electricity supplier invoices its customers for the reactive energy consumed and prohibits them from producing harmo-
nics above a certain level. The consumption of reactive energy is free of charge (EDF in France) if it is kept to:
tan ϕ = reactive power (kVARh) / active power (kWh) < 0.4
ϕ : phase difference between the current and the voltage
F Decre and H Chedeville. Principes de tarification de l'électricité en France. D4 023, traité Génie électrique, sept.1995.
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As at CERN (SPS synchrotron) we propose the use of
static reactive power compensators (known as "VAR com-
pensators") which reduce the voltage perturbation and
the level of harmonics to a level of 1%.This system consists
of a bank of conventional filter capacitors 
(3-phase arms of inductances and capacitors in series)
and an absorber, i.e. inductances controlled by a thyris-
tor controller. The bank will filter harmonics 5, 7, 11 and
above, and supply a fixed capacitive reactive power in
order to compensate for the maximum reactive power
of the facility. The absorber consumes a variable quan-
tity of inductive reactive power, the variations of which
are opposed to those of the loads (magnet power sup-
plies) using a servo system. Thus the total reactive power
of the facility remains constant.

This solution, which is consistent with the chosen power
supplies, is proposed for the ETOILE project and has been
costed with manufacturers. The compensation device
must also have the same level of reliability as the machine.

Thyristor power supplies (low cost and simple to use) are
very suitable for this range of power. Those chosen have
a structure which minimizes the harmonic currents and
consumes little reactive power.

The operation of the accelerator may be interrupted by
a power failure or perturbation of a sufficient amplitude.
The example of the ESRF (Electron Synchrotron Radiation
Facility) demonstrates a sensitivity of 10% over the vol-
tage of each phase if the duration exceeds 80 ms [57]. It
is therefore essential as a priority, to:

• Back up data concerning treatments in progress,radio-
logical controls, information related to the control
system, access control, PET imaging.

• Protect sensitive equipment, such as the filaments of
radio frequency tubes, the ion sources and the asso-
ciated systems.

The time taken to restart operation must be limited
to one hour, including testing, after restoration of the
mains supply. This point has also been the subject of
a consultation [58]. The solution proposed is a 250
kVA dynamic Uninterruptible Power Supply (UPS)
with 15 seconds independent operation and return of
power after a few seconds by a 300 kVA generating
set.
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A 1 MVA HQPS option (High Quality Power Supply:
this is a diesel-driven generating set (started automa-
tically in the event of a power breaks of more than a
few seconds). It would ensure total continuity and keep
additional elements in service, such as the cooling or
air conditioning.

XI-2-2 Electrical distribution

The electricity supply is provided via 2 lines (main and
backup) switched with a maximum trip time of 10
seconds. These lines end at a delivery unit located at the
edge of the site. Two lines link the delivery unit to the
distribution room located on the service floor of the buil-
ding where there are 20 kV/400 V transformers [59]. The
distribution and the isolation and protection devices
make it possible to carry out maintenance work without
disconnecting the whole installation.

Nine transformers have been planned for the supply of
functionally and geographically consistent assemblies.
These are all dry type transformers.

The low voltage electrical distribution separates the inter-
ruptible and uninterruptible supplies. Emergency stops
are managed centrally by a PLC.

XI-2-3 Cooling

A specialist consultancy has been approached on this
point [60]. The capacity of the demineralized water
cooling plant for the accelerator and the beam lines has
been cautiously estimated at 2 MW assuming continuous
operation on a plateau at maximum energy. A pressure
drop of 8 bars is assumed in the elements, which cor-
responds to a system pressure of 10 bars. The required
inlet temperatures will be in the region of 20 °C, and the
outlet temperatures will be 30 °C maximum. The ave-
rage temperature of the elements will therefore be in the
region of that of the machine room. All the pumps will
be backed up.

Two solutions have been examined by the design office
responsible for the costing:

• the first using the ground water from a bored well will
meet the required conditions. It includes a buffer tank
which will reduce the consumption of the water from
the well and improve the operation of the tempera-
ture regulation.

• the second with a "wet" cooling tower, does not main-
tain the temperatures of the elements (26 °C and 
41 °C) for a similar cost, due to the wet bulb tem-
perature (21 °C).
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The well solution is therefore recommended for its com-
pliance with the specifications and for its reduced impact
on the environment.

The installation has been divided into 4 circuits each with
an exchanger,a demineralization circuit and relief pump.
Part of the installation can, in backup operation,cool the
ion source, part of the medium energy line and the fila-
ments of the high frequency tubes.

XI-2-4 Handling

The installation of a traversing crane covering the syn-
chrotron room over a 30 m diameter would have had
considerable consequences in terms of the height beneath
the ceiling and the direct and associated costs. The pro-
ject has the advantage of only using small sized elements
which are therefore of a moderate weight. The solution
chosen for handling is that of the ESRF [57] : a low elec-
tric truck ("lobster") which travels around the ring and
is capable of carrying a main dipole (weighing less than
8 tons). This requires that the high energy beam line can
be disassembled on a length of approximately 4 m to
allow the truck to pass. Local devices (hooked on special
"rails" embedded in the concrete) will be provided for
handling elements weighing a few hundred kilograms.

XI-2-5 Routes between the treatment floor 
and service floor

The power supplies on the service floor are located ver-
tically above the corresponding elements (synchrotron,
lines etc), which reduces the wiring lengths. The wiring
is routed via cavities which provide protection against
ionizing radiation.

XI-2-6 Electromagnetic interference

All the wiring will conform to standards. For example:
installation in metal cable runs with few openings in a
single layer, equipotential connections of cable runs and
identical paths for connections to variable power sup-
plies.There will therefore be no particular restrictions for
patients with pacemakers for example.
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• XII •
Restrictions related 
to the reference site

The altitude of the site chosen as the reference is bet-
ween 193 m and 200 m. The highest altitude is loca-
ted close to the ring road.

A number of restrictions can be observed from the
zoning plans:
A project has been set up for the Vinatier site to be
classified as a ZPPAUP zone (architectural, urban and
landscape heritage protection zone). The Vinatier site
is currently classified as a USP (palliative care unit)7.
This zone is intended to cover sites for the location of
the main general interest public amenities. All cons-
truction projects must take account of the functional
and technical restrictions specific to that facility, its
location and its role structuring the urban area, with
links to the natural and man-made environment.

The Vinatier site is located in the "la Grange des Tours"
area. The chosen plot on the Vinatier site includes a
listed wooded green space (50 m strip along the ring
road) and another preservation area in the centre of
the plot.

A listed historical monument is located near the cho-
sen site. This is the "maison Berliet" (39 avenue
Esquirol in Lyon). The height of buildings is limited
within a 500 m radius. According to the map showing
public rights of way, the zone overlaps into the Vinatier
site, but not the plot of the reference site [61].

An NGF altitude (NGF = French altitude measure-
ment system) of 279 m (aircraft and clearance) must
not be exceeded.

The zoning of the Neuro-Cardiogie/Villeurbanne-
INSA microwave link does not overlap the zone of the
Vinatier site. However consultations may be neces-
sary in order to prevent interference.

The mapping of the natural level of radiological acti-
vity (zero point of the site) has not yet been carried
out. It will be performed at different measurement
points by an approved organization.

Climatological data have been obtained from
Météofrance (French weather office). This data cover
temperature, precipitation, air humidity and wind
direction [62].

The drinking water supply and waste water collection
networks have been obtained from the technical
departments at Vinatier.

The solution for taking water from the ground water
for the cold water source for the equipment cooling
system is preferred (diagram XVI-10).

The electricity distribution company, EDF, has car-
ried out a study for the supply of the necessary power
from two different stations. The outline diagram of
the electricity distribution is given in XVI-11).

Problems connected with lightning have been taken
into account. The consequences of electromagnetic
interference caused by equipment within the centre
or outside the buildings must be examined.

7 Zoning regulations of the metropolitan authority of Lyon.
Regulation dated 26 February 2001.
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• XIII •
Treatment
XIII-1 
Treatment plan

This subject, covering the hadrontherapy treatment
plans is covered in volume I section V subsection 1.

XIII-2
Carbon ion hadrontherapy imaging

This subject, covering carbon ion hadrontherapy ima-
ging is covered in volume I section V subsection 2.

XIII-3 
Equipment of the treatment rooms 
and other associated areas

In accordance with the medical specifications, each
treatment room has been equipped differently, but all
future installations remain possible in line with deve-
lopments in the technique, in particular for patient
positioning and imaging. It will be possible to set up
a passive dose distribution system in all the rooms in
place of the active distribution system.

The systems for measurement of the doses deposited
(ionization chambers), the robot-controlled systems
for positioning the patient’s bed or chair, the X-ray
imaging systems and the laser or optical measurement
apparatus are all identical, in order to minimize spe-
cial training for hospital staff and maintain the uni-
formity and interchangeability of operations.

Optical systems installed in the treatment room will
be used for additional control of all positioning ope-
rations (patient, bed, chair, water phantom and zero
or resting point of the robot) with respect to those
determined by laser beam.

Each room will be equipped with a support robot
which can position a bed, a chair or a beam control
device (phantom) in 6 axes (x, y, z, ρ, θ, φ).

As in conventional radiotherapy centres, it is inten-
ded that the patient immobilization systems will be
made on site.

The patient pre-positioning rooms and irradiation
control rooms will also have identical equipment.

In order to have access to all the necessary diagnos-
tics before or after irradiation, an MRI scanner and
an X-ray scanner will be necessary. A PET camera will
be provided in one of the treatment rooms, to check
that the distribution of the dose in the target volume
complies with that specified in the treatment plan.
The Lyon hospital environment will provide additio-
nal clinical diagnostics to that provided at the centre.

Table XIII-1 below lists the equipment necessary for
three treatment rooms and the associated technical
areas.

Description Equipment
Treatment plan room 1 2 planimetry consoles
Treatment plan room 2 2 planimetry consoles
Computer storage and archive room Planned in the control system
(images, etc)
Pre-positioning room 1 Lasers, mobile support table + trolley
Pre-positioning room 2 Lasers, mobile support table + trolley
Pre-positioning room 3 Lasers, mobile support table + trolley
Clinical MRI room MRI scanner and accessories
Simulation scanner room Scanner and accessories
Anesthetics room + associated areas In accordance with current standards
Treatment room 1 3 mobile X-ray tubes with image 

intensifiers
Optical system ("Optotrack" type)
Lasers
Robot, Bed, Chair
Passive mode irradiation device
Quality control equipment

Treatment room 2 3 mobile X-ray tubes with image 
intensifiers
Optical system ("Optotrack" type)
Lasers
Robot, Bed, Chair
Suitable PET camera
Quality control equipment

Treatment room 3 3 mobile X-ray tubes with image 
intensifiers
Optical system ("Optotrack" type)
Lasers
Robot, Bed, Chair
Quality control equipment

Irradiation control room 1 2 stations and associated equipment
Irradiation control room 2 2 stations and associated equipment
Irradiation control room 3 2 stations and associated equipment
Immobilization device preparation room Specialist machines and tools
Workshops and technical areas Machines tools, etc
Offices Equipment
Meeting room Equipment

Table XIII-1: medical equipment
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• XIV •
Capital costs, development pr0gram,
development staff
XIV-1 
Capital costs

The estimates given below are presented in a sum-
marized form. They have been prepared in detail
(while still remaining in the context of a preliminary
design):

• by analyzing the sub-systems which have been stu-
died in other projects (HICAT injector, PIMMS
synchrotron),

• by the detailed study of new points (beam lines,
control system, computer systems),

• by consulting specialist companies or experts for
each constituent part (price of magnetic elements,
vacuum elements, RF elements, diagnostics). The
building, the soil composition of the reference site
and the infrastructure (air conditioning, mains
power supply) have been the subject of specific
studies with the assistance of specialist consul-
tancies and the Property Department of the CNRS.

A global additional cost for contingencies has been
incorporated.

A "development staff " item is included in the esti-
mates. This is the project management team and the
specialists required for the design and engineering
work, the initiation and monitoring of contracts,
acceptance, assembly, tests and finally commissio-
ning of the installation. These staff, as for any acce-
lerator, will be present on site during construction.
This item does not include the man power required
for building the elements of the accelerator as it is
included in the services supplied by the manufactu-
rers.

Description Capital expenditure excluding tax Capital expenditure excluding tax
November 2001 prices November 2001 prices

scenario without rotating isocentric gantry (M€) scenario with rotating isocentric gantry (M€)

Production of ions,
linear accelerator and low energy 8.83 8.83
beam lines.
Synchrotron 6.45 6.45
Beam distribution 4.68 10.21
and scanning system
Control 8.25 9
Building and infrastructures 23.2 24.6
(including project management)
Equipment for rooms 8.23 8.23
Cost of development staff 15 15
Contingencies  7% 5.22 5.74
Total cost (M€) 79.86 88.06

Table XIV-1: capital costs

Note: the "building and infrastructures" line includes a system for protecting important equipment against mains power 
failures (HQPS subsection XI-2-1 in volume II), for a cost of 0.7 M¤.
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XIV-2 
Project development

The development is based on a period of 6 years inclu-
ding a detailed design stage of around two years. The
graph below presents the total capital expenditure
plan, including staff and equipment (figure XIV-1).
The scenario shown is that with a rotating isocentric
gantry. The main expenditure is as follows :

• the contract relating to the project management of
the building will be started in the first year,

• the funding of the building and entire infrastructure
will be started in the second year,

• the funding of most of the main equipment (high tech-
nology components) will be started in the third year,

• the funding of the control system will be started in
the fourth year, together with that of part of the 
medical equipment,

• the capital expenditure in the fifth year will be devoted
to the remainder of the medical equipment,

• the sixth year will be devoted to machine testing 
("pre-clinical" period) and validation of the 
treatment system and to administrative licensing for
treatment. This year corresponds to "year 0" of the 
centre increase to full capacity, during which the first 
patients will be treated.

The possibility and methods of collaboration with
organizations, either French (the CEA or CNRS labo-
ratories for example) or European (CERN, GSI,
TERA), must be anticipated in order to take advan-
tage of their considerable experience (synchrotron
aspects for CERN and TERA, injector for GSI, for
example).

Figure XIV-1: capital expenditure plan, including staff and
equipment (including 7% for contingencies) for a scenario
with rotating isocentric gantry

Note: year 1 is the year of the decision in principle to go
ahead with ETOILE. Year 2 is the year of the final decision.
Year 6 is "year 0" of the centre’s increase to full capacity,
during which the first patients will be treated.



54

e to i l e p r o j e c t
Vo l u m e  2 /  j u l y  2 0 0 2

XIV-3 
Development staff

The following graph shows the planned numbers of
staff managed directly by the project and required for
its development (figure XIV-2).

Figure XIV-2: staff involved during the development phase

The "responsibility for development" cannot, in our
opinion, be totally assigned to a manufacturer which
would have to guarantee the performance of a turn-
key installation which it had never built before. The
same argument was used in [6].
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• XV •
Technical operation

XV-1
Technical staff during operation

With these assumptions, the technical staff required is
estimated below. It is important to note that this is the
minimum staffing necessary, with no safety margin.
Administrative and technical staff are not included.

The experience of GSI indicates that it is necessary to
have machine operation expertise available during the
treatment period, at the treatment room consoles, as
well as the operator (medical staff). It is assumed that
during this period, the "main" machine console is on
standby and monitors the parameters.

Operation - Morning shift

A technical manager must be present.
A system manager must be present, in view of the high
degree of automation of the centre.
Adjustment and testing phase: 2 operators at the main
console
Treatment phase: one of the operators will be availa-
ble for the 3 rooms. The second operator will remain
at the main console.

Total 4 people minimum for operation for the first
shift.

Operation - Afternoon shift

The scenario will be similar for the afternoon shift,
replacing the adjustment phase with the checking
phase.

Total 4 people.

Staff not assigned to a shift

In order to provide constant servicing and in particu-
lar first level repairs taking less than one hour, the fol-
lowing staff will be distributed over the two shifts :
Radiofrequency, diagnostics, sources: 1 engineer and 1
technician
Vacuum, electromechanics, mechanics: idem
Power electronics, electronics : idem
Night watch: 2 technicians (this is a minimum as the
watch period is 10 hours)

Total: 8 people

General total: 7 engineers and 9 technicians, i.e. 16
people minimum.

This is a minimum number which gives an average of
5 to 6 technicians at the centre, for the 5-day 35-hour
weeks worked. It does not include either any over-
lapping of technical teams and time for giving instruc-
tions, or holidays. However, it is assumed that the
machine will be sufficiently reliable to enable over-
lapping and include holidays.

XV-2 
Costs connected with technical operation

These are annual values, based on 2001 prices, in M¤
excluding tax (excluding staff).

Electricity 0.70
Fluids 0.08
Maintenance of infrastructures 0.23
Maintenance of buildings 0.09
Maintenance of the accelerator 0.83
Accelerator improvements, updates 0.43
Development of medical software and equipment 0.23
Fixed costs (land, insurance, security, etc) 0.22
Total 2.81 M€

Table XV-1: costs connected with technical operation
(excluding staff)
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• XVI •
Plans and diagrams

XVI- 1 Vinatier site
XVI- 2 Building layout
XVI- 3 Building without gantry: treatment floor
XVI- 4 Building without gantry: service floor
XVI- 5 Building without gantry: sectional 

drawings
XVI- 6 Building with gantry: plans and sectional

drawings
XVI- 7 "Patient" areas
XVI- 8 Synchrotron and beam lines 
XVI- 9 Controlled zones and beam loss 

points faisceau
XVI- 10 Diagram of the equipment cooling system:

solution using ground water
XVI- 11 HV and LV electrical power 

distribution diagram
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XVI- 1 Vinatier site 
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XVI- 2 Building layout
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XVI- 3 Building without gantry : treatment floor
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XVI- 4 Building without gantry : technical floor
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XVI- 6 Building with gantry : plans and sectional drawings
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XVI- 7 Patient areas
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XVI- 8 Synchrotron and beam lines
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XVI- 9 Controlled zones and beam loss points
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XVI- 10 Diagram of the equipment cooling system : solution using ground water
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XVI- 11 HV and LV electrical power distribution diagram
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• XVII •
Acronyms and abbreviations

APD Avant Projet Détaillé Detailed Preliminary Design
APS Avant Projet Simplifié Simplified Preliminary Design
CCTP Cahier des Clauses Techniques Particulières Specific Technical Specifications
CEA Commissariat à l’Energie Atomique Atomic Energy Agency
CERMEP Positron Emission Medical Investigation and Research Centre
CERN Centre Européen de Recherche Nucléaire European Organization for Nuclear Research
CNA Centro Nazionale di Adroterapia Italian hadrontherapy project
CNRS Centre National de la Recherche Scientifique National Scientific Research Centre
CPU Central Processing Unit
DESY Deutsche Synchrotron German Synchrotron
DRR Digitally Reconstructed Radiography
DSM Direction des Sciences de la Matière (CEA) Material Sciences Department
DSP Digital Signal Processor
DSV Direction des Sciences du Vivant (CEA) Life Sciences Department
DTL Drift Tube Linac
ECR Electron Cyclotron Resonance 
ENLIGHT European Network for Light Ions Therapy
EPAC European Particle Accelerator Conference
EPICS Experimental Physics Industrial Control System
EPROM Erasable Programmable Read Only Memory
Gantry Treatment room with rotating isocentric gantry
GPIB General Purpose Interface Bus
GSI Gesellschaft für Schwerionenforschung Society for heavy ion research
HICAT Heavy Ion Cancer Therapy Facility
HIMAC Heavy Ion Medical Accelerator of Chiba
IN2P3 National Institute for Nuclear and Particle Physics
IPNL Institut de Physique Nucléaire de Lyon Lyon Nuclear Physics Institute
ISNG Institut des Sciences Nucléaires de Grenoble Grenoble Nuclear Science Institute
LBNL Lawrence Berkeley National Laboratory
LED Luminescent Electronic Diode
LINAC LINear ACcelerator
MRI Magnetic Resonance Imaging
MWPC Multi Wire Plate Chamber
NAS Networked Attached Storage
NIRS National Institut of Radiologocal Sciences
PC Personal Computer
PET Positron Emission Tomography
PIMMS Proton Ion Medical Machine Study
PPIC Parallel Plate Ionization Chamber
PPMA Polymethyl MethAcrylate
RAID Redundant Arrays of Independent Disks
RFQ Radio Frequency Quadrupole
SOBP Spread Out Bragg Peak
TCP-IP Tranmission Control Protocol-Internet Protocol
TERA Fondazione per Adroterapia Oncologica Foundation for Oncological Hadrontherapy
TJNAF Thomas Jefferson National Accelerator Facility
UCBL Université Claude Bernard Lyon 1
UMA Unité de masse atomique Unit of atomic mass
VLAN Virtual Local Area Network
VME Versa Module Europe (data acquisition bus standard)
VXI VME Extension for Instrumentation



e to i l e p r o j e c t
Vo l u m e  2 /  j u l y  2 0 0 2

• XVIII •
Figures and tables
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