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 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 a I'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.

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 Rhone-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,
Rhone-Alpes Region and Metropolitan Authority of Lyon).
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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 Rhéne-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 car-
ried 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 Rhéne-Alpes region. This deci-
sion is justified both by the strong initial commitment of the Claude Bernard and
Joseph Fourier scientific and medical universities at Lyon and Grenoble respecti-
vely. 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 medical
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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OI.

Introduction and global situation

Cancer, a major public health problem

1.5 million new cases of cancer appear every year in
Europe. One in four people will die from cancer during
the 21* century. It will be the main cause of death bet-
ween the ages of 45 and 65. Even in developed coun-
tries, cancer will be the largest public health problem.
In two out of three cases death is due to the metasta-
tic spreading of the cancerous cells throughout the
whole organism. Only new medical treatments, aimed
at specifically targeting these cancerous cells, will be
capable of eradicating the metastases. Moreover, one
third of these deaths (i.e. 300,000 people in Europe)
is due to inadequate local control of the tumour.
Surgery remains the principal treatment for local
"control". Improvements in this technique are always
possible, but will never achieve 100% local control.
Radiotherapy is, after surgery, the main curative treat-
ment for cancer, and is also aimed at local control of
this disease [1] [2] [3].

Radiotherapy, an effective treatment which is cons-
tantly being improved

Two out of three patients suffering from cancer are
treated by radiotherapy during their illness.
Radiotherapy is responsible for 30 to 40% of cures,
on its own or combined with other treatments. Its
action is conservative, avoiding mutilation and main-
taining a good quality of life. Its cost is relatively
modest, accounting for only 5% of the total expendi-
ture on cancer treatment in France.

To date, considerable progress has been made in
conformal radiotherapy and chemo-radiotherapy, and
radiotherapy departments offer these techniques. In
years to come, the effectiveness of treatments using
photons will increase significantly as modulated inten-
sity therapies become available. Moreover, the increa-
singly wide use of chemotherapy combined with radio-
therapy significantly increases the effectiveness of
treatment. However, a large number of tumours
remain radioresistant and will result in failure of local
treatment, despite the availability of improved radio-
therapy treatments.

Light ion hadrontherapy is a leading edge technique
which is providing a therapeutic advance in
oncology

10

Neutrontherapy, despite a very unfavourable dose dis-
tribution, is biologically more suitable than photons
or electrons for controlling certain deep-seated radio-
resistant tumours (cancers of the parotid gland, sar-
comas). Light ions, and in particular carbon ions,
should form the basis of future treatments for radio-
resistant tumours, as they combine the advantages of
protons (Bragg peak ensuring precise dose distribu-
tion) and neutrons (high Linear Energy Transfer).
These two important properties have been confirmed
by the clinical results obtained in CHIBA, Japan (1100
patients) and in DARMSTADT, Germany (100
patients) [4]. The high tolerance to carbon ion treat-
ment has now been clearly demonstrated, with less
than 4% of grade III delayed toxicity, even with a 70
GyE' dose. The local control obtained for the various
radioresistant tumours (brain, head and neck, lung,
liver, sarcomas, prostate, etc) is between 70 and 90%.
Irradiation by carbon ions thus seems to be a signifi-
cant breakthrough in the use of radiotherapy in onco-

logy.

The number of potential patients in France can be
estimated at 18 000 a year, for whom carbon ions
would provide the best potential effectiveness — as the
only form of irradiation or in combination with
photon irradiation. Each year, ETOILE, which plans
to treat 1000 patients with radioresistant tumours,
whose recovery rate with another treatment would be
very low, and it is estimated that at least 500 of these
patients will be cured.

France must be involved in the development of car-
bon ion treatment

In Japan there are currently two treatment centres
using carbon ions. In Europe, five countries have simi-
lar projects. The project in Heidelberg (Germany) was
definitively accepted at the beginning of 2002. France
must be involved in these new developments, initially
for the benefit of its own patients and then to pro-
mote this new technique which will stimulate all areas
of radiotherapy, including radiobiology, the proce-
dures and tools for treatment, dosimetry and the asso-
ciated software. Lyon, at the heart of the Rhone-Alpes
region, is particularly well-placed for such a hadron-
therapy centre. Rhone-Alpes is a large region with six
million inhabitants, and a number of university cities
which are easy to reach in less than an hour.
Radiotherapy is used in many of the university depart-
ments. There is close collaboration between the onco-
logists, radiotherapists and physicists in Lyon and
Grenoble, who are also in close contact with the resear-
chers at CERN in Geneva.

'Gray équivalent, with reference to treatment with the same
biological effect carried out using conventional radiotherapy.
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The whole of the radiotherapy community in the
Rhone-Alpes region is closely connected with the
French oncology network via professional associa-
tions such as SFRO? or the Fédération Nationale des
Centres de Lutte Contre le Cancer (French National
Federation of Comprehensive Cancer Centres). The
ETOILE centre at Lyon will collaborate with the other
European centres for carbon ion treatment through
ESTRO?’ which represents a network of more than
5000 members throughout Europe (400 of whom are
in France). Clinical research, which is essential for the
definitive validation of this therapy, will be carried
out with the collaboration of the EORTC".

Radiotherapy and hadrontherapy: a future of at
least thirty years

Every 5 or 10 years, for the last 30 years, there is a
"miracle cure" for cancer that receives lots of publi-
city, for example:

- adjuvant chemotherapy in 1975
- immunotherapy in 1980
- oncogens in 1985
- taxanes in 1990

For the last 10 years, it has been hoped that cell the-
rapy and genetic treatments will provide a definitive
solution. It is certain that, increasingly, we will be able
to specifically target certain molecules to cancerous
cells (Glivec®, Herceptin®, Mabthera®). These treat-
ments will certainly advance over the next 10 years. It
is impossible, today, to predict the progress that will
be offered by gene therapy, particularly in the field of
cancer. As we have seen in the past, progress in the-
rapy is usually made very gradually, one step ata time.

In the next 30 years, together with these biological and
medical innovations and those made in surgery, radio-
therapy will remain one of the basic curative treat-
ments. There is a fundamental agreement on the need
to combat cancer, a cellular disease which is extremely
heterogeneous, using the complementary natures of
the therapeutic methods. It is certain, that each method
will have its place in the future, in the face of the cur-
rent rate of 140, 000 deaths each year.

*Société Francaise de Radiothérapie Oncologie

(French Society of Oncological Radiotherapy)

European Society for Therapeutic Radiology and Oncology
‘European Organisation for Research and Treatment of Cancer

Radiotherapy could be increasingly combined with
medical treatments (chemotherapy, biomodulators
of the p53, EGF, VEGF). Technological developments
- connected with conformal radiotherapy, intensity
modulated radiotherapy, and hadrontherapy (parti-
cularly using carbon ions) - will make it possible to
continue to improve the effectiveness of this area of
therapy in the long term, with an increasingly impor-
tant attention paid to quality of life.

Arguments that will be developed in this document
in favour of carbon ion hadrontherapy suggest that it
is reasonable to think that in the coming 30 years this
treatment will play a very important role in the cura-
tive treatment of cancers alongside other therapies.

The spin-offs from this technology for radiotherapy
as a whole will also be considerable in the coming
decades.

To summarise, light ion hadrontherapy, particularly
using carbon ions, seems to be one of the most cer-
tain means we have of improving treatment and curing
a significant number of patients with cancers, and this
will play an important role for at least the next 30
years. The cost of this treatment will be reasonable.
France and Europe must play a leading role in the
development of this new phase in the fight against
cancer.
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Hadrontherapy and the treatment
of radioresistant tumours. Research

II-1
Improving the therapeutic index of radiotherapy

The effectiveness of radiotherapy is limited by the risk
of acute toxicity and sequels connected with the pre-
sence of radiosensitive healthy tissue or organs close
to the tumour and by the radioresistance of many can-
cers.

The protection of healthy tissue requires improve-
ment in the precision of radiotherapy, adapting the
irradiated volume precisely to the volume of the
tumour. This is "conformal” radiotherapy. Recent deve-
lopments in computer science, imaging and techno-
logy have made it possible to develop the necessary
methods to get closer to this objective.

Two main ways of overcoming the radioresistance of
many cancers have been developed:

*  The first consists of increasing the dose of irra-
diation delivered to the tumour. This is only pos-
sible by better protection of healthy tissue, using
the complex techniques of conformal X-rays radio-
therapy, and also by using the physical properties
(Bragg peak) of certain particles, protons and light
ions (carbon ions in particular).

*  The second consists of increasing the "biological
effectiveness"” of radiotherapy in particular for can-
cers which have a low sensitivity to photons (X-
rays). This involves the use of "radio-sensitizing"
products and in particular chemotherapy, but
above all "high Linear Energy Transfer" particles,
neutrons and light ions (and in particular carbon
ions). For an equivalent physical dose, the relative
biological effectiveness of neutrons and carbon
ions is around 2 to 3 times higher than that of
photons.

These points are developed below.

I1-2
Progress and limits of radiotherapy with photons

Irradiation with photons, which is the basis of exter-
nal-beam irradiation, has developed over the last 100
years towards a gradual escalation in the dose. The

escalation of dose was initially achieved with high
energy photons used to treat deep-seated tumours
with a better tolerance. The development of teleco-
balt devices in the 1950s, then linear accelerators in
the 1970s and 1980s led, in less than 50 years, to a gra-
dual increase in the dose delivered to the tumour from
40 to 70 Gy, while reducing the secondary effects of
irradiation.

Progress in technology, imaging and computer science
have made it possible, since the 1990s, to improve the
definition and application of the concept of "confor-
mal radiotherapy" for photons. The poor physical pro-
perties in terms of ballistics (precision) of photons
make it necessary, for a given treatment, to multiply
the incidences of irradiation (or "fields of irradia-
tion"), each one being conformed to the "2-D" shape
of the tumour seen from its focus. This makes it pos-
sible to limit and/or distribute the dose of irradiation
better over the surrounding healthy tissue and to esca-
late the dose beyond 70 Gy.

Conformal radiotherapy has been developed in France
since 1995, and has been the subject of rigorous inter-
national medical and physical evaluations in France,
[5] [6] [7] [8] [9] despite a technological "lag" of
almost five years compared with the major American
universities. Prostate cancers have been studied in par-
ticular. The first clinical results of dose escalation (78
- 80 Gy as compared with a "conventional” dose of 70
Gy) have confirmed the advantage of high dose radio-
therapy alone for cancers with an "intermediate” pro-
gnosis [10][11]. The respective advantages of hor-
mone therapy and dose escalation for forms with a
poor prognosis remain to be assessed [12]. The French
teams, and in particular those in the Rhone-Alpes
region, are involved in the evaluation of conformal
radiotherapy for lung cancers in order to improve the
definition of the volumes to be irradiated and to
attempt to predict and avoid complications [13][14 ]
[15] [16] [17] [18]. The results of dose escalation are
currently much more disappointing for lung cancers,
with a local failure rate of more than 60% for doses
of more than 70 Gy in the irradiated area [19].
Moreover, dose escalation is not possible for a third
of patients due to the unacceptable risk of pulmonary
complication [20] [21]. Studies have also been carried
out for cancers of the facial sinuses, cancers of the
cavum, which are particularly difficult to irradiate due
to the organs at risk nearby (visual pathway, salivary
glands, temporo-mandibular articulations) and/or their
frequently radioresistant character, also illustrating the
limits of dose escalation and the clinical results, which
are still disappointing [22] [23] [24].
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IMRT (Intensity Modulated Radiotherapy) consists
of modifying the intensity of the various sub-regions
of each irradiation beam to improve the conforma-
tion of the irradiation further, in particular for concave
shaped volumes. This technology was developed
around 1995 in certain American universities, as well
as in Germany and England. Linear accelerators and
software are now on the market, with which the first
French teams were equipped in 2001, again around 5
years behind the leaders. Clinical data is still limited,
but an improvement, in particular in initial and long
term tolerance of treatment, should be achieved, with
an expected increase in effectiveness for tumours of
complex shape or location, especially in the field of
Head & Neck tumours [25] [26] [27] [28] [29]. It is
important to highlight an important decision by the
health authorities in France, which was the funding
of the medico-economic evaluation of "therapeutic
innovations" initiated in 2000. Conformal radiothe-
rapy with intensity modulation is also to be the sub-
ject of a multicentre medico-economic evaluation in
France, funded in the context of the 2001 national
research programme of the Ministry of health and
hospital management [30].

Conformal radiotherapy with intensity modulation
will probably be the final step in the technological deve-
lopment of photon radiotherapy. These techniques will
probably be routinely applied in most radiotherapy
centres in the next 5 to 10 years, and will become the
reference treatment for many tumours [6].

I1-3
Advantages of hadrontherapy

I1-3-1 Protons
At the same physical dose protons have the same
biological effectiveness as photons or electrons.
Their only advantage is a ballistic advantage, charac-
terised by the Bragg peak.
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Figure II-1: comparison of doses delivered by protons (Bragg
peak), photons and electrons
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There are about fifteen installations in the world,
two of which are in France, at Nice (Medicyc) and
Orsay (CPO). In the USA, two major centres are
already in operation and three are being created.

The indications which have been validated [31]
are choroidal melanomas (eye) (treated in Nice and
Orsay) [32] and tumours of the skull base (chordo-
mas, chondrosarcomas) treated in Orsay [33].
When the characteristics of the beam allow it, other
types of cancer can be treated, in particular cancers
of the prostate, but only preliminary results are avai-
lable [34] [35] [36] [37].These latter indications are
not currently covered in France. Since the potential
benefit of protontherapy is based on its ballistic pro-
perties (Bragg peak), the permanence of their
advantage in relation to conformal IMRT photon-
therapy should be confirmed in comparative stu-
dies. However, it may be considered that the results
of conformal radiotherapy and intensity modula-
tion for photons will be, in certain fields, similar to
those for protons, since the dose distribution will be
fairly similar, with a similar biological effect.

II-3-2 Neutrons

These are particles with a high Linear Energy
Transfer (LET), which gives them specific biological
properties. The main drawback of neutrons is their
poor ballistic quality (similar to that of cobalt 60
photons) which makes precise high dose irradiation
of the tumour difficult without irradiating the sur-
rounding healthy tissue at toxic doses.

The clinical results concerning the use of neutrons
in oncology show the advantage of projectiles with a
high irradiation density (high LET) for the treat-
ment of certain hypoxic or slow-growing cancers.
Indications which have currently been validated are
cancers of the salivary glands and inoperable soft tis-
sue sarcomas [31] [38] [39]. For locally-advanced
prostate cancers, the results from randomised stu-
dies have demonstrated a greater efficacy of neu-
trons (alone or combined with photons) in compa-
rison with "conventional" techniques of radiothera-
py using photons only [40]. For advanced cancers in
the head and neck region, a randomised study has
also demonstrated a significant improvement in
local control in favour of neutrons, but at the expen-
se of an unacceptable toxicity [41]. Other small-
scale comparative studies have not been able to
demonstrate a therapeutic advantage due to inade-
quate doses and/or major toxicity [42] [43] [44].
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Boron neutron capture therapy (BNCT) is a com-
plex technique based on the ability of a boron isoto-
pe (10B) to capture thermal neutrons. It is currently
being tested in Europe at a single site in Holland, at
the Petten high flux reactor within a nuclear
research installation. The efficacy and safety of this
technique is currently being evaluated by EORTC
for certain cerebral tumours (glioblastomas) [45].

II-3-3 Light ions

These are electrically charged particles with a greater
molecular mass than protons and neutrons, which
gives them their ballistic and biological properties
which are very advantageous in radiotherapy [46].
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Figure Il-2 : proton and carbon Bragg peaks ( J. Alonso)

Their ballistic properties are even better than those of
protons (narrower Bragg peak and smaller lateral dif-
fusion). With a high LET, and thus, a high ionization
density, they also have the biological advantages of
neutrons, i.e. a high Relative Biological Effectiveness
(RBE between 1.5 and 2.5) and a very low Oxygen
Enhancement Rate (OER). Schematically, an RBE of
2 means that at an identical physical dose (to that of
photons), the biological effect of carbon ions is twice
as effective. This relative biological effectiveness is a
complex spectral multiparameter measurement.
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Two phenomena significantly modulate the RBE
throughout the trajectory of carbon ions. On one hand
the LET — RBE relationship means that the RBE increa-
ses gradually just like the LET throughout the trajec-
tory to reach its highest values in the Bragg peak
(Figures II-3 and II-4) where the LET is represented
by average values because the spread out Bragg peak
consists of a spectrum of particles with different LETs.
Thus, at the start of the trajectory in healthy tissue the
LET and RBE are low and they increase in the Bragg
peak and thus in the tumour. This explains the "bio-
logical" dose advantage of carbon ions in the tumour,
in comparison with protons, while delivering the same
‘biological’ dose in the entry track (Figure II-5).
Moreover, since the RBE is a relative biological cha-
racteristic, it is dependent on the biological effects
used as reference. The short and long term anti-
tumoural effect and toxic effects on healthy tissue have
different RBE values for the same LET. The anti-
tumoural RBE, in certain conditions, can be higher
than the toxic RBE so that the therapeutic advantage
may be increased further in comparison with that
expected for the physical doses. Therefore, there is a
spectrum of RBE values in the whole of the irradia-
ted volume. The RBE must therefore be modelled
using the physical parameters (depth, density and
LET) and biological parameters (type of tissue, bio-
logical effects taken into account) in order to establish
a planned dosimetry, a biological dosimetry, which is
the only one valid for carbon ions. This modelling is
very complex and must also take hypoxia into account.
It represents the main radiobiological and bio-mathe-
matical challenge to the clinical use of carbon ions
[47] [48] [49].
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Figure II-3: distribution of the LET in water (dose-averaged LET)
of carbon nuclei 135 MeV/u. Lines = theoretical value, m = expe-
rimental measurements (T. Kanai et al [50 ])
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Figure Il-4: relationship between the LET and the relative bio-
logical effectiveness (RBE) and the oxygen enhancement rate
(OER). (M Tubiana et al [51])

The results from laboratory experiments, but also cli-
nical experiments on human cancers at Chiba (Japan)
and Darmstadt (Germany) confirm that carbon ions,
due to their biological properties, are particularly effec-
tive for treating radioresistant tumours. This is par-
ticularly true for hypoxic tumours since the increase
in the LET is also connected with a important pro-
perty of ions (and also of neutrons), i.e. the elimina-
tion of radioresistance connected with hypoxia (OER),
a major reason for therapeutic failure in radiotherapy
(figure II-4).

The knowledge accumulated with neutrons makes it
possible to evaluate precisely the risks of toxicity with
particles with a high LET, in particular carbon ions.
For the treatment of radioresistant tumours, carbon
ions are a good compromise between the need for a
high LET (which increases with Z) and the pheno-
menon of fragmentation of the ion in matter (which
increases with A) and decreases the ballistic quality.
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Figure Il-5: spread out Bragg peaks

The combination of a very strong biological effecti-
veness and high ballistic precision makes the large
decrease in the cell repair phenomenon useful in cli-
nical practice and thus reduces the differential effect
between healthy and cancerous tissue which is unfa-
vourable in radioresistant tumours [52] [53]. This
theoretically establishes particular indications for car-
bon ions [51] and also makes it possible, as the results
from Chiba [54] have shown, to reduce the number
of irradiation sessions with carbon ions, thus simpli-
fying the logistics of treatment.

In summary, light ion beams and more particularly
carbon ion beams provide an optimum combination
of all the favourable characteristics that are currently
known for the effectiveness of anti-cancer radiotherapy.

These characteristics are the ballistics of the spread
out Bragg peak, the high RBE and the low sensitivity
to the oxygen enhancement rate. The overall efficacy
of such particles is an order of magnitude greater than
that of photons. Such progress has rarely been achie-
ved in radiotherapy in a single step and leads to hope
for a veritable therapeutic advance in the local control
of tumours. Carbon ions are therefore the most effec-
tive beams for irradiating tumours which are currently
resistant to conventional treatment using photons or
electrons.
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11-4
Current medical data
for carbon ion hadrontherapy

A recent literature review of the medical data concer-
ning hadrontherapy (protons, neutrons, light ions)
suggests that it is beneficial in certain indications [35].
The purpose of this section is to give details of the
current results for light ions, and in particular for car-
bon ions.

More than 1200 patients have been treated by carbon
ion hadrontherapy since 1994 in Chiba and GSI. This
experience comes both from a medical centre dedi-
cated to cancer treatment, at the National Institute for
Radiological Science (NIRS) in Chiba, Japan (with
about 1000 patients treated since 1994), and from a
nuclear physics research centre (containing an instal-
lation for medical purposes) located at the GSI in
Darmstadt, Germany (with about 100 patients trea-
ted since the end of 1997). A much earlier experiment
had been carried out by the pioneering centre of the
Lawrence Berkeley Laboratory in California in which
2487 patients were treated between 1957 and 1993
with light ions (mainly helium, as well as neon and
carbon).

I1-4-1 Lawrence Berkeley National

Laboratory (USA)
The first treatments, carried out in the context of a
research laboratory, the Lawrence Berkeley National
Laboratory (USA) involved 30 patients treated with
protons between 1954 and 1957. Then 2054 patients
were treated with helium up to 1987, and finally 433
patients with neon and carbon ions from 1975 to 1993.
Excellent results for 5-year relapse-free survival were
published for meningiomas (85%), chondrosarcomas
(78%) and chordomas (63%) [46] [55] [56]. A non-
randomised comparative study demonstrated the
superiority of light ions in comparison with photons
in the post-operative irradiation of cholangiocarci-
nomas [57]. In addition to this data on effectiveness,
the experiment at Berkeley demonstrated the feasibi-
lity and safety of light ion hadrontherapy for humans.

I1-4-2 National Institute for Radiological

Science (NIRS), Chiba - Japan
In 1994 the NIRS was the first medical centre dedi-
cated to the treatment of cancers using carbon ions.
Three treatment rooms were set up, with fixed beams
only (two rooms with a horizontal beam and one with
a horizontal and a vertical beam). Numerous cancer
locations were treated following rigorous clinical
research protocols. The principle of the NIRS was to
carry out irradiation with carbon ions only. These stu-
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dies had the initial objective of escalating the irradia-
tion dose (up to a photon biological equivalent of 95
Gy for lung cancers ), and then for other locations,
assessing hypofractionation (i.e. reduction of the num-
ber of irradiation sessions needed for the treatment)
with carbon ions ("phase I trials"). Specific irradia-
tion protocols were defined, and these are still being
evaluated on a growing number of patients treated in
a homogeneous manner ("phase II trials").
Comparative studies with protons are planned in the
next few years ("phase III trials"). Currently in Japan,
tumours with a low level of radiosensitivity and less
than 3 cm in diameter are treated in priority with
protons, while larger tumours and in particular ade-
nocarcinomas are treated in priority with carbon ions.
In both situations either the tumour is not suited for
resection or the patient is inoperable.

The first results were published in 1998 at the 6™
International Congress on Progress in Radiotherapy
[58]. More recent results were presented by Prof. Tsujii
at a meeting organised at the Hotel de Ville in Lyon
[4] and presented and published at the European
radiotherapy congress of ECCO held in 2001 [59]
[60].

The clinical results from 1042 patients are available:

* Lung cancers (18% of patients)

The dose delivered was progressively increased from
60 to 95 GyE (biological equivalent of irradiation
by photons). A relationship dose-effect was obs-
erved. At the same time, the number of fractions
needed for the treatment (and the total duration
of the treatment) was progressively reduced from
18 fractions (in 6 weeks) to 9 fractions (in 3 weeks)
and to 4 fractions now. Local control at two years
for localised stage I tumours (evaluation by MRI
and PET scan) was 86%, with less than 5% of severe
complications (radiation pneumopathy).

+ Inoperable cancers in the head and neck areas
(stages ITI-IV) (17% of patients)
These were mainly cancers of the facial sinuses
(squamous cell carcinomas, adenocarcinomas, cys-
tic adenoid carcinomas and melanomas), and cer-
tain squamous cell cancers of the upper respira-
tory tract. In the whole series the local control was
62% at two years, but the efficacy was much higher
for certain radioresistant cancers (cystic adenoid
carcinomas, melanomas, adenocarcinomas) with
100% local control at 2 years.

* Hepatocarcinomas (11%)
Liver cancer is an important public health pro-
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blem in Japan. Studies have shown that it is pos-
sible to reduce hypofractionation in 15 fractions
(5 weeks of treatment) to 4 fractions (one week).
For inoperable cancers, the local control at two
and three years was 80%.

¢ T2-T3 prostate cancers (14%)

The treatment for these patients included initial
hormone therapy, followed by 20 sessions of
irradiation over five weeks with an escalation
then a progressive de-escalation of the dose (66
GyE) as a function of the clinical results. The
local control rate at two and three years,
evaluated on biopsies, was 100%.

* Inoperable sarcomas (6%)

These patients had spinal or paraspinal sarcomas
(33%), pelvic sarcomas (56%) and more rarely
sarcomas of the extremities (11%), with a median
volume of 560 cm?®(20-2290 cm3). The dose was
escalated from 53 to 74 GyE, in 16 fractions over
4 weeks. The local control at three years was 73%,
and the overall survival rate only 46% at 3 years
due to the appearance of metastases. A significant
dose-effect has been demonstrated (local control
at 3 years: 82% as opposed to 52% for doses of 64
GyE or more).

*  Other cancers (uterus, brain, oesophagus, panc-
reas, rectum, etc) It is not possible to analyse the
effectiveness due to the small number of patients.
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Table II-1: shows the local control rates for patients treated with carbon ions only. Treatments at Chiba bet-
ween June 1994 and February 2001 ([59] [61] and personal data from Prof. Tsujii).

Localisation Dose Number of fraction / 9% local control at:
(phase) (in GyE) Duration in weeks (number of patients)

1 year 2 years 3years
H&N' (I) 48.6 - 70.2 18/6 85 (13) 80 (8) 80 (8)
H&N' (1) 52.8-64 16/4 80 (15) 71 (15) 67 (12)
H&N' (II) 57.6 - 64 16/4 83 (83) 62 (52) 52 (27)
Lung (I) 59.4 - 95.4 18/6 94 (43) 62 (47) 57 (44)
Lung®* (I) 68.4-79.2 9/3 91 (34) 86 (28) 75 (16)
Lung* (II) 72 9/3 100 (39) ) )
Sarcomas’ (I) 52.8-73.6 16/4 88 (64) 76 (46) 68° (22)
Liver (1) 49.5-79.5 15/ 95 (22) 79 (19) 75 (16)
Liver’ (I) 48 - 69.6 12/3; 8/2; 4/1 94 (71) 83 (42) 79 (34)
Prostate’ (1) 54-72 20/5 100 (34) 100 (33) 100 (30)
Prostate’ (II) 66 20/5 100 (72) 100 (31) 100 (18)
Uterine cervix® (I) 52.8-72 24/6 53 (30) 50 (28) 42 (26)
Uterine cervix® (II) 68.8-72.8 24/6 79 (14) 58 (12) -
Astrocytoma G2 (I) 50.4 - 55.2 24/6 73 (11) 50 (10) 22(9)
Glioblastoma (I) 66.8 -72.4 33/7 42 (36) 17 (23) 16 (21)
Skull base (1) 48°576 16/4 100 (14) 89 (9) ;
GyE (Gray equivalent)

Table II-1: local control rate for patients treated with carbon ions only at Chiba (Japan)

1inoperable locally advanced head and neck (H&N) squamous cell carcinoma, or cystic adenoid carcinoma, melanomas, adeno-

carcinomas of the facial sinuses

2 stage | pulmonary carcinoma

3 inoperable locally advanced tumours
4 initial staging by PET Scan

5 82%, if the doses are 64 GyE or more

II-4-3 Gesellschaft fiir Schwerionenforschung

(GSI) Darmstadt - Germany
Clinical research at GSI has been carried out in the
context of a research laboratory which provides a
"medical line" three to four months a year for the
treatment of cancers. The facility only has one treat-
ment room with a horizontal beam. The first treat-
ment was carried out in December 1997, and more
than 100 patients have now been treated.

The experience at the GSI, in terms of choice of indi-
cations and technological and medical development,
is different from that of the NIRS. Making use of the
earlier experience, but limited by the availability of
the treatment room and a single fixed horizontal beam,
this group has prioritised indications of slow-deve-
loping, highly radioresistant tumours of the skull base
and sinuses. Certain patients have been irradiated with
carbon ions only, while others have received a com-
bination of photons and carbon ions. At the same
time, this group has developed more advanced tech-
niques than those of the NIRS for irradiation and qua-
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lity control: raster scanning, equivalent biological dose
planning and "in situ” PET scan in the treatment room.

There are initial reports of two patients successfully
treated at three and five years, after failure of photon
irradiation (chordoma, cancer of the cavum).The first
results were published in 2000, and concern the first
45 patients treated for cancer of the skull base [63].
Of these, 27 patients who had a chordoma or a chon-
drosarcoma were treated with carbon ions only (60
GyE in 20 sessions), 18 patients with another type of
tumour received a combination of photons (45-50 Gy
in 25 sessions) and carbon ions (15 to 18 Gy in 5 to 6
sessions). The control rate at one year was 94% (no
recurrence in the irradiated volume), with no severe
toxicity. Clinical results for chondroma and chon-
drosarcoma were updated and published in 2002.
Thirty seven patients were irradiated with carbon ion
only. With a 13 months mean follow-up local control
was obtained in all patients, but 2. In these 2 cases,
recurrence occurred outside the treated volume.



ETOILE PROJECT
Volume 1 / july 2002

I1-4-4 Synthesis of previous experiments

The following lessons can be learned from these expe-
riments:

For the Japanese patients, a broad study of the poten-
tial indications was carried out in the Japanese epi-
demiological context. This explains the large number
of locations treated. Nearly 90% of the treatments
were carried out on a dozen different indications, with
four main indications: bronchial cancer (18%), head
and neck cancers (17%), prostate cancers (14%) and
primary cancer of the liver (11%). The Japanese
context explains why cancers of the liver are to be
found among these indications, as it is very common
in Japan. This body of data makes it possible to make
an initial selection of indications based on the results
presented by the NIRS

The experience at the GSI in terms of choice of indi-
cations and technological and medical development
is different. Making use of earlier experience, but being
limited in terms of beam availability, this group prio-
ritised indications of slow-developing, highly radio-
resistant tumours of the skull and face with remar-
kable success and excellent tolerance. The work
performed at GSI has, also, enabled significant advan-
ces to be made in the technological and computing

fields.

The aim of the French project is to generalise and
develop the German technological experience and
apply it to therapeutic indications not limited to the
head, but covering the whole body, for radioresistant
tumours for which local control represents the main
condition for recovery. The aim of all the other
European projects is the same.

II-5
Definition of the indications of carbon ion hadron-
therapy in oncology

The number of cases of cancer in France for which
carbon ion hadrontherapy could potentially be indi-
cated is estimated to be 18,000. A detailed study is to
be carried out in 2002 in consultation with the other
European teams and the Japanese specialists to set up
a common medical project.

II-5-1 Introduction

The general selection criteria for indications have been
defined using the current data. These indications,
which have been defined for hadrontherapy, may
change or increase in number over time. It is certain
that the experience acquired, increased accessibility
to hadrontherapy centres and also progress made in
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global screening and treatment of cancer, will increase
the demand for such treatments.

It is currently estimated that around one third of
deaths from cancer are connected with failure of exis-
ting local treatments such as radiotherapy and thera-
peutic combinations, in particular chemo-radiothe-
rapy. The importance of local control for curing
tumours will increase with the progress made in treat-
ment of metastatic disease, since this currently conceals
many local failures [64].

"Medical" oncology research is moving towards grea-
ter specificity of drugs (monoclonal antibodies, pos-
sible gene therapy, etc) which should improve efficacy
and provide better tolerance of treatments, particu-
larly for metastases, which are less heterogeneous than
the primary tumour. Early detection of tumours will
reduce the risk of metastases and thus necessitate grea-
ter efficacy and lower toxicity of local treatments.
Therapeutic combinations and a multidisciplinary
approach to the treatment of cancers should there-
fore continue.

"Poly-radiotherapy", the combination of photons and
carbon seems particularly advantageous in certain cli-
nical situations, where a "subclinical" tumour volume
requiring moderate doses of irradiation could easily
be treated with photons by the radiotherapist nearer
to the patient’s home, the patient then being referred
to the hadrontherapy centre for a short period (less
than 10 days) to receive additional very focused treat-
ment with carbon ions.

In addition to the medical data, the medical project
must include epidemiological data on the targeted
cancers (potential recruitment) and the number of
sessions possible in the planned configuration (three
rooms) according to the operating scenario.

II-5-2 Selection criteria
for carbon ion hadrontherapy

For the patient

« general and psychological condition compatible
with the treatment

* no associated disease affecting the short term vital
prognosis

For the tumour

+ tumour for which the best existing treatments have
a high local failure rate due either to the resistance
of the tumour, or its location close to very sensitive
organs which cannot be adequately protected by
conventional techniques
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+ disease limited to the locoregional stage and with
low metastatic potential

+ disease for which the metastatic spread can be
effectively controlled on a long-term basis by phar-
macological treatments

For the treatment

+ imaging and medical data enabling the precise defi-
nition of the anatomo-clinical target volume (can-
cer and subclinical spread)

+ immobilisation system for the precise positioning of
the patient

« ability to locate precisely the target volume, if it is
immobile, or to take into account or control the inter-
nal movements of the patient during treatment, if it
is not.

+ restriction to anatomical locations of the tumour
which are compatible with the ballistics of carbon
ion beams (for an installation which does not have
a gantry).

II-5-3 Proposed indications

I1.5.3.1 Tumours which are rare, radioresistant
and in difficult locations
These tumours will represent around 25% of can-
cers treated. The treatment will mainly be carried
out using carbon ions only.

* Tumours of the skull base and spinal and paraspinal
tumours all histological types, except lymphomas

+ Low grade sarcomas inaccessible to neutrons which
cannot be excised or can only be partially excised

+ Tumours of the salivary glands inaccessible to neu-
trons

* Low grade gliomas

« anaplasic cancers of the thyroid

+ Tumours of the facial sinuses melanomas carcinomas
which cannot be excised

+» Tumours of the pituitary gland

+ Paediatric cancers

* Local recurrence in irradiated areas (adenocarcinoma
of the rectum, etc)

11.5.3.2 Common radioresistant tumours

These tumours must be the subject of the most
comprehensive possible report on their local, glan-
dular and metastatic spread, in order to specify the
volumes to be treated and, optionally propose com-
bined treatments, or even contra-indicate carbon
ion treatment, in the case of metastatic spread which
cannot be controlled by medical treatments.
Combinations of photons and carbon ions will be
discussed according in particular to the risk of glan-

20

dular spread. Prospective randomised studies with
conformal protontherapy techniques will be plan
ned for the early years of development.

« Hepatocarcinomas
+ Adenocarcinomas of the pancreas and the bileducts
which cannot be excised, are localised and are deve-
loping slowly
* Non-small cell lung cancers
stages I — IT with mediastinal glandular
evaluation
stage IITA with metastatic evaluation++
* Locally advanced tumours with low metastatic
potential
stage III cancer of the uterine neck
stage III-IV Head & Neck squamous cell
carcinomas
« Tumours for which the curative treatment should
be surgical (tumours which are not very radiosensi-
tive) but for which surgery is contra-indicated for
medical reasons
adenocarcinoma of the rectum
adenocarcinoma of the endometrium
+ Cancers of the bladder
* Primary brain cancers
* Cancers of the cavum which have spread to the
skull base
* Prostate cancers (T3-T4 locally advanced, non
metastatic)
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II-5-4 Estimate of the potential populations

I1.5.4.1 Cancer in France: incidence, mortality, premature mortality and relative survival

The French epidemiological data has been obtained from the French cancer registers (located in the following
departments: Calvados, Cote d’Or, Doubs, Isere, Somme). The survival data ([65] and table II-2) were
estimated from 25,319 observations between 1985 and 1994 (14,783 men and 10,536 women).

Cancer Number Deaths Early deathsRelative survival (%) ( CI 95%)
(incidence) (rate) (rate) 1 year 3 year 5 year

Oral cavity, 13.332 4976 2834 73 45 38
pharynx (22.98) (8.58) (5.74) (32-44)

(Esophagus 5361 4596 2024 40 12 9
(9.24) (7.92) (4.10) (7-11)

Stomach 7838 5809 1113 47 29 25
(13.51) (10.01) (2.26) (23-28)

Colon / Rectum 31,495 15,322 2999 75 58 51
(54.28) (26.41) (6.08) (49-54)

Liver 4266 6312 1793 24 12 8
(7.35) (10.88) (3.63) (5-11)

Pancreas 3617 6124 1563 22 9 8
(6.23) (10.55) (3.17) (6-11)

Larynx 4128 2428 1227 84 60 52
(7.11) (4.18) (2.49) (47-57)

Lung 21,724 22,691 8907 42 18 14
(37.44) (39.11) (18.05) (12-15)

Uterus : cervix 4172 1811 742 87 69 64
(7.19) (3.12) (1.50) (60-68)

Uterus : 4717 1210 239 90 78 75
Endometrium (8.13) (2.09) (0.48) (71-79)

Prostate 19,772 8926 668 88 70 62
(34.08) (15,38) (1,35) (58-65)

Bladder 10.187 4208 742 82 65 61
(17.56) (7.25) (1.50) (56-65)

Brain, CNC 3072 2621 1362 49 26 21
(5.29) (4.52) (2.76) (16-27)

All cancers 217,459 137,322 42,351 70 52 47
except skin (374.80) (236.68) (85.84) (46-48)

The rates and incidences are expressed for 100,000
Cl: confidence interval

Table I1-2: cancer in France (source: EUCAN 1999). Whole population (men and women)

Relative survival takes into account the expected survival of the whole population and the risk of death by causes other than
cancer. For example, it was obtained for the population studied using the ratio: survival observed at five years for subjects in
the population who had the cancer since being studied divided by the expected survival at five years for the whole population
studied.

Early deaths correspond to deaths from cancer before 65 years of age.
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I1.5.4.2 Estimates of the target populations for

carbon ions
The incidence data was taken from data in the
French cancer registers for common tumours. The
incidence data for rare tumours was taken from
data in the European and American literature. The
numerical data obtained from the incidences is
given only for the French population. The potential
recruitment could be much wider if countries bor-
dering on France which do not have carbon ion
hadrontherapy facilities were included.

The fraction of patients for whom treatment with
carbon ions could be beneficial in comparison with
the best current treatments has been estimated for
each location, in order to fulfil the selection criteria
defined in section II.4.5.2.These estimates are
based on an analysis of the medical literature and
on data published by a European project (EULIMA
European project; German project and Italian pro-
ject) [65] [66] [67] [68] [69] [70] [71]. The actual
recruitment of patients will depend on their distance
from the treatment facility, as indicated later.

A medical research project common to all the
European hadrontherapy centres and also the
Japanese centre should specify the research priorities
and methods.

e Rare tumours

Most rare tumours can only be treated with carbon
ions, which represent a radiobiological and ballistic
advantage in comparison to X photons.

Melanomas of the choroid are currently being suc-
cessfully treated in France at the Orsay and Nice
protontheraphy centres (and to a lesser degree by
brachytherapy) and therefore are not included here.

Tumour Incidence Number % for ions C Target population
/100 000 (estimate) (estimate)

Skull base, spinal and paraspinal tumours

+ chordome, chondrosarcome 0.1 60 100 60

* meningiomas 0.3 180 50 90
«divers 0.5 300 50 150
Soft tissue sarcomas (excluding limbs) 0.8 480 60 290
Salivary glands 0.6 360 30 100
Low grade gliomas 0.85 500 50 250
Anaplasic cancers of the thyroid 0.75 450 50 225
Facial sinus tumour 1.2 720 50 360
Pituitary gland tumours 0.3 180 20 35
Paediatric cancers 3.52 300 20 60
Local recurrence after photons > 0.5 > 300 100 300
(choroidal melanomas) 0.7 400 - -
Total > 4 400 1945

'Elective protontherapy indications (or brachytherapy)

*For 100 000 children

Table II-3: estimate of the target populations of potential indications for carbon ions (rare tumours)
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e Common tumours

For common tumours carbon ions offer a radiobiological and/or ballistic advantage compared with photons.
Certain tumours can only be treated with carbon ions, while others could receive a combination of photons

and carbon ions.

Tumour Incidence Number % for C ions Target population
/100 000 (estimate) (estimate)

Liver 7.3 4200 15 630

Digestive cancers 13 7800 25 1450

(pancreas, bile ducts)

Lung 37 22,000 15 3300

Oral cavity - oropharynx 23 13, 000 20 2600

Uterus- (cervix, endometrium) 15 9000 15 1350

Rectum 11 6600 15 990

Bladder 17.5 10, 000 15 1500

Brain, Central Nervous System 5.3 3000 15 450

Cavum 0.45 280 30 84

Prostate 34 20, 000 20 4000

Total 88, 080 16, 354
Table II-4: estimate of the target populations of potential indications for carbon ions (common tumours)

II-6 The required precision of the lesions which can be

Non cancerous indications

The objective of functional neurosurgery is to modi-
fy the operation of the neuronal circuits in three
pathological situations:

* neurogenic pain or central pain connected with a
malfunction of the pathways and circuits for trans-
mission of pain impulses

+ focal epilepsy, resistant to pharmacological treat-
ments, connected with abnormal hypersynchronous
discharges affecting part of the cerebral cortex

« parkinson’s disease which is a motor programming
disorder with respect to a degeneration of the dopa-
minergic cells of the substantia nigra of the brain
stem.

To date the methods used in the context of functio-
nal neurosurgery are represented by:

+ Cortical ablation surgery in epilepsy

+ Creation of focal lesions of small volume targets
using stereotactic electrocoagulation via intra-cere-
brally implanted electrodes

* The chronic neurostimulation of the target struc-
tures by implanted electrodes which is successfully
used in Parkinson’s disease and central pain, and
which is currently being evaluated in certain forms
of focal epilepsy

achieved using ionic irradiation (two millimetres)
leads to the hope that neurosurgery may use a
hadrontherapy approach for certain indications.
This could, in particular, replace approaches using
focal electro- or thermo-coagulation and could also
be used to replace conventional cortical ablation
surgery (cortectomy) in epilepsy.

The possibility of delivering a high level of energy,
voxel by voxel, and achieving precise anatomical
contouring of targets is one of the major advantages
of hadrontherapy.

1I-7
Treatment network and clinical research

II-7-1 Coordination of treatment and clinical
research. Recruitment of patients

I11.7.1.1 European network

Coordination of light ion hadrontherapy at a
European level (ENLIGHT)® has been initiated by
the European Society for Therapeutic Radiology and
Oncology (ESTRO). This collaboration will cover
clinical research (epidemiology and selection of
patients, clinical trials). The European dimension
will be essential for phase II and, more so for, phase
11 clinical trials.

*The ENLIGHT network (European Network for Light Ions Therapy)
was created in 2001. It brings together five European projects
(Heidelberg/Darmstadt, Milan, Stockholm, Vienne and Lyon) and
CERN. There will be working groups on: radiobiology, clinical,
technological and economic aspects.
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I1.7.1.2 Radiotherapy network

Around half of the patients will receive irradiation
by carbon ions only. They will be managed entirely
by the medical team of the hadrontherapy centre.
The management of other patients, who will receive
radiotherapy, partly using photons and partly using
carbon ions, will be managed in collaboration with
the team referring the patient.

It is not intended that the hadrontherapy centre
should provide photontherapy. This must be carried
out in a accredited radiotherapy hospital (predefi-
ned quality controls required) and the treatment
plan drawn up jointly, to take account of the requi-
rements linked with both photontherapy and
hadrontherapy. The establishment and/or use of
local, regional and national networks (e.g. French
National Hadrontherapy Organization, French
Society of Oncological Radiotherapy, French
National Federation of Comprehensive Cancer
Centres for the Fight Against Cancer), and even
European networks, must ensure optimal coordina-
tion of treatment and also provide targeted recruit-
ment for the hadrontherapy centre. It is clear that
the collaborative organisation of patient recruit-
ment will be a key point in the success of the Centre.

I1.7.1.3 Network of organ specialists

Diagnosis and treatment, at least initially, is usually
carried out by organ specialists (neurologists, pneu-
mologists, surgeons, etc). They will be involved in
the establishment of this medical project at a regio-
nal and national level (in particular via their profes-
sional organisations). This collaboration must also
enable optimal coordination of treatment and
recruitment of patients for treatment with carbon
ions. The importance of this collaboration and of
patient recruitment must be stressed.

I1.7.1.4 Patient recruitment
Using the network methods described above, the
planned recruitment of patients can be estimated as
follows, in terms of geographical origin:

For the urban area of Lyon, the total target popula-
tion for carbon ions is estimated to be 700 patients a
year. Assuming that 50% of these patients can recei-
ve carbon ion irradiation, this would represent
around 350 patients. This estimate will, of course,
require full cooperation between the city’s three
large medical sectors: HCL, CLB and private clinics.

Rhoéne-Alpes region: outside Lyon the target popu-
lation is estimated to be 1100 patients a year. Bearing
in mind the distances involved, it may be estimated
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that 20% of these patients could receive carbon ion
treatment, that is, 220 patients a year.

France: outside the Rhone-Alpes region, the target
population is estimated to be 16,000 patients a year.
Here too, due to the distances involved and possible
difficulties with cooperation, it may be estimated
that 5% of these patients could be treated with car-
bon ion beams at the Lyon site. This represents a
total, for the rest of France, of 900 patients a year.
Provision must be made for the travel and accom-
modation of these patients. Such cooperation at a
national level demonstrates that it is essential that
this project is designed as a national project bringing
together all the strengths of French radiotherapy.

International cooperation: cooperation with neigh-
bouring countries, Switzerland and Spain (possibly
even Italy, although there is a project for a centre in
Milan) is expected. Contact has been made with
radiotherapists and oncologists in Geneva and
Turin, who should, a priori, agree to collaborate
with this project. A maximum of 200 patients from
other countries could be expected.

II-7-2 Clinical research
Clinical research is an essential part of the project. It
is based on the performance of clinical trials, defi-
ned for each type of cancer. Three types of medical
evaluation can be identified:
+  Phase I trials
These involve a limited number of patients and are
used to define the optimal irradiation dose and frac-
tionation. Some of these trials have already been car-
ried out at the NIRS, making it possible to move on
to phase II, and even phase III trials.

Phase II trials

These consist of treating a limited number of
patients in the same way in a clearly defined clinical
situation, in order to establish precisely the efficacy
and the secondary effects of the treatment. These
trials have been carried out for certain cancers at the
NIRS and GSI (cancers of the lung, cancers of the
skull base, hepatocarcinomas, etc).

Phase III trials

These consist of comparing the best known and vali-
dated treatment with the "therapeutic innovation"
(carbon ions), in order to scientifically evaluate the
therapeutic benefit, and to define the exact advan-
tages of carbon ion hadrontherapy in the arsenal of
cancer therapies.
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The methods used for clinical research must be spe-
cified in each situation under consideration.

I1-8
Research and development in radiobiology

The application and optimisation of treatment
using carbon ions requires progress to be made in
the radiobiology of these particles. Only some of the
questions have been answered and several areas still
remain to be investigated. Amongst these the com-
plete modelling of the RBE depending on the tissue
and the acute and delayed effects is necessary for
dosimetric prescription and planning. Another stra-
tegic area for the operation of the centre and the
potential number of patients which could be mana-
ged annually, is the study of the optimisation of the
number of irradiation sessions per patient (fractio-
nation). One of the particularly original features of
light ions is the possibility of reducing the number
of treatment sessions while retaining the same levels
of efficacy and tolerance. The study of this aspect is
complex, and necessarily starts with the use of ani-
mal models, followed by phase I and II clinical trials.

The radiobiological problems which are raised by
this therapeutic method are therefore located at dif-
ferent stages in the development of the project,
which leads us to divide them into three types of
objective in accordance with the stage of progress of
the ETOILE project.

II-8-1 Preliminary objectives

The evaluation of the risks of stochastic effects in the
radiological protection of patients is the main preli-
minary objective. Carbon ion hadrontherapy must
provide a curative benefit for tumours which are
currently radioresistant. This benefit in long-term
survival must, therefore, lead to an evaluation of the
risk of radiocarcinogenesis which could be associa-
ted with this type of treatment.

The body of data from the Berkeley experiment on
more than 1000 patients does not show any increase
in secondary cancers. However, a study specific to
carbon ions tailored to the conditions of use plan-
ned for this project is to be carried out. It is based on
two sources of information:

- Analysis of the group of patients from Berkeley
and possibly those from Chiba and Darmstadt.

- A semi-theoretical study which is to be carried out
using the methodology employed by the proton-
therapy team at the Paul Scherrer Institute
(Switzerland) to evaluate this risk for protons.
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It should be noted that for proton treatment and
photon treatment of the same pathology, the carci-
nogenic risk of protons is lower than that of the
conventional photon treatment. This is essentially
due to the reduction of the volumes of healthy tissue
irradiated as a result of the better ballistics of
protons. It is not possible to simply extrapolate these
results for carbon ions, due to their RBE characteris-
tics, and a specific study will be necessary. This will
be carried out in 2002-2003, coordinated by the
radiological physics team of the Grenoble University
Hospital and the postgraduate medical physics
research program staff at Toulouse, in the setting of
a university thesis.

II-8-2 Objectives of the technical development
of the project
* Describe and model the structure of the deposition
of energy from carbon ions in living matter.

« Investigate the nature and repair process of radio-
logical lesions caused by a beam of carbon ions with
different LETs.

« Investigate radiobiological modelling of the RBE to
be adapted for planned biological dosimetry.

These three objectives are complementary. They
should contribute to improving the definition of the
biophysical and radiobiological parameters which
will be used to model the biological dose to be deli-
vered to different irradiated tissues. They are not,
however, preliminary objectives which will lead to
other stages, since the GSI model developed by Kraft
has been validated and is adequate to enable correct
planning of carbon ion treatments. However the
pragmatic GSI model is not unanimously accepted
and it does not include current data on the structu-
re of the deposition of energy in matter and it is not
universal. In particular, its applicability if the type of
ion is changed has not been proven. There is, there-
fore, a large area of pre-clinical radiobiology which
can benefit from the ETOILE project for its develop-
ment. This will lead to optimisations at the time of
the transfer to clinical activity.

The experimental part of this work must make use
of ion beams available elsewhere, GANIL, GSI, etc.
These fundamental radiobiological research objecti-
ves have been presented to a group of radiobiology
research scientists.

This ad hoc group of research scientists, all located
outside the Rhone-Alpes region in different institu-
tions (CEA, CNRS, University Paris-Sud, Nice,
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Toronto) could be coordinated and strengthened by
a collaboration with the mixed radiobiology team at
the University of Grenoblel/INSERM. This team is
planned to be established in 2002-2003 as part of the
Institute of Neuroscience project at Grenoble, and as
part of its research projects could collaborate with
the radiobiology activities devoted to the ETOILE
project at Lyon.

Research and development in radiobiology is one of
the areas for European cooperation within the
ENLIGHT network.

I1-8-3 Long term objectives for the
operational clinical period
+ To study the effect of fractionation of the treat-
ment on animal tissue models, and then in thera-
peutic trials.

+ To evaluate predictive factors and eligibility crite-
ria for carbon ion treatment, particularly the dia-
gnostic methodology for tumoural hypoxia.

+ To assess the chemo-hadrontherapy combination
treatment.

Investigation of the reduction of the fractionation,
both in animal experiments and clinically has alrea-
dy started at the NIRS. The scope of this area of
research in the ETOILE project will depend on the
state of progress and the clinical and biological pro-
blems which remain to be investigated. It will, howe-
ver, be a crucial area, since the shorter the length of
treatments, the greater the number of patients who
can be treated, with the same number of treatment
rooms. This will require an increase in the planning
capabilities, which essentially means an increase in
human capacity.

The experience acquired from the patients treated
according to the recruitment and selection criteria
described earlier, will lead to a critical analysis of the
successes and failures of the treatments. A predictive
(biological and oxymetric characteristics of the
tumours, etc) and retrospective procedure must be
set up to refine the indication and prognosis criteria
for carbon ion treatments. Proteomics and geno-
mics will have an important role in this evaluation
procedure. These techniques are currently develo-
ping rapidly in oncology and will make full use of
the progress made by the time the first patients are
recruited for hadrontherapy treatment.

The generalisation of chemo-radiotherapy combi-
nations in “standard” protontherapy was one of the
main areas of progress in radiotherapy in the 1990s.
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Today, this procedure is gradually being applied with
the more advanced forms of radiotherapy such as
hyperfractionated treatments, and tomorrow, will
also be possibly applied with hyperselective treat-
ments such as micro-beam radiotherapy. The desire
to optimise hadrontherapy will certainly lead to the
assessment of chemo-radiotherapy combinations.
Studies in this area are already under way, with the
experimental radiotherapy developed at the
European Synchrotron at Grenoble (ESRF) by the
Synchrotron Radiation and Medical Research team.
This field of research will be stimulated considerably
by the development of the first carbon ion treat-
ments and will be investigated in the medium- and
long- term mainly with regional teams.

11-9
Technological research and development

Research and development could involve a number
of fields. Projects which will be defined later will be
designed around the necessary adaptation and
improvement of the tools used by medical doctors,
radiological physicists, operators and nurses for car-
rying out day-to-day treatments. They will concern
initially software for imaging, planimetry, and
control of the positioning and internal movements
of the patient. They will all, if possible, be carried
out at a European collaborative level, with the other
existing projects (Germany, Sweden, Italy and
Austria). This partnership with be facilitated by the
creation of the ENLIGHT subject-based network.
The first meeting took place at CERN in February
2002.

Other areas of technological research and develop-
ment could arise during the design and develop-
ment of the ETOILE project. Thus technological
advances concerning active beam control, spill qua-
lity or aspects connected with the positioning of the
patient and on-line dosimetric monitoring will be
evaluated and possibly developed within the ETOI-
LE project.

This research and development will lead to the deve-
lopment and improvement of high-performance
tools, designed not only for the European centres
offering carbon ion radiotherapy, but also centres
providing proton and neutron treatment. In addi-
tion many conventional radiotherapy centres will
benefit from these innovations.

Four technological research and development pro-
jects are presented below with a summary of their
objectives. Introductory sheets on each project are
given in the appendices.
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I1-9-1 Physical interactions between light ions
and living matter
1. To extend the codes for calculating the tracks and
the penetration of light ions in the specific cases of
very high depositions of energy (Bragg peak) in
living matter
2. To assess nuclear effects during the penetration of
ions: associated positron fragmentation and emis-
sion
- modelling of the spatial distribution for each iso-
tope produced
- experimentation on water phantoms and small
animals, with the GANIL beam, using the micro-
PET scan prototype developed by the Crystal Clear
group, Lyon
3. To model the dose deposited by all the ions using
the reconstructed PET image

I1-9-2 Treatment planimetry
1. To use the existing system, in order to develop,
adapt or improve planimetry software for photons,
protons and carbon ions which can be used, distri-
buted and interfaced with the software used in
conventional radiotherapy
2. To improve this software by the integration of:
- extended merging of imaging methods
- nuclear fragmentation
- biological effects (RBE)
3. To improve this software by incorporating organ
movements

I1-9-3 Positioning and control of the ballistics
1. To develop high-performance tools for the align-
ment and merging of multimodal images (functio-
nal and anatomical) for the preparation and control
of treatment. Two types of algorithm will be develo-
ped:
- real-time for control during treatment
- deferred time control for analysis and diagnosis
before and after treatment sessions
2. To construct tools to help with assisted segmenta-
tion of volumes to help the doctor in the task of
contouring
3. To develop tools to assist with initial positioning
and monitoring of movements. This will require two
levels of study:
- control of the position of the patient in relation to
the system (development)
- control of the position of the organs in relation to
the patient (research)

I1-9-4 On-line PET imaging
1. To simulate the fragmentation phenomena and
the PET images by such a system
2. To adapt the new technologies developed for the
new generation of micro-PET scans

27

3. To carry out experiments on phantoms and on
animals
4. To design and build a prototype

This project could also lead to the development and
creation of an "advanced whole body PET" camera
for use in the early detection and metabolic monito-
ring of tumours.

1I-10
Health economics research and studies

The French carbon ion hadrontherapy project falls
within the framework of therapeutic innovations. As
with the other Europeans projects, sufficient clinical
data to define this treatment as a therapeutic stan-
dard will only be collected once the first centres and
coordinated clinical trials have been completed. This
simplified preliminary design document provides
most of the information necessary to make an infor-
med decision.

This project offers a unique opportunity for a pro-
spective medico-economic evaluation, taking into
account the expected benefits and the costs, with an
approach comparing therapeutic alternatives, and
an analysis of the decision-making process concer-
ning a significant therapeutic innovation. This
research is to be carried out in the context of a scien-
tific thesis at the Health Systems Analysis Laboratory
(Laboratoire d’Analyse des Systems de Santé, LASS),
UMR CNRS/Université Claude Bernard Lyon 1.

The objectives of this research are:

To estimate, for the main indications proposed, the
annual number of new cases eligible for carbon ion
hadrontherapy: epidemiological data

The epidemiological data which is currently availa-
ble is not sufficiently complete to be able to specify
the number of patients who may benefit from car-
bon ion hadrontherapy for each indication propo-
sed. A evaluation will be carried out using records of
tumours, on the Permanent Cancer Enquiry
("Enquéte Permanente Cancer") database of the
National Federation of Cancer Centres (Fédération
Nationale des Centres de Lutte Contre le Cancer),
and using a one-off national survey. This study will
make it possible to define the priority indications,
according to the limits of patient recruitment, and
the level of expected benefit (cf. below).
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To investigate the trajectories of patients - medico-eco-
nomic evaluation

The accurate evaluation of a new therapeutic
method at a medico-economic level, requires taking
into account the whole of the therapeutic treatment,
diagnostic situation, and the alternative therapies
and combined therapies, monitoring and subse-
quent treatment of complications, and possible pro-
gression or recurrence (often connected with the
choice of therapy). The local control rates published
in the literature are major clinical elements justi-
fying the current European projects. For each of the
therapeutic options, the efficacy, toxicity and quality
of life, can be estimated from the data in the litera-
ture, in the form of "probabilities". These can then
be used for modelling the options of initial thera-
peutic trajectories (carbon ions or existing standard
treatment) in the form of a decision tree.

The costs of the different therapeutic strategies
("trajectories") for each type of indication will be
estimated, so as to provide cost/benefit data. This
model will make it possible to test different hypo-
theses of therapeutic advantages with hadronthera-
py and the expected consequences in medico-econo-
mic terms. This methodology and its limits will be
defined.

Health-based decision: therapeutic innovations

Therapeutic innovations pose the problem of fun-
ding their medical and medico-economic valida-
tion, in particular when a large capital expenditure
must be made, as is the case in the European carbon
ion hadrontherapy projects.

Health-based decisions, particularly in the field of the-
rapeutic innovations in oncology, will be analysed. The
medical and medico-economic evaluation methods
and methods for making decisions regarding funding
by the community are different depending on whether
drugs developed by the pharmaceutical industry or
diagnostic and therapeutic technologies (in particular
radiotherapy) are involved. The selection criteria cho-
sen will be examined in medico-economic terms, as
well as the consequences of whether or not the innova-
tion is extended into general use.

The contribution of a number of economic theories
for decision-making in health will be examined in
the context of the hadrontherapy project.

28

Hadrontherapy in France

There are currently three hadrontherapy centres in
France: the Hopital de la Source at Orléans (neutrons),
the Centre de Protonthérapie d’Orsay (protons) and
the Nice cancer Centre, MEDICYC (protons, and pos-
sibility of neutrons). This project for the creation of a
Centre at Lyon in the Rhone-Alpes region will be the
fourth.

The legal structures, very different for each centre, and
the present funding methods will be analysed so that
they can be used as a basis for the proposals to be made
for the carbon ion hadrontherapy centre.

The development of hadrontherapy in France was the
subject of a medico-economic evaluation carried out by
the National Agency for the Development of Medical
Evaluation (Agence Nationale pour le Developpement
de 'Evaluation Médicale, ANDEM) in 1995: "therapeu-
tic use of cyclotrons in oncology: clinical and economic
evaluation". The present French project must be used as
an opportunity to update the data and propose new
recommendations validated in particular by the
National Agency for Health Accreditation and
Evaluation (Agence Nationale pour I'Accréditation et
IEvaluation en Santé, ANAES, which has replaced
ANDEM). This analysis must be the basis of a common
medical project for the development of hadrontherapy
in France.

II-11
Training of radiological physicists

The ETOILE project will require a large number of
medical physicists, both in its development phase and
in its future operational phase. It is clear that France has
urgent needs, in terms of personnel, at the scientific and
university level, of this body of specialists whose skills
and dedication are unanimously recognised by the
teams of radiotherapists. The shortage of medical phy-
sicists - like the shortage of radiotherapists - is already
hindering the modernisation of French radiotherapy.

There are plans to create new career paths for radiolo-
gical physicists in the context of the ETOILE project,
with their dual skills in Sciences/Health. The universi-
ties of Grenoble and Lyon (UJF and UCBL) are cur-
rently working together to develop advanced training
courses, which could start in 2003.

France is also suffering from a shortage of doctor/
radiotherapists. This question is more complex and will
not be examined here. It has already been mentioned in
the context of the ETOILE project.
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* I1I-

Functional specifications for a
treatment centre

I11-1
Medical functional specifications

The functional specifications have been drawn up by
oncologist/radiotherapists in collaboration with
medical physicists, physicists and specialists in acce-
lerators.

Various aspects have been taken into account, in
particular the need to:

* treat deep-seated tumours

+ optimise the machine for carbon ions, with the
possibility of accelerating other types of ions

+ obtain a deposition of the dose in the target volu-
me which is as uniform as possible

+ adjust the point of impact of the beam in as preci-
se and reproducible manner as possible

+ measure the doses deposited both on-line and in
other ways

« provide conformal irradiation with a guaranteed
quality and continuity

Machine functionalities
» Choice of ions

The study will be carried out for carbon ions. The
possibility of accelerating other ions, from protons
to oxygen, will be taken into account in the defini-
tion of the characteristics of the machine and in the
aspects linked to radiation protection. This wide
range of ions would enable results of irradiation
obtained with each type in the same centre to be
compared.

» Characteristics of the beams

In order to be able to treat all types of tumours, a
maximum depth of 27 cm had been selected. The
minimum depth required has been set at 2 cm. The
maximum size of the required field of irradiation is
20 x 20 cm” (the field of irradiation corresponds to a
section of the target volume).

The target volume must be precisely irradiated in all
three dimensions. The lateral penumbra, defined
between 80% and 20% of the prescribed dose must
be less than 2 mm more than the penumbra due to
diffusion in the tissue. The distal drop in depth, defi-
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ned between 100% and 30%, must be less than 3
mm. Finally, the direction of the incident beam
must be well known so that the impact of the beam
has a lateral precision better than 2 mm.

* Beam scanning system

In order to obtain consistent and precise irradiation,
an active rasterscanning system is envisaged for the
beam. Active rasterscanning consists of delivering
doses in small volumes (voxels) predefined by the
treatment plan. This irradiation is carried out slice
by slice in the target volume corresponding to a
determined energy of the beam coming from the
accelerator. The beam is moved laterally in both
transverse directions while its direction, shape and
intensity is checked every 20 to 30 microseconds.

However, to be able to deal with targets the position
of which can vary over time (according to the respi-
ratory or cardiac rate), the possibility of having a
passive system (instead of the active system) must be
included. The passive system could consist of inser-
ting a diffusion device (variable thickness mechani-
cal moderator) a compensator and a number of col-
limators in the final path of the fixed energy beam,
to obtain a uniform distribution of the doses in the
whole target volume.

¢ Dose rate

In conventional radiotherapy the distributed dose is
expressed in Gray (Gy)‘. A physical dose of 2 Gy is
commonly delivered per beam direction and per ses-
sion. In the case of carbon ion hadrontherapy, and
taking into consideration the preliminary results, it
is possible that the biological dose could be signifi-
cantly increased. It would therefore be advisable to
be able to deliver a physical dose of 2 Gy which
could, therefore, be provided with a treatment time
of one minute for a volume of one litre. This physi-
cal dose must be precisely defined, in particular
when using a beam rasterscanning system where the
dose delivered in small volumes must have a very
high level of reproducibility. A precision of * 2.5%
is required over the whole of the target volume. The
possibility of interrupting the irradiation during the
scanning of a plane where sections of the tumour
are not connected must be included.

¢ 1 Gray (Gy) corresponds to the dose absorbed by a 1 kilo-
gram mass of material in which ionizing rays communicate
on average an energy of 1 joule.
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* Possibility of respiratory synchronization

The respiratory movements cause movement of the
intra-thoracic and intra-abdominal organs. To take
account of these movements on the target volume
inside the patient, a system for synchronising the
irradiation (active or passive) with the respiratory
cycle ("gating" loop) must be included.

* Beam incidence

In conventional radiotherapy several incidences of
the incoming beam (generally 2 to 5) are used. This
is possible due to the isocentric rotation of the linear
accelerators which are used. The hadrontherapy
centre must provide the possibility of using fixed
beams (horizontal or vertical) or mobile beams for
which the incidence’ can be varied (rotating isocen-
tric gantry). If there is no gantry it must be possible
to orientate the patient’s support (bed or chair)
through six axes.

* Reliability, flexibility

A number of ion sources will be provided, so that
the ion accelerated can be changed in less than an
hour. The type of source will be defined for its abili-
ty to maintain the required performance levels in
terms of current and stability.

Since the "machine” must be a medical machine
which is required to be safe and reliable, the techno-
logies used must be well understood. The energies
and intensities delivered will vary in times of around
a second. It must be very suitable for accelerating
high energy light ions. It must provide a precise acti-
ve distribution of the dose in the target volume
while varying the energy and intensity of the beam.

An average machine availability of 97% will be
required over the year. The average time to repair a
first level fault must be no more than 1 hour.

Immobilizing the patient

As with conventional radiotherapy, the immobilisation
devices will be the most modern and those providing
the highest performance. They will be constructed on
site and the centre will be involved in their develop-
ment. They will be fixed to the patient support in order
to obtain maximum precision in the fixed system of
reference of the room.

7 This study appeared to be necessary during the redaction of
the technical project report.
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Treatment planning system

The planning of the treatment is based on the prin-
ciples of simulation. The patient is placed under the
same conditions as those of the treatment (same
immobilisation device and positioning on bed or
chair). An image of the region to be treated is obtai-
ned using the latest generation CT scan to achieve
the best possible precision, and with the additional
help of a Magnetic Resonance Imaging (MRI) sys-
tem. A simulation room is, therefore, required and
this must be equipped with a reference system and a
patient support device identical to those in the treat-
ment rooms. It must also have a CT scan and optio-
nally a MRI system.

The virtual simulation and the dosimetry will be
carried out using high performance graphic work-
stations and using specialised networked software
(e.g. Dr. View from HIMAC or Voxelplan from GSI).

Patient positioning. Quality control.

In order for the dose to be accurately deposited in
the target volume, the volume must be perfectly
positioned in relation to the reference system of the
treatment room and the axis of the beam. This 3-D
reference system can be displayed using laser beams
in the treatment room or defined using stereotactic
frames. It must be possible to check the reliability of
this reference system regularly in relation to the
room and the beam.

* Mobility of the patient support

The patient will be placed on a "cradle" bed or a
treatment chair. It must be possible to incline this
device by = 30°. The bed and the chair must be
movable and remotely controlled in three dimen-
sions with millimetre precision. This movement
could be controlled from a console located in the
irradiation room or from outside from the irradia-
tion control room.

¢ Checking positioning

At each treatment session, the patient is repositioned
with his personalised immobilisation system. The
patient’s position is then checked by X-ray, and if
necessary with the respiratory synchronisation sys-
tem. The operator then measures the difference in
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position between this image and the reference image
obtained during the simulation. If the difference is
greater than 1 mm, the operator controls the move-
ment of the bed with millimetre accuracy to correct
this difference.

* Check using X-ray imaging

The position of the patient or preferably that of the
target volume, is checked using three X-ray tubes
(generally in the ceiling) and three detectors placed
according to the three spatial axes. These radiogra-
phy systems must be movable and it must be possi-
ble to move them to any position around the exami-
nation bed or chair.

The checks concerning the patient (imaging, posi-
tion, movement) will be carried out in the pre-posi-
tioning room.

Verification of the dose deposited (dosimetric
control)

Controls of the intensity, direction and shape of the
beam must be carried out extremely quickly (a few
tenths of a microsecond) and duplicated using
appropriate devices such as ionization chambers.
These irradiation checks must be independent of the
checks on the accelerator beam and its routing to the
treatment rooms. The beam energy should be
known very precisely.

The presence of 'C and "“C (£+ emitters) resulting

from the fragmentation of some of the incident *C
ions will enable, using an appropriate PET camera,
in situ spatial and dosimetric checking of the irra-
diation and verification that the dose delivered com-
plies with the prescribed dose. This camera may be
located in the treatment room (as at GSI) or outsi-
de. Recent developments in the field of scintillating
crystals should make it possible to envisage the on-
line use of such a camera to obtain images of the
beam path (and probably the dose deposited), which
are sufficiently bright, with a time of around one
second.

Radiological protection

The radiation protection to be installed at the facili-
ty is aimed at protecting workers and patients as well
as the environment. Access control systems and sys-
tems for measuring the radiation in the treatment
rooms and machine rooms, and systems to stop the
beam in the event of an anomaly, must provide all
the safeguards and the redundancy required for safety.
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Control system

The controls concerning the accelerator beam (ener-
gy, intensity, spatial distribution, uniformity, profile,
emergency stop) and the control of access to the
machine rooms and treatment rooms (radiation
measurements, beam closing down) must be centra-
lised in a machine control room which is separate
from the irradiation control rooms.

The irradiation must be controlled from a console
located close to the treatment room and the pre-
positioning room. This console will be used for sto-
rage of the irradiation parameters and all the para-
meters connected with the machine will be fed back
to this console. Specialist software will be used to
control the irradiation taking into account the para-
meters of the treatment plan, the machine beam, the
general safety devices, the positioning of the patient
and the clearing of the room.

Quality assurance, tests

Daily, monthly and annual checks on the equipment
and the functionalities must be defined for both the
irradiation, the machine and the radiation monito-
ring.

Rooms

The hadrontherapy centre will have three treatment
rooms. Two will be equipped with fixed horizontal
beams and one with a fixed vertical beam. A request
has been made to examine the possibility of instal-
ling a device (gantry) for rotating the beam 360 deg-
rees, instead of the vertical beam, in order to obtain
different angles of incidence on the patient. Time
will be reserved for radiobiology research programs
and for the development of these treatments.

The treatment rooms will be equipped identically
with:

- a beam conformation system

- a dosimetric system for quality control

- a patient support positioning system

The possibility of adding further diagnostic, ima-
ging or position verification equipment must be
included.

Each treatment room will have an associated pre-
positioning room.

The civil engineering design must include the possi-
bility of the subsequent addition of a fixed horizon-
tal beam in the vertical beam room if the solution
with a gantry is not chosen.
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Building

The building is to be located in a hospital environ-
ment. It will be designed in such a way that it can be
extended so that additional facilities can be incorpo-
rated in the site. The surrounding area and the
patient reception areas must be given particular
attention. The technical areas connected with pro-
duction, shaping and distribution of the beams
must be kept separate from the medical areas. Each
treatment room is to have an associated pre-positio-
ning room and an irradiation control room. These
rooms will be separate and will contain similar
equipment.

The building must be designed to receive patients
for all the steps prior to carbon ion treatment: medi-
cal consultations, treatment planning, immobilisa-
tion devices, imaging (CT scan, MRI system) as well
as post-therapy follow-up.

In the event of young children being treated, a room
for general anaesthetics must be provided, with a
recovery room.

Site

The reference site will be chosen according to its
proximity to hospitals and research laboratories and
to its accessibility (airports, train stations, motor-
ways) for the patients. Its surface area will be large
enough for there to be space in reserve for any exten-
sion.

Special studies will be undertaken to determine the
nature of the ground, the composition of the subsoil
(in particular for civil engineering studies, water sup-
plying for cooling the various devices), the electricity
inlets, the population, the access routes and more
generally everything relating to the environment.
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Summary of the medical specifications

Projectiles ions *C*
Possibility of other projectiles from protons to *0
Time for changeover between two types of particle <1 hour

Depth of penetration of ions (p, C) 2227 cm in water
Maximum dimensions of the area of irradiation (perpendicular 20x20 cm’

to the direction of the incident beam)

Maximum continuous physical dose rate

2 Gy with a traitement time of one minute per litre

Distribution of the dose in the target volume cible (Iand E )
Distal drop 100% - 30%
Lateral penumbra 80% - 20%

less than 3 mm
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 ~2mm
Angular rasterscanning of the beam Yes
Distance between scanning magnets and isocentre of the tumour >3m
Possibility of distributing very low doses Yes
Possibility of several incident directions of the beam in one room Yes
Safety of the patient:
- rapid shutting down time 200 ms
- 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 *

- 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 CT scan

1to2

Number of patients per annum

50 to 100 in the first year200 to 500 in the second year,
500 to 1000 in the third year

Minimum dosimetry (measurements) just before the patient

Tonisation 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

Precision of the positioning of the patient in relation to the beam,
with appropriate immobilisation device

Head: 1 mm
Body: 2 mm

Areas to be provided

Reception, management, administration, secretarial

offices, waiting rooms, consulting rooms, anaesthetic

room, offices for: medical doctors, physicists, 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 Ill-1: summary of the medical specifications

® During this preliminary design the benfit of carrying out the preliminary investigation of a treatment room with rotating

isocentric gantry has come to light.
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IIT-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)

Tons delivered in the rooms

12C6+ lH1+
>

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
Ithe accelerator (around 1 second)

Variation of the penetration depth

In 1 mm steps if the penetration is less than 20 cm
In 1,5 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 a physical dose rate Maximum number of particles per spill at the patient:
of 2 Gy/min per litre RC: ~4x10°

Variations for each energy according to the treatment plan
and the shape of the tumour

protons: ~ 1 x 10"
typical values for active scanning (ref : PIMMS [7] in
volume II)
Imax/min intensity variation = 1000
Cycle duration : 1 to 10 seconds

Fluctuation of the position of the

Less than = 15 % of the diametre of the spot at mid-
height

Rasterscanning of the beam in the treatment room

Horizontal and vertical scanning magnets

Parallax fault

Easily variable beam entry angles

Distance between scanning source and isocentre of the
tumour greater than 3 m
Rotating isocentric gantry

instead of the fixed vertical beam

Reproducibility of the dose delivered, its
uniformity and its contours

Fast stopping of the beam

Contamination of the beam less than 1%

Precise on-line monitoring of the parameters of the beam
On-line monitoring of the spectrum of the source ions
Rapid deflector, in 200 us

Associated mechanical stopping of the beam

Table III-2: Summary of the technical specifications
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V-1
Treatment plan

V-1-1 Introduction

3-D conformal irradiation of tumours by ion beams
consists of delivering the prescribed dose while confor-
ming as closely as possible to the volume to be irra-
diated. This conformation may be carried out with
an ion beam which is either actively or passively sha-
ped. The choice and validation of the treatment tech-
nique requires calculation of the dose distribution on
a treatment planning system involving the anatomi-
cal data on the patient and the characteristics of the
beam.

The treatment planning system systems used with car-
bon ions in Germany (GSI) and with protons at the
Orsay protontherapy centre (CPO) are described brie-
fly here.

V-1-2 Experience at CPO-Orsay (France)

The CPO has a 70 or 200 MeV proton beam. To ensure
coverage of the whole tumour, Orsay uses a passive
system for shaping the beam. This technique enables
an initial adaptation of the maximum path of the
protons (linked to the energy) to the depth of the
lesion to be irradiated, using a degrader and an energy
modulator. A more precise adaptation is achieved with
the creation of a customised compensator for each
beam incidence. The lateral distribution of the protons
must also be made uniform with diffusers for irra-
diation field dimensions encompassing all possible
target volumes for a given clinical application. The
conformation of the volume is achieved using custo-
mised collimators.

The treatment planimetry is carried out at CPO using
IsiS software. This is a system used in conventional
radiotherapy, at about sixty sites in France, and for
which there is a proton module.

Acquisition of the anatomical data for the patient
Anatomical images: MRI/Scanner

Image processing module
Segmentation of the different volumes
2-D, 3-D viewing. Assistance with positioning: DRR

$

Image processing module
Proton dose distribution calculation module
Calculation model: ray tracing

The pencil-beam model is currently being clinically validated
Calculation of the compensator. RBE not taken into account

Figure V-1: diagram of ISiS software
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With ISiS it is possible to use two sets of images
simultaneously, which are aligned with one another,
generally CT and MRI images. The images can be
aligned outside ISiS (e.g. GE merge) or using ISiS.

The segmentation is carried out in 2-D, image by
image, either in manual mode using a mouse by
plotting continuous or discontinuous points, or in
automatic mode by thresholding. The change to 3-D
is made by interpolation. The DRR are calculated
using a ray tracing algorithm. The model used clini-
cally is the "ray tracing” model with special proces-
sing of the penumbra to take into account the enlar-
gement in terms of depth, the air gap and the pre-
sence of the compensator {with the notion of a
"theoretical" compensator (fine resolution) and
"real" compensator (achieved with the machine
tool)}.

With ISiS, CPO has a functional planimetry softwa-
re. This system, developed at the Institut Curie, and
distributed to a number of Paris hospitals enables an
easy exchange of data for the planning of treatments
for patients from a partner network. This system,
widely used in conventional radiotherapy, benefits
from developments in this field (pencil-beam algo-
rithm [72], DRR, contouring assistance, etc).

V-1-3 Experience at GSI-Darmstadt

(Germany)
With an active beam shaping system, 3-D conformal
irradiation of tumours requires precise planning of
the energy, position and intensity of the beam.
Methods for optimising these parameters are com-
plex and must take into account the specific physical
and biological characteristics of the ions used [73].

At the GSI, an experimental model has been develo-
ped based on VOXELPLAN, the planimetry softwa-
re used at the DKFZ in Heidelberg. This is a plani-
metry software for conventional radiotherapy which
has a proton module and thus enables relatively
flexible exchange of data with other dose distribu-
tion calculation codes. The calculation code develo-
ped at the GSI, TriP (Treatment planning for
Particles), is a totally separate module which calcu-
lates the physical and biological dose distribution
using VOXELPLAN data and which controls the
beam.

-

Anatomical data for the patient
CT / MR/ PET (merging of images)

v

/ THOMAS
Definition of the various volumes

\_

VOXELPLAN (DKFZ)

~
J

VIRTUOS
Positioning of the beams
Display (2-D, 3-D).

O

TriP (Treatment Planning for Particles (GSI)

> Physical
>

>

Calculation of the dose distribution

Biological (RBE)

Optimization of the machine parameters
E; (xy); fluency

Figure V-2: diagram of VOXELPLAN and TriP sofwares
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The anatomical data for the patient based on ima-
ging is processed in the THOMAS module (Tools for
The The anatomical data for the patient based on
imaging is processed in the THOMAS module
(Tools for Manual Segmentation). The VIRTUOS
module (virtual radiotherapy simulation) is used to
define the treatment plan and the dose require-
ments. TriP then works on the voxels generated by
VOXELPLAN to calculate the physical or biological
dose distribution and optimise the machine para-
meters.

GSI has chosen software used routinely for conven-
tional dosimetry. VOXELPLAN can therefore be
used for the entire definition of the planimetry of
the treatment. GSI has developed its own TRiP code
which uses the same data format as VOXELPLAN.
This well studied choice ensures total flexibility of
the system for calculating the final dose distribution
with the possibility of taking into account the cons-
tant advances being made in radiobiology data. The
software is also used to control the parameters of the
ion beam (scanning, intensity, etc).

The Japanese at CHIBA also use experience acquired
in protontherapy for which they have planimetry
software based on the "pencil beam" algorithm.
Research is currently being carried for the precise
inclusion of fragmentation and RBE.

V-1-4 Specific characteristics of planimetry
software for hadrontherapy.

"Imaging" module

With the most precise ballistics and the very large
dose gradients offered by ion beams, it becomes
necessary to carry out accurate contouring of the
organs at risk and the target volume. To do this the
system must allow the merging of images from all
imaging methods at the disposal of the physician, so
that the lesion can be defined precisely: anatomical
images (CT, MRI, etc) and functional images
(SPECT, PET, etc).

"Physical" module

The irradiation of living tissue by carbon ion beams
involves complex phenomena which must be
modelled accurately. It is necessary to take the phe-
nomena of fragmentation into account:

+ in the calculation of the final dose deposition, bea-
ring in mind the fact that 12C ions will fragment
« for "online" display of the 11C produced, using a
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PET camera

The modelling of the biological effects of carbons on
tissue is essential to achieve a biological radiation
dose.

"Machine parameters and control" module

The treatment planimetry system must also enable
definition of the characteristics of the beam to ensu-
re conformal irradiation of the tumour.

For active beam control, the system must establish
the energy "steps” necessary to cover the whole of
the lesion. For each "step”, i.e. each slice of the target
volume, the system must also define the (x,y) scan of
the spot (rasterscan).

Interface with other planimetry software

The system developed should have an interface for
retrieving data for patients coming from other sites,
which use different planimetry systems.

V-1-5 Strategic choices

A large number of planimetry systems are marketed
in France for the photon beams found in conventio-
nal radiotherapy. Some of these systems already have
or are developing models for dose calculation in
protontherapy (ISIS, CADPLAN, CMS, etc). The
advantage of these systems is that they are widely
used and thus reliable and well known. The disad-
vantage is that, until now, they have not been very
flexible and have only offered users a limited possi-
bility of incorporating new modules or new data
(RBE, etc).

There are a number of options. They must be eva-
luated and a strategy defined in consultation with
the partners concerned. The industrial dimension
must be taken into account.

Adoption of the German system (VOXELPLAN
and TRiP)

This solution would enable us to have an operatio-
nal system rapidly. The adaptation would consist of
understanding the system developed at GSI and
improving any weaknesses it may have. The disad-
vantage may be a lack of autonomy in relation to the
research carried out at GSI.

To develop an interface between a system marke-
ted in France and the TRiP module
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This solution would provide a great deal of flexibili-
ty, allowing systems which are widely used in France
to be used, which could be an advantage in the case
of a network of partner centres. The manufacturers
must, in this case, encourage data exchange systems.

To adapt software marketed for protons (for example
ISIS) for carbon ion planimetry

The advantage of this solution would be the involve-
ment, in France, of the team which has experience of
proton planimetry that operates with passive beam
shaping. It would have to be adapted for an active
"rasterscanning” type system.

V-2
Carbon ion hadrontherapy imaging

Medical imaging brings together a number of tech-
niques, tools and methods the objective of which is
to display the anatomy and/or the operation of the
human body in order to detect pathological varia-
tions. The main aim of these non-invasive tech-
niques is either to provide assistance with diagnosis
or to serve as an anatomical reference to the radio-
therapist or as an anatomo-functional reference to
the surgeon.

V-2-1 Diagnostic imaging
Apart from ultrasound, all imaging systems are cur-
rently based on three main techniques and physical
principles.

CT scan (Computed Tomography)

Using radiological techniques based on the use of X-
rays, anatomical information with very high spatial
resolution and good tissue differentiation can be
obtained with the CT scan. The CT scan is still the
most precise and most widely used imaging tech-
nique due to its very fast and with very easy access.
With a particularly high performance for the detec-
tion of cancers in the thoracic or abdominal regions,
this technique, that gives access to the electronic
density of tissues, is still the anatomical reference for
planning radiotherapeutic treatments.

Magnetic Resonance Imaging (MRI)

More recently, MRI has enabled us to obtain not only
very high resolution anatomical images with excellent
contrast, but also functional and metabolic images.
Thus, MRI constitutes the reference technique in par-
ticular for the study of cerebral pathologies due to its
better pathological characterisation. As well as the
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perfusion and diffusion methods which will soon
have an impact in the characterisation of the patho-
logies of tumours, "functional” MRI can be used for
indirect monitoring of the metabolic and haemody-
namic phenomena following neural activation. This
technique is particularly useful in neurosurgery for
the location of functional areas (language, memory)
close to the tumour to be resected or treated, in the
context of a pre-surgical or pre-radiotherapy report.

As for spectroscopy or metabolic MRI, this is a
unique non-irradiating method for tissue characteri-
sation. Through the detection of certain metabolites
such as lactate, the marker of anaerobic metabolism,
or choline, the marker of a characteristic membrane
activity of tumour processes, spectroscopy can be
used to identify certain tumours and particularly to
characterise the regional metabolic variations which
constitute an indicator of tumour activity. This
approach thus enables the radiotherapist to define the
target volume with greater precision and specificity.

Positron Emission Tomography (PET)

PET is an imaging technique which consists of
detecting g annihilation photons produced coinci-
dentally during B disintegration in matter. Based on
the injection of a molecule, which is the tracer of a
metabolism or a function, associated with a positron
emitting isotope, PET using “Fluoro-deoxyglucose
(FDG) is used to detect the smallest tumours due to
the increase in their glycolysis. Recent use of this
technique for whole body scanning makes it an
excellent diagnostic technique for oncological
pathologies.

V-2-2 Place of imaging

in the planning of treatment
In radiotherapy, the CT scan is the reference tech-
nique for detecting and delimiting the target area,
based on which the dosimetric planning calculations
will be made. However, in the context of new
conformal radiotherapy or hadrontherapy tech-
niques which have a much better ballistic precision,
it seems necessary to define the target volume more
precisely using anatomo-functional imaging.

In addition to the CT scan which is an excellent ana-
tomical reference, it is therefore desirable to use MRI
which gives a better tissue contrast in particular for
cerebral imaging. Moreover, MRI can provide other
information, either of a metabolic type with spec-
troscopy, or of a functional type with perfusion or
activation MRI which provide better characterisa-
tion of highly heterogeneous tumour areas. Finally,
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due to its excellent sensitivity and specificity, PET
using FDG or methionine, is the best method for
early detection of primary and secondary tumours.
This technique will continue to be improved.

These different types of image, obtained using diffe-
rent methods, provide additional functional and
anatomical information which are of great benefit
for characterising the tumour area and thus enable
better definition of the target volume. To this end, it
is advisable to develop alignment, merging and
display software tailored to the work of the radiolo-
gical physicist.

V-2-3 Imaging for control

During a hadrontherapy examination using a car-
bon ion beam, physical interactions between the
ions and the material through which they pass
(consisting mainly of water molecules for a human
body) cause, as a result of the fragmentation pheno-
menon, the production of lighter particles such as
carbon 11 and 10, nitrogen 14 and 13, oxygen 15,
etc. Some of these atoms emit positrons and can the-
refore be detected by PET. The presence of positron-
emitting particles and the use of PET therefore has a
dual advantage of being able to follow the paths of
secondary particles, and thus calculate the spatial
and dosimetric distribution of the primary beam.

PET recording

A PET camera for this recording can be used in two
possible configurations: during irradiation (on-line)
or after irradiation (off-line).

"On-line" recording has a number of advantages.
The first of these is to carry out the recording as
early as possible to obtain an in situ image with the
best spatial precision. The recording is therefore
made during irradiation, between each spill in order
to limit the background noise. Secondly, on-line
acquisition offers the ability to monitor the distribu-
tion of the beam during irradiation and thus modi-
fy the treatment at any time from either the spatial
or dosimetric point of view. Finally, this configura-
tion makes it possible to limit the signal loss due to
the radioactive decay of the isotopes. However, with
this configuration it is not possible to obtain good
counting statistics due to a very small solid angle
and short acquisition time. It is for this reason that
this on-line recording approach will require the
design of a new system, suitable for the constraints
of the hadrontherapy examination.
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"Off-line" recording is a much simpler solution in
that a commercial PET camera can be used.
Although this solution has the advantage of an
acquisition time that can be much longer, as it is car-
ried out post-irradiation, it suffers from the absence
of in situ information and immediate feedback
during irradiation. Moreover, the potential movement
of the organs after irradiation and the change in the
distribution of the isotopes during this period may
prejudice the spatial precision of the information.

A clinical dosimetry tool

The detection of an image of positrons thus makes it
possible to draw up the cartography of the frag-
ments and thus calculate (using appropriate model-
ling) the distribution of the primary beam and also
the dose deposited in the target volume. However,
this work is complex and depends on the precision
of the model used. The model must, using precise
simulations, take into account the fragmentation
and stopping processes, and the radioactive cons-
tants of the primary and secondary particles, in the
non-uniform environment of exchanges of the
human body. This modelling will correct, amongst
other things, the effects of attenuation of transmis-
sion and of detection of the g rays.

For on-line recording, a PET camera adapted to the
requirements of hadrontherapy is necessary, i.e. with
better sensitivity in view of an imperfect geometry.
To place the camera around the patient during irra-
diation while allowing the axis of the beam to pass,
a special detection ring will have to be devised. In
view of the small solid angle and the low intensity of
the beam of secondary particles, a much more sensi-
tive system than those currently on the market will
be necessary.

To this end, we propose to develop a new generation
tomograph within the context of the Crystal Clear
collaboration. The use of new technologies such as
avalanche photodiode arrays (APD) and scintilla-
ting materials (LSO, LuAP) which are more dense,
faster and brighter will make it possible to achieve
better sensitivity. Moreover, innovations in software
for reconstruction and for measuring the depth of
interaction (DOI) using two rows of scintillating
crystals with different characteristics will enable the
spatial resolution to be improved. Finally, Monte-
Carlo simulation studies will provide realistic data to
integrate the new characteristics of this prototype.
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V-3
Equipement in the treatment and other associated
areas

In accordance with the medical specifications, each
treatment room has been equipped differently but all
future installations remain possible to incorporate
technical developments, in particular in patient posi-
tioning 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 measure-
ment apparatus are all identical, in order to minimise
the specific training for hospital staff and to maintain
uniformity and inter-changeability of operations.

Optical systems installed in the treatment room will
be used for supplementary control of all positioning
operations (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 six axes (x,y, z, p, 6, 0).

As in conventional radiotherapy it is intended that
all the immobilization systems will be made on site.

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

In order to have access to all the necessary diagnos-
tics before or after irradiation, a MRI system and a
CT scan will be necessary. A PET camera to check
that the distribution of the dose in the target volume
complies with that specified in the treatment plan
will be provided in one of the treatment rooms. The
Lyon hospital environment will provide additional
clinical diagnostics to that provided in the centre.
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Table V-1 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 (images, etc) Planned in the control system

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 system and accessories

Simulation scanner room Scanner and accessories

Anaesthetics room + associated areas Scanner and accessories

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 Machine tools, etc

Offices Equipement

Meeting room Equipement

Estimated capital expenditure for three treatment rooms: 8.23 M€ (November 2001 cost, excluding value added tax)

Table V-1: equipment necessary for the treatment rooms and associated technical areas
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V]
Capital costs, development program,
development staff

VI-1
Capital costs

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

+ by analysing the sub-systems which have been stu-
died in other projects (HICAT injector, PIMMS syn-
chrotron),

+ 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, HF elements, diagnostics). The buil-
ding, the soil composition of the reference site and

the infrastructure (air conditioning, mains power sup-
ply) have been analysed in specific studies with the
assistance of specialist consultancies 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 commissioning
of the installation. These staff, as for any accelerator,
will be present on site during construction. This item
does not include the labour required for building the
elements of the accelerator as it is included in the ser-
vices supplied by the manufacturers.

Description Capital expenditure excluding excluding values added tax
value added tax November 2001 price
November 2001 prices isocentrique gantry(M€)
scenario without rotating
isocentric gantry (M€)
Production of ions, linear 8.83 8.83
accelerator and low energy beam lines.
Synchrotron 6.45 6.45
Beam distribution and 4.68 10.21
scanning system
Control 8.25 9
Building and infrastructures 232 246
(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 VI-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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VI-2
Development program

The development is based on a six-year program inclu-
ding a detailed design stage of about two years. The
graph below presents the total capital expenditure
plan, including staff and equipment (figure VI-1). The

cenario shown is that with a rotating isocentric gan-
try. The main expenditure is as follows:

« the contract relating to the project management of
the building will be initiated in the first year.

+ the funding of the building and entire infrastructure
will be initiated in the second year.

+ the funding of most of the main equipment (high
technology components) will be initiated in the third
year.

+ the funding of the control system will be initiated
in the fourth year, together with that of part of the
medical equipment.

« the capital expenditure in the fifth year will be devo-
ted to the remainder of the medical equipment.

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

The possibility and methods of collaboration with
organisations, 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).

Capital expenditure plan

Figure VI-1: capital expenditure plan,
entric gantry

Nt lthy r of the dec
nY r 6 is "year 0" of the centre’s incr

including staff and equipment (in

cluding 7% for contingencies) for a scenario with rotating

nnpn ciple to go ahead with ETOILE. Year 2 is the year of the final dec
e to full capac

ity, during which the first patients will be tre td
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VI-3
Development staff

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

Development staff

Number of
people

Figure VI-2: staff involved during the development phase

The "responsibility for development” cannot, in our
opinion, be totally assigned to one manufacturer
which would have to guarantee the performance of
an immediately usable installation which it had
never built before. The same argument has been
used in the Heidelberg project.
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*VIIL-

Operating scenarios and needed
staff. Running costs

VII-1
Scenarios of increase to full capacity and routine
operation

A gradual increase to full capacity over three years is
envisaged in terms of recruitment and treatment of
patients. As well as the checks of the irradiation
beam, this increase must allow treatment procedures
and quality procedures to be set up and monitored
in a way which is totally safe for patients. It will also
allow for the training and recruitment of care staff,
leading to a final daily operation with two shifts of
care and technical staff, for 1000 new patients trea-
ted per annum in three rooms.

VII - 1 - 1 Increase to full capacity
The scenario envisaged for the increase to full capa-
city in terms of patients and medical and technical
teams is as follows:

"Year 0": first patients

- Corresponds to the "handover" of the
synchrotron, with control of the beams,
radiobiological research and setting up of
therapeutic procedures. The first patients
will be treated

- Limited medical team, consisting of two
medical physicists and 0.5 to 1 full time
equivalent doctor-researcher (radiobio-
logical tests)

1* year: 75 patients
- Two treatment rooms: one room with a
fixed horizontal beam and one room
with either a gantry or a vertical beam
(and possibly an horizontal beam)
- One medical team and one technical team
- Phase I and II clinical trials

2™ year: 350 patients
- Three treatment rooms: two rooms with a
fixed horizontal beam and one room with
either a gantry or a vertical beam (and
possibly an horizontal beam)
- One medical team and one technical team
- Phase I and II clinical trials
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3 year: 750 patients

- Three treatment rooms: two rooms with a
fixed horizontal beam and one room with
either a gantry or a vertical beam (and possi-
bly an horizontal beam)

- Two medical teams and two technical teams

- Phase II clinical trials and start of randomised
comparative studies (phase III)

4™ year onwards: 1000 patients

- The potential number of annual irradiation
sessions is based on the following assumptions:
220 days of actual treatment, 11 hours per day
for each treatment room, 30 minutes average
duration of a session, i.e. around 15 000 sessions.

- The potential number of annual patients is
based on the following assumptions: 50% of
patients treated with 20 sessions of carbon
ions only, and 50% of patients treated with a
combination of photons (outside the hadron-
therapy centre) and 10sessions of carbon
ions, i.e. an average of 15 sessions per patient.

- Optional prospects of increasing the number
of patients depending on the possibilities of
hypofractionation, progress made enabling
the duration of each session to be reduced,
and modification of the time slots.

It is anticipated that 90% of treatments will be carried
out on day patients, with no hospitalisation.
Arrangements for local accommodation will be pro-
posed. About 10% of patients will have to be hospi-
talised in care facilities close to the hadrontherapy
centre.
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VII-1-2 Routine operation
Operating scenario of the centrel

5 days worked per week, i.e. 260 per annum.
44 weeks will be devoted to treatment i.e. 220 days.
10 days each year will be public holidays (fixed or
movable).

The remaining 30 days will be used for preventive
maintenance and a number of machine tests (upda-
ting of equipment, improvements, re-certification).
This could correspond to 7.5 days stoppage every
3 months, with, for example, 5 days preventive main-
tenance and 2.5 days of machine tests.

The days will be 14 hours long, i.e. 2 shifts (35
hour weeks)
Adjustments and certification from 6 am
to 8 am (duration: 2 hours)
Treatment from 8 am to 7 pm (duration:
11 hours)
Post-treatment checks 7 pm - 8 pm (dura-
tion: 1 hour)
Session duration: 30 minutes

Number of sessions

The centre will have three rooms. Treatment will be
carried out 220 days a year, for 11 hours per day,
thus providing 14 520 treatment sessions, enabling
1000 patients to be treated (see above).

Medical and radiobiological research

The machine can be used outside the daily opera-
ting hours (3 hours of certification and 11 hours of
treatment, 5 days a week) for specific studies in the
field of medicine and radiobiology. However, in
this case, the working hours of the technical staff
will have to be re-organised.

VII-2
Centre staff

VII-2-1 Technical staff
With these assumptions for operation, the
technical staff requirements are estimated
below.

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 to monitor 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 certification phase: two opera-
tors at the main console

Treatment phase: one of the operators will be
available for the three rooms. The second ope-
rator will remain at the main console.

Total: 4 people.
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
particular first level repairs in periods of under
an hour, the following staff will be distributed
over the two shifts:

Radiofrequency, diagnostics, sources: one
engineer and one technician

Vacuum, electromechanics, mechanics: one
engineer and one technician

Power electronics, electronics: one engineer
and one technician

Night watch: two technicians (this is the mini-
mum as the watch period is 10 hours)

Total: 8 people

General total: seven engineers and nine techni-
cians, i.e. 16 people.

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 any over-
lapping of technical teams or time for training, or
holidays. However, it is assumed that the machine
will be sufficiently reliable to enable overlapping
and include holidays.
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VII-2-2 Medical staff:

qualification - activity
Data concerning the medical staft is given in table
VII-1

For the medical team, a high assumption for France
has been made. The number of members of staff
takes into account the chosen operating scenario (5
days per week, 2 shifts per day) and current labour
legislation. The "full time equivalent” (FTE) num-
bers for the medical team are given for each type of
activity. Due to the extremely technical nature, the
importance of the evaluation (clinical, radiobiologi-
cal, dosimetric, etc, research) and the necessary uni-
versity component of such a centre, the "physician”
and "physicist” times devoted to an activity other
than treatment (research, teaching) have been esti-
mated to be 50%.

The figures given agree with (and are lower than)
those for the German and Swedish projects.

Nature Total ETP Treatement Research Teaching
Medical doctors 12 6 3.6 24
Physicists 9 4.5 2.7 1.8
Dosimetrists 4 3.2 0.6 0.2
Operators 19 15.2 1.9 1.9
Supervisors 1 0.8 0.1 0.1
Porters 2 2

Nurses 3 3

Reception staff 3 3

Secret. Admin. 5 5

Table VII-1: data for medical staff (in FTE)

Due to the specific features of such a centre enga-
ged in clinical, biological and technological
research, the activities connected with treatment,
research and teaching have been given separately
for each category of staff. The proportion of time
spent on treatment will, of course, increase during
the phase of the increase to full capacity in terms of
patient recruitment and time slots. The activity
may be divided unequally within one professional
category, depending on the responsibilities of each
individual.

Radiotherapists

1- Activity connected with treatment:

- Recruitment, treatment and follow-up of patients.
Organisation of weekly (multidisciplinary) depart-
mental meetings to present cases (in particular via
a network of images).

- Definition of volumes to be irradiated and valid-
ation of the planimetry in collaboration with the
physicist, and daily monitoring of treatments.
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2- Research and teaching activity

- Clinical research (protocols, evaluation, etc.)
- "Basic" research: radiobiology; imaging, etc.
- Teaching, visits ../...

3- Administrative activity: one co-ordinating physician
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Medical physicists

1- Activity connected with treatment

- The physicist is responsible for the quality of the
irradiation via the checking of the beam (2 hours
per day) and the checking of each new treatment.
The physicist is responsible for the planimetry, in
collaboration with the physician.

2- Research and teaching activity

- Radiobiology; imaging; computer science

- Teaching, supervision of PhD students

3- Administrative (1 assistant departmental manager?)

Dosimetrist

This activity is mainly connected with treatment,
reporting to the physicist (preparation of the plani-
metry and beam control)

Supervisor (radiology operation team)

The supervisor is involved in the activity connected
with treatment, and has an administrative (supervi-
sion of the operators) and teaching function

Medical-technical assistants

The activity is mainly connected with treatment.
1- "Treatment preparation” (1 station)

1 team of 3 members of staff is required for:

- Making the immobilisation devices, setting up
and teaching the respiration control system to the
patient

- Scanner imaging and MRI (and possibly PET),
preparation for planimetry

2- "Performing treatment" (3 stations: 3 treatment
rooms)

7 to 8 members of staff per shift are necessary for
carrying out treatment:

- Pre-positioning of the patient (putting the immo-
bilisation device in place in the "pre-positioning"
room) during the irradiation of the previous
patient and laser or Radiology. checks

- In the treatment room: control of the positioning
(laser and X-rays), installation of the respiration
control system before validation by the radiothera-
pist

- Monitoring the patient during irradiation

- On-line PET (research project)

Porters

(2 present per shift at least one shift a day)

- Assistance with pre-positioning, and taking
patients to the rooms

- room cleaning
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Medical secretaries
- Management of appointments, treatment reports,
administrative duties

Nurse

1 present 7 to 8 hours per day

- Replacing dressings (assistance with consulta-
tions)

Receptionists

1 or 2 present each shift

- Patient welcoming and directing, administrative
paperwork

Administrative staff

1 centre manager

1 general secretary

1 secretary or 2 administrative assistants
3 management secretaries
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VII-3

Costs connected with technical operation

These are estimated annual values, based on 2001
prices, in M€ excluding value added 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 VII-2: costs connected with technical operation

VII-4
Running costs

The cost of the project will be the total of three costs:

« staff costs

+ capital expenditure costs
+ technical operating costs

The increase to full capacity is taken into account.

VII-4-1 Staff costs

The activity of the medical teams has been broken
down into three items: activity connected with the

treatment itself, research and teaching.

The production column which essentially describes
the activity connected with treatment indicates what
the routine "net" operating cost of such a centre would
be without research and teaching.

Appendix X-3 gives detailed staff costs.

Table VII-3 summarises the total salary costs* (pro-
duction of treatment, research and teaching) and their
division between technical and medical team costs.

Year

Number

of patients
afew

Total cost
in (k€)
684

Technical
team
488

Staff cost
per patient (in k€)
197

Staff cost
per patient (in k€)

75

2305

831

1474

30.73

350

3029

1121

1909

8.65

750

4474

1121

3353

5.97

0
1
2
3
4

onwards

1000

4474 k€

1121

3353

4.47 k€

* November 2001 prices

Table VII-3: total staff costs
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If only the cost of activity connected with treatment
is used for the medical teams, the "net staff cost per
patient” (excluding research and teaching) then
becomes:

Year Number of Net staff cost Technical Medical Net staff cost
patients (in k€) team team per patient (en k€)

0 afew 488

1 75 1511 831 680 20.15

2 350 2177 1121 1056 6.22

3 750 3332 1121 2212 4.44

4 onwards 1000 3332 1121 2212 3.33

Table VII-4: net staff cost per patient (for information)

VII-4-2 Capital expenditure costs
The capital expenditure cost (detailed in VI-1) is
88.06 M€ excluding value added tax (assumption
with gantry) which can be broken down into:
* 26.32 ME for the building
* 61.74 ME for the equipment.

The loan repayment costs will depend on the full
amount of grants obtained and the pay-back periods.

Two assumptions for the full amount of grants
obtained have been considered (foot note):

* 25 M€
* 50 M€

And three assumptions for the loan pay-back periods:
* 20 years
* 25 years
* 30 years

These assumptions are simulated in table VII-5,
using an interest rate of 5%.

20 years 25 years 30 years
25 M€grant
Cost to be funded: 63.06 M€ 5.03 4.46 4.09
50 M€ grant
Cost to be funded: 38.06 M€ 3.03 2.68 2.46

Table VII-5: annual loan repayment costs

Note: in these two hypotheses the numbers are intentionally lowered in order

to avoid underestimating the operating cost.

52



ETOILE PROJECT
Volume 1 / july 2002

VII-4-3 Technical operating cost

This has been given in detail in VII-3 and is repeated here:

Costs

ME€X*

i
;
!
Total technical operating cost E

Table VII-6: Annual technical operating cost

VII-4-4 Structural deficit

before reaching full capacity
The first four years of increase to full capacity will
generate costs greater than the "revenue" connected
with the treatment activity.

2.81

« Costs: These costs are repeated below (39.57 M€).
* Revenue: The treatment activity of the first four
years corresponds to: 0+75+350+750 = 1175
patients. The value of this activity can be estimated
(assuming 14 k€ per treatment) at 1175x14 =
16.45M€.

Years 0 1 2 3 Total
Staff costs 0.684 2.305 3.029 4.474 10.492
Technical operating costs 2.81 2.81 2.81 2.81 11.24
Repayment of loans (base 25 years 446 4.46 4.46 4.46 17.84
grant 25 M€)
Total cost 7.95 9.58 10.30 11.74 39.57
Revenue 0 1.05 4.90 10.50 16.45
Deficit 7.95 8.53 5.40 1.24 23.12
Excluding value added tax, November 2001 prices
Table VII-7: structural deficit before reaching full capacity (in Mg)

VII-4-5 Summary total running cost
Paying back all the costs of the four years up to the
increase to full capacity in the routine years gives the
following total running cost:
Payback period 20 years 25 years 30 years
Grants (M€) 25.00  50.00 25.00  50.00 25.00  50.00
Cap. exp. to be funded (M€) 63.06 38.06 63.06 38.06 63.06 38.06
Initial deficit to be funded 23.12 2312 23.12 23.12 23.12 2312
Repayment of loans 503  3.03 446  2.68 4.09 246
Technical operating cost 281 2.8l 281 281 281 281
Staff cost 447 447 447 447 447 447
Payback of initial deficit 184 184 1.63  1.63 150 150
Total (M€) 14.15 12.15 13.37 11.59 12.87 11.24
Number of patients 1000 1000 1000 1000 1000 1000
Running cost per patient (k€) 14.15 12.15 13.37 1159 12.87 11.24

Excluding value added tax, November 2001 prices

Table VII-8: total running cost in a "routine year"
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* VIII »

Funding” and "management-orga-
nisation” considerations

VIII-1

Funding requirements and potential funding

This section gives the elements of the financial conside-
ration. This will be examined in detail with potential

funders, using this document as the base.

Table VIII-1 summarises the specific funding require-
ments for the capital expenditure (see § VI-1) and for
the initial deficit (first four years). See § VII-4-4.

Low assumption High assumption Comment
Capital expenditure 79.86 M€ 88.06 M€ Of which 24.82 to 26.32 M€ is
for building.
These numbers include 7%
for contingencies
Initial deficit 23.12 M€ 23.12 M€ first 4 years
Total funding
requirement 102.98 M€ 111.18 M€

Excluding value added tax, November 2001 prices

Table VIII-1: specific funding requirements for the capital expenditure and operation in the first four years

Table VIII-2 outlines the type of funding requirements,
their timing and the potential sources of funding. The

comments qualify the concept of "potential source of

funding.
Type of requierement Year Funding

0 1° 21 3 4 5 6" 7
Preliminary design X X MR, CL, OR,A, U
Capital expenditure X X X X X MR, OR,NS, CL, F; E
Operation X b
"Initial deficit"
Operation X X X X X X X X MR, OR,NS,RAE
"Research"
Operation X NS, RA
"Treatment activities and
associated operation"

Table VllII-2: types of funding requirements

®Year 0 is 2001

* Year 1 is that in which the decision in principle will be made to go ahead with ETOILE. The invitation to tender for the
project management of the building will have been published, the total cost of the project management contract will have

been established.

" Year 2 is that in which the final decision will be made. The funding for the building and the entire infrastructure will be

established.

> Year 6 is the first year of the increase to full capacity of operation.
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Comments
Studies

A total of 3.17 M€ has been obtained, 2.90 M€ of
which is from the CPER (State-Region Spending
Plan). Part of this amount will be used to fund stu-
dies connected with the preliminary design, the first
years of the project team and the initiation of speci-
fic research and development. The remainder will be
allocated to detailed design work.

The sources of funding are:
(A) Anvar (0.06 M€)
(U) Université Claude Bernard Lyonl —
UCBL (0.06 Me)
(MR) Ministry for Research (0.75 M€)
(CL) Rhone-Alpes Region (1.27) and
Metropolitan Authority of Lyon (1.10 M€)

NB: The CNRS, the CEA and the UCBL are indi-
rectly involved in funding by invoicing for the time
of the experts carrying out the studies at reasonable
prices.

Capital expenditure

A medical facility, the scale and innovative nature of
which are virtually unknown, poses a specific pro-
blem for funding the necessary capital expenditure.
The following points are aimed at opening up the
field of possibilities.

-NS (Organisms in charge of National Health).
The FIMHO participates in the funding of projects
centred on hospital modernisation. The ETOILE
project could benefit from this, by extending its field
(and its financial size).

A small part of ONDAM is reserved for nationally
orientated allocations. A new national allocation
could be assigned to hadrontherapy.

-MR (Ministry for Research). As this involves an
innovative facility for a new therapy, and for medi-
cal research and associated technological research,
the Ministry for Research - which is already involved
in funding the design - is a significant potential
financial partner for the "equipment” part of the
capital expenditure (and for the operating/research
part).

-RO (Research Organisations). The CNRS (IN2P3,
STIC, SPI, Life Sciences), the CEA (DSM, DSV) and
INSERM (even the INRIA) are, by the same logic,
potential financial partners, after consultation.
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INSERM (even the INRIA) are, by the same logic,
potential financial partners, after consultation.

-CL (Local authorities). The Rhone-Alpes Region,
like the Metropolitan Authority of Lyon, have (at the
beginning of the CPER and after) demonstrated their
strong commitment to this major high technology
facility located at Lyon. It strengthens the Health sec-
tor, which is a priority in the region’s development
plan. They are likely to be significant financial part-
ners. The Conseil Général du Rhone (Rhone General
Regional Council), which has recently had to face new
costs, seems reluctant to take on new commitments.

-E (Europe). The 5 contemporaneous projects at
Heidelberg, Milan, Stockholm, Vienna and Lyon cons-
titute a strong, innovative European project. One of
its first events was the creation, in October 2001, of
the "ENLIGHT" subject-based network, already fun-
ded by the 5® PCRD (Research and Development
Framework Programme) at the beginning of 2002,
and which will present an integrated project for the
6" PCRD.

-F (financial bodies). A loan from the sources of fun-
ding to local authorities (CDC, Dexia, etc) would be
possible. Insurance companies and mutual health
societies could also be interested.

Security for loans should be considered (Region,
etc).

Operation

This new structure will be unable to balance its bud-
get during the time needed to reach full capacity of
operation. The corresponding deficit should be spe-
cifically funded.

The operating budget of the centre will have a relati-
vely large research component — in particular in the
first few years - and a medical component. Potential
sources of funding are:

-MR (Ministry for Research): cf. above in “capital
expenditure”. It is desirable that its contribution invol-
ves a structural part which lasts several years and a
part to be called upon for projects.

-RO (Research Organisations): cf. above in “capital
expenditure”. It is also desirable that they are institu-
tional partners (see VIII-2 “management-organiza-
tion”) and scientific partners of the Centre, assigning
it staff and credits. This involvement has already started
with the research and technical staff involved in the setting
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up of research projects the objectives of which will
be devised with these research organisations.

-E (Europe): cf. above in “capital expenditure”.
ETOILE and the other similar European projects
will submit projects together in the framework of
the 6th PCRD and will seek other methods of assis-
tance from Europe.

-NS (Organisms in charge of National Health).
The financing of clinical research will take place
mainly when the centre is operating.

It is essential that, from its creation, the ETOILE
centre is recognised and has a budget within an
appropriate institutional framework (see IX-2
"management-organisation”). This budget will cover
part of the research as is normal.

-AR (Attenuating Revenue). ETOILE will seek to
maximise its “attenuating revenue” and in particular
its own resources. Involvement of the Ligue contre le
Cancer (League against Cancer), the ARC
(Association pour la Recherche sur le Cancer -
Cancer Research Association), and other
Foundations will of course be sought. The centre
will open its doors to French and European practitio-
ners (radiotherapists, organ specialists, radiological
physicists, operators, etc) as a centre for advanced
training and scientific exchanges, involving the
manufacturers who may be concerned.

VIII - 2
Management-organization

The role of ETOILE, a national centre which is located
regionally, in the organisation of Hospital-based Health
will be the subject of joint discussions on:

+ the management structure of the centre
+ the coordination of French hadrontherapy
+ the method of budget allocation

1 - The location of the centre in a region with a high
university hospital capacity allows the establishment
of a management structure for the ETOILE Centre
which combines the main hospitals (Lyon, Grenoble
and St Etienne University Hospitals, Regional
Anticancer Centre Léon Bérard, etc) and which can
be open to the private sector.
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The strong research component leads naturally to an
expected involvement of the relevant national research
organisations.

Certain sources of funding (insurance companies, etc)
may request to be involved in the management.

The national aspect must be clearly represented - in
particular by the overall "hadrontherapy” structure
(see below).

This management structure may be open to change
with respect to its legal form: initially it will involve
carrying out detailed (medical and technical) design
work and the creation of the Centre, and the coordi-
nation of research and development. An Economic
Interest Grouping (GIE) may be considered.
Subsequently it will involve the management of a treat-
ment centre and the coordination of research and
development. The detailed functional analysis will be
undertaken soon.

2 - ETOILE will be a national centre, providing a new
form of radiotherapy alongside external photon
radiotherapy and current proton and neutron
hadrontherapy. Care must be taken to ensure the
coherence of the national setting and thus the clini-
cal indications appropriate for each therapy, and in
particular to optimise the objectives of each hadron-
therapy centre (Orléans, Orsay, Nice, Lyon, etc) and
their efficacy. ETOILE will be involved particularly
via the first phase in the thesis work of a radio-
therapist at the Centre Léon Bérard — a thesis on the
medico-economic evaluation of therapeutic inno-
vations (Laboratoire d’Analyse des Systems de Santé
de Lyon - Lyon Health Systems Analysis Laboratory).

This consultation will enable coherent planning of
the evolution required in particular in heavy equip-
ment.

This clinical and strategic consultation will be accom-
panied by essential scientific and technological
consultation between the hadrontherapy centres (and
the associated research teams), covering, for example,
modernisation of planimetry software, positioning
robots and the associated software, positioning control,
modelling and movement control software, clinical
research in radiobiology, mixed photon-hadron treat-
ment protocols, etc. This work, with the support of
the national research organisations, will have a major
impact in stimulating and producing concrete spin-
offs in the field of radiotherapy, which is and will
remain for some time to come the second method of
therapy for treating cancers, after surgery.
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This argues for the emergence, in one or more stages,
of an overall national "Hadrontherapy”" structure
which brings together the four Centres mentioned
above, and the national organisations involved in
research and health.

3 - As far as funding is concerned, the ETOILE pro-
ject poses specific problems, because the national bud-
getary system is based on the regional distribution of
budgets. The recruitment of patients, which will
initially be regional, will necessarily expand once the
feasibility has been established and the preliminary
results published, to cover to all regions, and also
bordering European countries.

This is a major facility with a considerable annual
budget, which due to its centralised and innovative
character, will not be without uncertainties in its
recruitment of patients and its "throughput”, and it
must be certain that the creation of ETOILE will not
be a source of fear or reduction in the budgets of the
hospitals in the Rhone-Alpes region.

The method of budgetary allocation must take
these specific aspects into account. These aspects
will be analysed in 2002, with the health authorities
and the existing hadrontherapy centres. The insti-
tutional solutions which are introduced may be
totally or partly based on the overall national struc-
ture mentioned above.
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° IX °
Conclusions

IX-1
ETOILE is based on strong convictions

-Cooperation between physicians and physicists and
the future of radiotherapy, including hadrontherapy.

This cooperation is too rare and has, in particular, made
France dependent to abroad, both scientifically and
industrially, for its radiotherapy and imaging medical
equipment. The challenge for this co-operation, which
has brought about the creation of this project, is the
challenge of the future of imaging and, above all, the
reasoned challenge of the future of radiotherapy in
France. Although its end was predicted at the advent of
cytotoxics, still more than a third of cancer cures are
due to radiotherapy (alone or in association). It is
admitted now that radiotherapy has a considerable
potential for progress.

The progress made in the screening for non-metas-
tatic cancers and advances in the treatment of
metastatic disease will increase the indications for
radiotherapy treatment. From the limited number
of discussions which have been initiated with spe-
cialists in molecular and genetic therapies, there is a
consensus which can be summarised as follows: "it is
very probable that, for several decades to come, in
order to face the wide heterogeneity of cancers a wide
diversity of therapeutic techniques will be necessary,
including external irradiation and brachytherapy".

Carbon ion hadrontherapy is potentially applicable
to 18, 000 cases of cancer per annum in France today
and this number will probably increase.

-European co-operation

International co-operation is evident in the world
of cytotoxics and gene therapies (research net-
works). It is essential for the European ETOILE type
projects, at a technological level (around CERN in
particular) and even an industrial level, bringing
together the best expertise and energising research
and development which will help bring about
innovations. Above all, European co-operation is
essential at a clinical level since only with close co-
ordination will it be possible to rapidly validate the
therapeutic protocols including carbon ions for the
indications for which they are intended.
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-National co-operation

The ETOILE project must fit in the framework of a
coherent national policy of modernising the fight
against cancer using radiotherapy (photons and
hadrons) which is part of the 2000 French nation
cancer plan: the modernisation of conventional
radiotherapy facilities must be seen through to a
successful conclusion in the coming years, with the
arrival of ETOILE representing a "new stage in the
process”.

This stage is foreshadowed in the current French
hadrontherapy centres, Orléans for neutrons, Orsay
and Nice for protons. Consideration and discussion
on French hadrontherapy, bringing together these
centres and the ETOILE project is starting to take
place, with the aim of setting up a coherent plan for
the future, based on a critical analysis of their expe-
rience and projects (and experience and projects in
other countries). This plan will include the target
tumours for each centre, the target populations and
the recruitment of patients, the costs, the methods of
funding, the development of the centres, the facilities
and the protocols, the technological and medical
research, etc. This work will naturally include the
future ETOILE centre.

Furthermore, it is clear that this work must be based
on experience gained in the current hadrontherapy
centres (some of the specialists from these centres
have contributed to the ETOILE research programs)
which are part of the European ENLIGHT project.

This synergy, and the questions concerning the
funding of these regional, national and European
centres, argue for the setting up of an overall
national "Hadrontherapy" structure, the legal form
of witch will only be possible to discuss after an
indepth functional analysis has taken place.

All conventional radiotherapy will benefit from this
approach. The ETOILE project will find an additional
- and important - justification in the positive spin-offs
which will appear for conventional radiotherapy in
terms of revitalisation of the image of modernity and
in terms of stimulation of clinical and radiobiological
research and well as technological research and deve-
lopment and its implementation (positioning, plani-
metry, imaging). It must be remembered that ETOILE
will work, in terms of receiving patients, as part of a
network with a number of other French and European
conventional radiotherapy centres with a high level of
reciprocal requirements and exchanges.
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-Regional co-operation

Regional co-operation has existed since the start of
the project, as seen by the fervent commitment of
each individual and organisation. The expertise of
the scientific and universities and the Lyon,
Grenoble and Saint Etienne University Hospitals
and the Regional Anticancer Centre Léon Bérard,
together form a large unit which cooperate with
one another due to a strong involvement in the
region. The proximity of the International Agency
for Research on Cancer (IARC) in Lyon and CERN
in Geneva is an obvious benefit.

This regional unit clearly intends to provide France
with a strong project in a European context.
Various different actions have already been initiated
and have demonstrated that this regional unit can
act as a unifying nucleus at a national level, which
is capable of working in partnership with other
European units.

IX-2
ETOILE is carrying us into the future

The strength of this project lies in the hope it will
bring for the coming decades in the improvement in
the treatment of cancerous tumours. It represents a
significant step forward in the effectiveness of radio-
therapy, which is, and will remain for sometime to
come, a major weapon in the fight against cancer,
alongside the surgical, pharmacological, and one day,
genetic, weapons. The difficult progress of this fight
and the heterogeneity of cancer, show that these
weapons are clearly complementary at the moment
and will remain so for the foreseeable future.

It is also possible that other centres of a similar type to
ETOILE will follow: the Germans are already talking
about one.

The strength of this project lies in its potential
consequences:

- on European co-operation in medical technology.
The ETOILE project is based on the considerable
scientific expertise of physicists - in particular nuclear
and particle physicists - developed at a European
community level (CERN is well recognised throu-
ghout the world), at a French national level and at the
level of the countries running sister projects. Their
applications in the medical field could enable Europe
to regain some of the ground it has lost in the field of
medical facilities.
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- on European co-operation in the fight against can-
cer. It will be indispensable for the coordination of the
clinical trials for validating the therapeutic protocols
including carbon, involving radiotherapists and
organ specialists. This necessary joint work will
enhance the value of the existing European networks.

- on the revitalisation of radiotherapy in France. If the
modernisation of its facilities has fortunately started,
and as a consequence its restructuring, a clear signal
by the decision to start ETOILE would be welcomed
as increasing the standing of this field, revitalising the
recruitment and training of radiotherapists and radio-
logical physicists, as well as medical research and tech-
nological research and development. The network of
hadrontherapy centres which ETOILE will reinforce
will constitute a strong nucleus.

- on the process of decentralisation in France. It is clear
that the location at Orsay, for example, of a carbon ion
hadrontherapy centre could be strongly justified in
terms of expertise or potential market close by. The
choice of Lyon/Rhone-Alpes will be part of the desire
for the emergence in France of strong national centres,
in the regions, working in a network.

- on the dynamism of the Rhone-Alpes region in
multidisciplinary research for health, carried out
cooperatively. The increasing involvement of regional
computing expertise, and above all physics expertise
- based on the major facilities at Grenoble and CERN
and at an international level - will bring about certain
progress, for example in medical imaging - as will the
"PET" project associated with the ETOILE project.

- on the choice of Lyon establishing itself as a centre
of excellence and innovation in the field of health, and
particularly in that of cancer, making use of the
European potential provided by all the local esta-
blishments: the Hospices Civils de Lyon, the 2"lar-
gest university hospital in France, the Centre de Lutte
contre le Cancer Léon Bérard, the Centre d’Exploration
et de Research Medicals par Emission de Positrons,
the International Agency of Research on Cancer. This
potential is strengthened in particular by the active
proximity of Grenoble.

The attraction of Lyon and the Rhone-Alpes region for
innovative companies in the bio-medical and bio-engi-
neering fields will benefit the strong image of ETOILE,
just as ESRF has done for Grenoble and Rhone-Alpes.

The geographical positioning of Lyon places the
ETOILE French facility at the heart of its potential
attraction area in the west of Europe.
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Appendices

X-1
Research project information sheets and techno-
logical development

Project 1: Physical interactions between light ions
and living matter

Project 2: Treatment planimetry

Project 3: Positioning and control of the ballistics
Project 4: On-line PET imaging
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X-1-1
Project 1: Physical interactions between light
ions and living matter

Problem

The principal advantage of light ions is connected
with the high ionization of matter at the end of their
range (Bragg’s peak) which corresponds to an opti-
mal biological effectiveness (RBE), in particular for
carbon ions. In addition, they produce 3¢ emitting
fragments which enable them to be located and thus
providing the possibility of controlling the dose
during irradiation. These specificities require the
production of simulation algorithms which include
the effects of dose deposition, the nuclear effects and
the microscopic effects essential for the simulation
of the RBE. These algorithms must be integrated in
the treatment planimetry software in the form of
modules.

Scientific objectives

1. To extend the algorithms for calculating the paths
and penetration of light ions in the specific cases of
very high energy deposits (Bragg’s peak) in living
matter.

2. To introduce nuclear effects during the penetra-
tion of the ions: associated positron fragmentation
and emission.

- Modelling of the spatial distribution for each iso-
tope produced.

- Experimentation on water phantoms and small
animals, with the GANIL beam, using the micro-
PET bench scan developed by the Crystal Clear
group, Lyon.

3. To model the dose deposited by all the ions using
the reconstructed PET image.

Socio-economic spin-offs
Hadrontherapy centres, including protontherapy.
Nuclear and space industries, etc.

Laboratories currently involved
IPNL (UMR 5822 UCBL-CNRS), LIGIM (EA 1899
UCBL)

Existing or planned collaboration

GANIL (UMR 6415 CEA-CNRS/IN2P3), CIRIL
(UMR 6637 CEA-CNRS-University of Caen), GSI
(Heavy Ion Physics Institute in Darmstadt,
Germany)
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Program

- State of the art: June 2002.

- Widening and structuring of the project group.
Start of the project: September 2002.

- 1* stage: Estimate of the size and performance of
the current codes: M0+12

- 2™ stage: Construction of a prototype path simu-
lation module: M0+9

- 3 stage: 1st fragmentation experiments: M0+24
- 4™ stage: Improvement and portability of the
modules: M0+48

X-1-2
Project 2: Treatment planimetry

Problem

A treatment planning system is composed of a num-
ber of elements or modules (imaging, calculation of
dose distributions, etc) which are used to define the
irradiation parameters.

Existing radiotherapy and protontherapy modules
can be adapted for light ions taking care to ensure
compatibility with conventional planimetry sys-
tems, so that data can be exchanged with a group of
partner centres.

The specific characteristics of light ions to be taken
into account are their biological effectiveness [74]
and the production of B* emitting fragments which
will enable the on-line control of the dose deposited.

Scientific objectives

1. Using the existing system, develop, adapt or
improve planimetry software for photons, protons
and carbon ions which can be used, distributed and
interfaced with the software used in conventional
radiotherapy

2. To improve this software by the integration of:

- extended merging of imaging methods;

- nuclear fragmentation ;

- biological effects (RBE)

3. To improve this software by integrating patient
movement

Socio-economic spin-offs

The development of image processing modules
(extended merging, integration of movement) will
have a direct benefit for conventional radiotherapy.
The inclusion of a module for calculating the dose
distributions for a light ion beam, that could be
interfaced with the other planning systems
(photons, protons) would facilitate the exchange of
images in the context of a network of partner centres.



ETOILE PROJECT
Volume 1 / july 2002

Laboratories currently involved

IPNL (UMR 5822 UCBL-CNRS), LIGIM (EA 1899
UCBL), Institut CURIE (CLCC-Paris), Grenoble
University Hospital.

Existing or planned collaboration

Collaboration with the Orsay protontherapy centre,
with INRIA, with GSI on the TriP software, with the
Catholic University of Louvain (Brussels) and with
the other projects from the ENLIGHT network.
Collaboration with CERN.

Programme
-State of the art: April 2002
-Widening and structuring of the project group.
Start of the project: May 2002
-1*stage: to adapt/improve operational planimetry
software, starting with the existing system,
which can be used for photons / protons /
carbons
-2 stage: to improve this software by integrating
extended merging of imaging methods
fragmentation RBE
-3"stage: to improve this software by integrating
movement
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X-1-3
Project 3: Positioning and control
of the ballistics

Problem

An error in the positioning of the patient may result
in harmful effects on healthy tissue and insufficient
exposure of malignant tumours. To avoid this error
a patient immobilisation system is often used, or
light sensors are employed to follow external mar-
kers. However, these methods do not provide suffi-
ciently precise positioning.

A better solution would be to use multimodal ima-
ges, which would provide dynamic monitoring of
the organs concerned, combined with marking and
precise geometric modelling of the internal structu-
res [75] [76].

Scientific objectives

1. To develop high-performance tools for the align-
ment and merging of multimodal images (functional
and anatomical) for the preparation and control of
treatment. Two types of algorithm will be developed:
- real-time for control during treatment

- deferred time for analysis and diagnosis before and
after treatment sessions

2. To construct tools to help with the assisted seg-
mentation of volumes to facilitate the task of
contouring

3. To develop tools to assist with initial positioning
and monitoring of movements. This requires two
levels of study:

- control of the position of the patient in relation to
the system (development)

- control of the position of the organs in relation to
the patient (research)

Socio-economic spin-offs

The results of these studies will contribute to solving
problems encountered in conformal radiotherapy,
in computer assisted surgery and in 3-D medical
imaging.

Laboratories currently involved

LIGIM (EA 1899 UCBL), ERIC (EA 3083 Lyon 2),
LASS (UMR 5823 CNRS-UCBL-Lyon 3), TIMC
(UJF Grenoble)

Existing or planned collaboration

Northwestern Medical Physics (UK), ELEKTA (UK),
Magdebourg University (D) and the members of the
European ENLIGHT project.
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Programme

+ State of the art: M0+6

» Widening and structuring of the project group.
Start of the project:

* Merging and aligning images in deferred time:
MO0+18

* Merging and aligning images in real time: M0+30
+ Segmentation for assisted contouring of volumes:
MO0+24

« Initial positioning and monitoring of the patient’s
movements in relation to the system: M0+18

« Initial positioning and monitoring of the move
ments of the organs in relation to the patient:
MO0+36

X-1-4
Project 4: On-line PET imaging

Problem

Imaging using positron emission tomography
(PET) is a technique based on the detection of two
photons emitted at 180° by annihilation of a posi-
tron in matter. In light ion beam hadrontherapy,
the detection of the positron emitting isotopes
(produced by fragmentation of the carbon ions in
living matter), makes it possible to monitor their
path and thus determine the dose distribution [77].
This requires the development of an "on-line" PET
system with a geometry adapted to being positioned
around the patient during the treatment and consis-
ting of high efficiency, high resolution detectors.

Scientific objectives

1. To simulate the fragmentation phenomena and
the PET images obtained by such a system.
2. To adapt new technologies developed for the new
generation of micro-PET

3. To perform experiments on phantoms and on ani-
mals

4. To design and build a prototype
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Socio-economic spin-offs

Building such a prototype will require the use of
the following technologies: new crystals
(LSO/LuAP), new photodetectors (MaPMT, APD),
low-noise high-speed electronics and reconstruc-
tion methods. This is a technological advance
which could be directly transferred to the manufac-
turers of medical imaging and clinical systems. In
view of the very high demand for the installation of
PET systems in hospital environments for oncolo-
gical applications (whole-body FDG PET examina-
tion), it is estimated that more than 200 machines
will be installed in France over the next five years.

Laboratories currently involved

CERMEP GIE (CNRS, INSERM, HCL, UCBL),
LPCML (UMR 5620 CNRS-UCBL), IPNL (UMR
5822 UCBL-CNRS)

Existing or planned collaboration
Crystal Clear Collaboration (CERN)
LETI (CEA) Grenoble

Programme

« State of the art (March 2002)

« Simulations and construction of a micro-PET
measurement bench scan (June 2002)

* Design of a hadronPET (early 2003)

+ Construction of a prototype microPET (late 2003)

+ Construction of a hadronPET
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X-2

Conformal radiotherapy

"Conformal" mode treatment, irrespective of the type
of irradiation used, requires a number of stages:

- Control of the movements of the patient by manu-
facturing a personalised immobilisation device
that is reliable and, if necessary, taking into account
or controlling the movements of the internal
organs of the patient (in particular, respiration)

- Acquisition of anatomical data (volume of tumour
and healthy tissue) by three-dimensional (3-D)
imaging, in practice, a "dosimetry" scan carried
out in the position in which the patient will be
treated.

- Definition by the physician, using 3-D imaging of
the tumour target volume(s) to be irradiated ("ana-
tomoclinical target volume(s)"), and the sur-
rounding healthy tissue. Additional imaging, MRI
(Magnetic Resonance Imaging) and PET scan may

be of great assistance in improving precision. These
additional images, which can be "merged" with the
images provided by the scanner, make it possible
to avoid irradiating a healthy organ unnecessarily
and/or underestimating the volume of the tumour
to be treated.

- Prescription by the physician of the doses of irra-
diation to be given for each anatomical target
volume, and determination of the maximum dose
and/or the maximum volume permitted for each
type of healthy tissue or organ, to limit the risk of
acute toxicity and of sequelae.

- The physicist and the physician taking a number of
uncertainties into account to draw up the treat-
ment plan (or "planimetry"). These uncertainties
may be connected with the difficulties of "reposi-
tioning" the patient identically for each irradia-
tion session, and with the movements of the inter-
nal organs, or perhaps, with the modification of
the tumour target volumes and organs at risk
during the treatment. These uncertainties are
directly dependent on the quality of the immobi-
lisation device used for the patient, the possibility
of controlling or taking into account (modelling)
the movements of the internal organs, and also the
quality of the imaging used for control during the
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treatment (position of the patient in relation to
the reference images, and position of the target
volume if imaging of the internal organs is possi-
ble during radiotherapy). The uncertainty connec-
ted with the technique itself must be minimised.
All the uncertainties must lead to the addition of
a "safety margin" around the anatomical target
volume, defining the "projected target volume".

- Carrying out the planimetry which must specify the

best radiotherapy methods, and in particular the
incidence of the radiotherapy beams and the dis-
tribution of the doses for each beam, in order to
conform as closely as possible to the shape of the
target volume, and achieve the objectives of mini-
mum and maximum doses to be delivered to the
tumour and to the organs at risk. The calculated
risk of acute toxicity or sequelae connected with
the irradiation of healthy tissue is the main factor
limiting giving a high dose in the tumour.

Monitoring the irradiation. Only with carbon ion
hadrontherapy can the doses actually deposited
be monitored, by displaying the gamma particles pro-
duced by the destruction of the positrons emitted by
carbon 10 and 11 ions resulting from the fragmen-
tation of carbon 12.
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X-3 Cost of medical team (kE)
Staff costs
- Total staff cost Cost of Total cost of g . o0
§ (technical and medical team) technical team medical team (k€) § § § _g:%
(k€) (k€) (cf detail opposite) Type = E 3 2
Physicians 53 0 53 0
Physicists 143 0 143 0
Dosimetrists 0 0 0 0
Porters 0 0 0 0
Nurses 0 0 0 0
Reception 0 0 0 0
Secret. Admin. 0 0 0 0
Operators 0 0 0 0
Nurses 0 0 0 0
684 487 197 Total 197 0 197 0
Physicians 427 8 | 256 | 85
Porters 61 61 0 0
Nurses 38 38 0 0
Reception 30 30 0 0
Secret. Admin. 61 61 0 0
Physicians 4301 8 | 258 | 86
Dosimetrists 78 31 31 16
Operators 311 249 | 47 16
Nurses 38 38 0 0
2305 831 1474 Total 1474 680 | 592 | 202
Physicians 640| 256 | 256 | 128
Porters 61 61 0 0
Nurses 38 38 0 0
Reception 30 30 0 0
Secret. Admin. 61 61 0 0
Physicians 573 229 229 | 115
Dosimetrists 78 47 23 8
Operators 389 311 58 19
Nurses 38 23 8 8
3029 1121 1908 Total 1908 1056| 574 | 278
Physicians 1281 640 | 384 | 256
Porters 61 61 0 0
Nurses 114 114 0 0
Reception 91 91 0 0
Secret. Admin. 152 152 0 0
Physicians 645| 322 193 | 129
Dosimetrists 155 124 23 8
Operators 739 591 74 74
Nurses 114 114 0 0
4474 1121 3353 Total 3353 2212 675 | 467

The staff for year 4 and subsequent years is the same as that for year 3.
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Glossary

ARMD

Age-related macular degeneration

Bolus

Tissue-equivalent material placed in contact with the irradia-
ted area to provide, with the beams, an increase in the dose to
the skin or a reduction of the beam. With electron beams,
boluses are generally used to correct surface irregularities or
to give the depth of the dose distribution a shape adapted to
the anatomical structures to be protected or irradiated.

Bragg’s peak

The dose distribution in depth of heavy charged particles is
characterised by the existence of a plateau and a very narrow
peak called Bragg’s peak at the end of the range. The dose
delivered to the tissue increases sharply at the apex of Bragg’s
peak.

Cell survival

Number of cells remaining alive after the action of radiation
in relation to the number of initial cells in the population. By
irradiating several identical cell populations with different
doses, survival curves can be obtained.

Cobalt equivalent relative dose

The unit is the GyE (cobalt equivalent gray).

Concomitant

Carried out at the same time. For example, chemotherapy
concomitant with radiotherapy: the chemotherapy is carried
out on the same day as a radiotherapy session.

CTV: Clinical Target Volume

This volume includes the gross tumour volume (GTV) and
the tissue surrounding the tumour which may be the seat of
microscopic tumour proliferation and the neighbouring lym-
phatic drainage areas. This may result in a number of CTV. It
is a purely anatomical concept which is independent of the
treatment plan. It is this volume that must receive a suffi-
ciently large dose to achieve the aim of the radiotherapy.

Dose (physical dose)

The physical dose is the amount of energy deposited by ioni-
sing radiation in a mass of material. The unit, the gray (Gy),
corresponds to an absorbed energy of 1 joule per kilogram.

Dose rate

Quantity of dose expressed in grays deposited in tissue per
unit of time. It is measured in Gy/min.
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Equivalent biological dose

Physical dose delivered corrected by a biological effectiveness
factor.

Fluence The fluence of particles at a point is the quotient of the total
number of particles which cross the elementary sphere cent-
red on this point, by the area of the diametric cross-section.
The unit is the cm™.

. . In radiotherapy the needed dose is delivered during several

Fractionation . .
fractions to preserve the healthy tissues.

Nuclear production reaction, by loss of one or more

Fragmentation nucleons, from nuclei close to the incident nucleus with a
wide distribution of energy and mass.

Gantry Rotating isocentric device of radiotherapy equipment.
Synchronisation system for the operation or stopping of irra-

Gating diation according to the respiratory or cardiac cycle.

Grade I toxicity Does not require any treatment.

Grade II toxicity Requires simple medical treatment.

Grade III toxicity Severe toxicity with necrosis of tissue, jeopardizing the vital
prognosis.

Grade IV toxicity Requires the stopping of treatment and/or surgical treatment.

GTV: Gross Tumour Volume

Corresponds to the volume of the tumour which is clinically
palpable or visible using current imaging methods.

Hadron Heavy particle such as a proton, a neutron or an ion.

Hypoxia Most cancers contain cells with deficient oxygenation (hypo-
xic cells). This hypoxia causes radioresistance (failure of
radiotherapy) for low LET radiation.

Irradiated volume Volume which receives a dose considered as being significant
with respect to the tolerance of the healthy tissue.

Isocentre

For irradiation equipment with a rotating axis, centre of the
smallest envelope sphere generated by the rotation of the axis
of the beam around the axis of rotation of the equipment.
For X and gamma radiation: point at which the axes of the
beams meet.
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Linear Energy Transfer (LET)

Energy deposited by the projectile per unit length of its tra-
jectory expressed in KeV/mm.

Local control

Disappearance of the primary lesion during examinations
after irradiation, and local absence of recurrence.

The local control rate is the number of patients with local
control expressed as a percentage of the number of patients
treated.

Loi Huriet

Law governing clinical research in France. It places an obliga-
tion on the doctor to explain the aims and methods of the
research to the patient and to obtain the patient’s written
consent.

Macula

Posterior area of the retina, 3 mm in diameter, which gives
precise vision.

Multileaf collimator

A collimator is a device for delimiting the radiation beam. It
generally consists of two pairs of jaws opposite one another
delimiting beams to a square or rectangular cross-section.
The movement of the jaws opposite one another in pairs may
be symmetrical or asymmetrical in relation to the axis of the
collimator. Multileaf collimators have jaws which are subdivi-
ded into independent leaves, enabling the direct creation of
complex-shaped fields.

Oxygen effect

Oxygen increases the effects of ionising radiation on living
matter. The lower the LET of the particle, the more marked
this physical effect.

Oxygen Enhancement Ratio (OER)

This coefficient quantifies the oxygen effect. It is the ratio of
doses with or without oxygen required to obtain the same
biological effect.

Penumbra

Region, at the edge of the irradiation beam, in which the dose
changes rapidly according to the distance to the axis of the
beam. It is currently defined by the distance on a dose profi-
le separating the points located at 20% and 80% of the dose
respectively on the axis at a given depth in the medium.

Phantom

In radiotherapy, a phantom is an object which has similar
properties to human tissue. It is frequently used in procedu-
res for measurement of irradiation.
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Phase I clinical trials

Clinical trial planned to evaluate a new therapeutic method
in humans, in terms of safety and tolerable dose (chemothe-
rapy, radiotherapy, etc). These trials are used in particular to
determine the pharmacokinetic properties (metabolism,
absorption, elimination and preferred method of administra-
tion) of new drugs. They are based on a limited number of
people. As with all clinical trials, they are governed by the
French Loi Huriet.

Phase II clinical trials

This is a clinical trial planned to evaluate the effectiveness
(local control rates, survival, etc) of drugs, devices or dia-
gnostic techniques, for therapy or prophylaxis (Loi Huriet).

Phase III clinical trials

Clinical trial which randomly compares the "new" treatment
with the best existing treatment (reference treatment). It is
the best "scientific" way of proving (or disproving) an increa-
se in effectiveness (Loi Huriet). These trials require a large
number of patients (more than 200).

Phase IV clinical trials

These are trials for monitoring drugs, devices or diagnostic
techniques, for therapy or prophylaxis, which have been
approved for general sale (marketing) following phase I, II
and III clinical trials. These trials are often carried out to
obtain additional information on the safety and effectiveness
of a product.

Positron (e* or B*)

Antiparticle of the same mass as the electron but with an
opposite electrical charge and magnetic moment.

Positron emission tomography (PET)

There are some isotopes (11C, 150, 13N) which have a short
half life and which emit positrons. During the annihilation of
the positrons two gamma photons are emitted simultaneous-
ly 180° from one another. From that point, the simultaneous
use of a large number of detectors positioned in a ring
around the patient (positron camera) enables coincidence
detection of the arrival of the two photons and location of
where they came from.

PTV: Planning Target Volume

The planning target volume is a geometric concept which is
used to define the sizes of the beams and an appropriate
treatment plan. This volume is obtained by adding a safety
margin to the CTVs so that they receive the dose prescribed
by the radiotherapist. It is the overall volume within which
the CTV may move, influenced by the following factors: the
physiological movements of the patient, the involuntary
movements of the patient during the session and non-repro-
ducibility of the positioning.

69



ETOILE PROJECT
Volume 1 / july 2002

Randomised

The therapeutic method (new treatment being studied and
"clinical" reference treatment) is decided randomly.
Randomisation reduces the risk of error (differences between
the two groups of patients receiving the new treatment and
the reference treatment) in the interpretation of the trial
results (phase III trial).

Rasterscanning

This technique is used to scan the target section by section
using a thin pencil-beam.

Relative biological effectiveness (RBE)

This is the relationship of the dose of a reference radiation
(X-rays, 60Co gamma radiation) to the physical dose of the
radiation in question producing the same biological effect.

Sequential

Which controls an ordered series of operations. For example
sequential chemotherapy and radiotherapy: the chemothera-
py is administered first (over a few weeks or months) and
then the radiotherapy.

Spread

Total duration (in days) of the radiotherapy.

Spread Out Bragg’s Peak (SOBP)

Bragg’s peak can be spread out with a high degree of unifor-
mity of dose to cover the target volume. The technique
consists of superimposing several single Bragg peaks using
different beam energies.

Stages of cancer. TNM classification
T: Tumour

The TNM classification provides a system for describing the
extent of the cancer. T refers to the primary tumour, N refers

N: Node to lymphatic nodes and M refers to the presence or absence
M: Metastases or metastases distant from the primary tumour.

Stenosis Narrowing of a canal or an orifice.

Synchrotron Ring-shaped accelerator into which particles generally

coming from a linear accelerator are injected. The magnetic
field and the frequency of the acceleration voltage are increa-
sed simultaneously so that the orbit remains at a constant
radius during the acceleration. Very high energies can be
achieved and variable energies and intensities obtained at
each pulse.

70



ETOILE PROJECT
Volume 1 / july 2002

Treated volume

Volume contained in the isodose area specified by the radio-
therapist corresponding to the minimum dose level which will
enable the aim of the treatment to be achieved. Under ideal
conditions it corresponds to the projected target volume.

Voxel scanning

Irradiation technique applied to the volume of the tumour
similar to pixel scanning applied to an area.
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Acronyms and abbreviations

ANVAR Agence Nationale pour la Valorisation de la Recherche State Technologie Transfer Agency

APD Avant Projet Détaillé Detailed Preliminary Design

APS Avant Projet Simplifié Simplified Preliminary Design

ARH Agence Régionale de I'Hospitalisation Regional Hospitalization Agency

CCTP Cahier des Clauses Techniques Particuliéres Special Technical Specifications

CEA Commissariat a 'Energie Atomique Atomic Energy Agency

CERMEP Centre d’Exploration et de Recherche Médicales par Emission de Positons
Positron Emission Medical Investigation and Research Centre

CERN Centre Européen de Recherche Nucléaire European Organization for Nuclear Research

CHU Centre Hospitalier Universitaire University hospital

CLB Centre Léon Bérard

CNA Centro Nazionale di Adroterapia Italian hadrontherapy project

CNRS Centre National de la Recherche Scientifique National Scientific Research Centre

COURLY Communauté Urbaine de Lyon Lyon Metropolitan Authority

CREATIS Centre de Recherche et d’Applications en traitement de I'lmage et du Signal
Research and Applications Centre for Image and Signal Processing

DESY Deutsche Synchrotron

DRR Digitally Reconstructed Radiography

DSM Direction des Sciences de la Matiére (CEA) Material Sciences Department

DSP Digital Signal Processor

DSV Direction des Sciences du Vivant (CEA) Life Sciences Department

ENLIGHT European Network for Light Ions Therapy

EORTC European Organisation for Research Treatment of Cancer

ESTRO European Society of Therapeutic Radiation Oncology

FIMHO Fonds d’Investissement pour la Modernisation des Hopitaux Hospital modernization
investment

GIE Groupement d’Intéréts Economiques Economic Interest Grouping

GSI Gesellschaft fiir Schwerionenforschung Society for heavy ion research

HCL Hospices Civils de Lyon Lyon civil hospices

HICAT Heavy Ion Cancer Therapy Facility

HIMAC Heavy Ion Medical Accelerator of Chiba

TARC International Agency for Research on Cancer

IN2P3 Institut National de Physique Nucléaire et de Physique des Particules National Institute
for nuclear and particle physics

INRIA Institut National de Recherche en Informatique et Automatisme
National institute for research in computer science and control

INSERM Institut National de la Santé Et de la Recherche Médicale
National Institute for health and medical research

IPNL Institut de Physique Nucléaire de Lyon Lyon nuclear physics institute

LASS Laboratoire d’Analyse des Systémes de Santé Health systems analysis laboratory

LBNL Lawrence Berkeley National Laboratory

LET Linear Energy Transfer

LIGIM Laboratoire d’Informatique Graphique Iimage et Modélisation
Computer Science Graphics Imaging and Modeling Laboratory

MRI Magnetic Resonance Imaging

NIRS National Institute of Radiological Sciences

ONDAM Objectif National de Dépenses en Assurance Maladie
National objective for health insurance expenditure

PET Positron Emission Tomography

PIMMS Proton Ion Medical Machine Study

RBE Relative Biological Effectiveness
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SFRO Société Frangaise de Radiothérapie Oncologique French society of oncological radiotherapy
TERA Fondazione per Adroterapia Oncologica Foundation for oncological hadrontherapy
UCBL Université Claude Bernard Lyon 1

uma Unité de masse atomique Unit of atomic mass

VME Data acquisition bus standard
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 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 a I'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.

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 Rhone-Alpes Region, the Metropolitan Authority
of Lyon, ANVAR and UCBL, and then in the context of the "Hadrontherapy"
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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 Rhone-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 Rhone-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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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.

I-1

Medical performance specifications

Projectiles

Possibility of other projectiles

Time for changeover between two types of particle

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.

ions “C**
from protons to 0
< 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 cm?

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%
Lateral penumbra 80% - 20%

less than 3 mm
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 ~2mm
Angular rasterscanning of the beam Yes
Distance between scanning magnets and isocentre of the tumour >3m
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 us
- 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 '

- 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 1to2 _
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
Per beam line

Tonization chambers

- 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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Precision of the positioning of the patient in relation to the beam,
with appropriate immobilization device

Head : 1 mm
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 |-1: medical performance specifications

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

|2C6+ IHH
>

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 2Ce ~4x10°

protons ~1x10"

Variations for each energy according to the treatment
plan and the shape of the tumour

typical values for active scanning (ref: PIMMS [7] in volume II)
Imax/Imin intensity variation = 1000
Cycle duration: 1 to 10 seconds

Fluctuation of the position of the beam at the isocentre
during the extraction cycle

Less than & 15% of the diameter of the spot at mid-height

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,
its uniformity and its contours

Contamination of the beam less than 1%
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

Table I-2: technical specifications

I-3
Reference site
The main characteristics of the site are as follows:

Alocation 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

n

(quantity less than 200 m’ 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.
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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).

12

* 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
(Ttaly) 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.

High Energy Beam Line

A == 86
Beam Stop ///; {///
g i
) 8

b

beam

n the synchrotron horizontal plane

Treatment room with vertical
beam

f—

Groundat1,5m

Treatment rooms with horizontal

=\ig 8
==

Line
+
PIMMS Synchrotron

lon Sources

Figure II-1: general structure of the facility
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* 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.
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Figure Il-2: simplified illustration of the machine cycle

14



ETOILE PROJECT
Volume 2 / july 2002

«[II -

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 pA of C*".

* 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 lll-1: 14.5 GHz SuperNanogan source with permanent
magnets (dimensions ~ 0.5 X 0.5 x 0.5 M’)
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* 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 '"H**and 800 pA
with '"H**.The H**or H’* 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.

e o~

L (1] “ L (N - e T ' Wl

N Husk |

Figure Ill-2: typical spectrum (optimized for C*) of ions produ-
ced by SuperNanogan (I = 200 mA). Gas feed CO2, extraction
voltage 29 kV and RF power 14 W



ETOILE PROJECT

Volume 2 / july 2002

e [V o
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

A B

o8>

. b% Injection
energy line. elements
f
8
Debuncher .._,""- i
ECR Sources
W Analysing shts. /«;//
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= ot
@ RFQ + linac sui @ =
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/){&@ QL/

Low energy beam 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, "TH" 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.
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Medium energy beam line

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

Parameters Carbon ions Protons
Kinetic energy 7 MeV/uma 7 MeV
Duration of turn 2.06 us 2.06 us
Source current 125 uA *C* 2.4 mA for protons

1.2 mA for 'H,*

Total standardized emittance

<1.2m10° mxrad

<1.2m10° mxrad

Dp/p at injection in the synchrotron <+1510° <+1510°
Current at injection in the synchrotron 105 uA with “C** 1.38 mA
Injection time in the synchrotron 33 us (16 turns) 33 us (16 turns) [16]
Injection efficiency 23% 129%][16]
Repetition <1Hz <1Hz
Maximum duty cycle 4x10° 4x10°

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.

The possibility of transport without losses, with space
charge, of a H** 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].
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Figure IV-3: beam envelopes for the low energy line
(excluding space charge)
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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 "TH-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].
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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 pg/cm’ 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.
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Figure IV-4: beam envelopes (carbon ions and
protons) for the medium energy line
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Figure IV-5: diagram of the medium energy line
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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 Ap/p of the ions injected to
+ 1.5x 107 (it was £ 2 x 107 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.
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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.
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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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PIMMS synchrotron

+

Figure V - 1: the PIMMS synchrotron
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Maximum energy (carbon) 400 MeV/uma
Injection energy (carbon and protons) 7 MeV/uma
Circumference 75.24m
Superperiodicity 2
Number of dipoles 16
Maximum field 15T
Bending radius 423m
Number of quadrupoles 24
Maximum gradient 3.65 T/m
Length 0.35m
Number of sextupoles 5
Chromaticity/resonant, maximum strength 54/85 T/m’
Length 0.2m
Horizontal/vertical tune numbers vx/vz
Injection, carbon 1.68/1.72
Injection, proton 1.764/1.829
Extraction 1.6666/1.72
Maximum horizontal/vertical optical functions Bx/Bz
Injection, proton 17.1/17.2m
Nominal 16.1/14.8 m
Table V-1: machine parameters
Increase to injection 70 ms
Injection plateau 50 ms
Acceleration to maximum energy 700 ms
Magnetic field plateau 200 a 8680 ms
Including slow extraction of the beam 200 2 4000 ms (min. to max.)
End of hysteresis cycle 500 ms maximum
Total 1.52sa10s

Table V-2: synchrotron cycle

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 10" particles at the patient and per
spill (also the case with PIMMS).
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The first limitation is easily overcome as the emittance
of the proton beam stored at 7 MeV, which must be
21 7 10° m x rad (cf. Table V-3) remains less than that
of the carbon beam at injection, i.e. 30 & 10°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 7 10°m x rad) by a factor equal to the ratio of the
Lorentz coefficients By (20 MeV)/By (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.
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Figure V-2: horizontal and vertical envelopes of the beam stored at injection. Top: carbon, ex= €z = 30 ®10°m x rad.
Bottom, protons, ex = €z = 21 w10° m x rad. The emittances are total emittances. The beam transport and focusing elements are

represented schematically near the axis.

Energy By (Lorentz) By/By|7Meviuma Bp € 7/T0
(MeV/uma) (Txm) (10°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

Table V-3: energies, momenta, rigidities

The second limitation disappears because the num-
ber of protons in each spill (10" at the patient) is redu-
ced by a factor of two? 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/Sg*’ 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/fy, 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
V¢ = 1.751 and v, = 1.813, which are very similar to

those expected at 20 MeV vy 1.764 and
v, =1.829 ([7], page 70).

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

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

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.
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Carbon Protons

(active) (active et passive)
Injection energy 7 MeV/uma 7 MeV
Particles stored 8x10° 3.4x10°
Injection 16 turns 16 turns
Injection efficiency 23% 12%
Emittance stored 30t 10° m x rad 21 10° m x rad

Table V-4: injection parameters

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° T, and the gradient
in the quadrupoles was 4.1 x 102 T/m [24]. The injec-
tion was carried out over 130 turns, and took around
1 ms (compared with 16 turns and 33 ps 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
arational 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.

23

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.
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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
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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

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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The module is symmetrical both geometrically, as
shown in the figure, and optically. The quadrupoles,
and thus their power supplies, are connected in pairs
QP11-QP1r, QP2I-QP2r, QP31-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, QDI-QDr
and QFI-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.
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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.

3 CEG. DEVIATIDE
S0A1 EONTAL

] EXTRACTTON SECTION

Figure VI-2: beam delivery to the first room (horizontal beam)

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

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

I
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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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* VI *

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.

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

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.
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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.

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
AB/B tolerance =< +5x10*

Horizontal "good field" region +31 mm
Vertical "good field" region +28 mm
Resistance (coils in series) 0.0488 Q
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 AT 12.7 °C
Flow rate 20.5 (2,56/circuit) ; 1/min
Pressure drop AP 6.44 bar

Table VII-1: characteristics of a dipole for high energy lines

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 107)
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,
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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.

Characteristics 60V /610A
Regulation 5x10°
Mains supply 3 x 400V
Cooling Eau
Dimensions (width, depth, height) 60. 80, 160 cm
Weight 500 kg
Number 11 (pour 22 dipoles)

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

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 107 Pa.m.s". 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-
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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-
evacuation

3 dry mechanical pumps (15 m/h)

3 turbomolecular pumps (150 I/s)

3 Pirani pressure gauges + power supply

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

15 ion pumps 4001/s

3 x CF 160 isolating valves for the sectors
3 Pirani pressure gauges + power supply

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

Heating elements

Pumping

Measurements

Baking

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 107 Pa.m.*'. However, no baking
system is planned.

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

VI1.4.2.1 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” Pa) to the pressure which must
be maintained in the synchrotron on the isolating
valve side (5 x 107 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.
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Source 6 mechanical pumps (15 m’/h)

pre-evacuation 6 turbomolecular pumps (450 I/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 m’/h)

pre-evacuation 1 turbomolecular pump (150 I/s)

1 Pirani pressure gauge + power supply

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

3 cryogenic pumps 1500 I/s

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
1 Pirani pressure gauge + power supply

1 Penning pressure gauge + power supply
1 Bayard Alpert pressure gauge +

power supply

Line
pumping

Line
measurement

Table VIl-4: vacuum systems for the sources and the low
energy line

VI1.4.2.2 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
lineis 1 x 10° 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.
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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.

Pre-evacuation 1 dry mechanical pump (15 m’/h)

1 turbomolecular pump (150 1/s)

1 Pirani pressure gauge + power supply

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

4 ion pumps 400 /s

2 x CF 160 isolating valves for the sections
4 ion pumps 150 /s

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

power supply

Line pumping

Linac pumping
Measurement

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

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

The average pressure in the high energy lines is
1x10° 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.
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VII-5
Accelerating system of the synchrotron

Pre-evacuation 4 dry mechanical pumps (15m’/h)

4 turbomolecular pumps (1501/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 1501/s
2 ion pumps 4001/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

Table VII-6: vacuum system for the high energy lines

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).
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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.
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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

Beam loss monitor
Beam transfer functions
"Schottky" diagnostics

Moniteur a ionisation du gaz résiduel
chambre a ionisation

Déflecteurs électrostatiques
Electrodes "pick up capacitives"

1 (horizontal/vertical)
10

2 (horizontal/vertical)
2 (horizontal/vertical)

High energy lines
Beam display
Beam intensity
Beam transverse profile
On-line beam control
Beam loss monitors

Scintillators + CCD cameras
Faraday cups

Multiwire ionization chambers
Secondary emission chamber
Tonization chambers

9
5
22
4
10

Treatment rooms
On-line dose control

Tonization 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.

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

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 8.5x 8.5 mm 8.5x8.5 mm
Number of turns 96 128

Power consumption 11 kW 25 kW
Weight 275 kg 725 kg

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.
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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)
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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].
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Figure VII-4: section of the beam with almost uniform transverse density obtained by means of octupolar lenses
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* VIIT *

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-
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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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Figure VIII-1: proposed architecture for the ETOILE project
control system M i -

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, TINAF and CERN.
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* 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.
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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.
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* 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.
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* 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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Figure VIII-2: architecture of the treatment control system

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.

41

- 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.
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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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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.
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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.
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Figure IX-1: measurements on solid phantom

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 us (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.

Figure IX-2: display of the 3-D distribution of the dose deposi-
ted in a reference material using dosimetric gels (from GSI [6])
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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 10" particles per spill)
and carbon ion beams with a maximum energy of 400
MeV/amu (4 x 10 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 uSv/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 pSv/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
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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.

Loss points number of “C  inumber of protons
per spill * per spill*
P1 (extraction) 6.4x 107 1.6x 10°
P2 (adjustment line) 5.76 x 10° 1.44x 10"
P3 (scanning: 1.32x10° 331x10°
treatment room)
P4 (patient irradiation) 4x10° 1x 10"
P5 (scanning: 1.32x10° 331x10°
treatment room)
P6 (patient irradiation) 4x10° 1x10°
P7 (patient irradiation) 4x10° 1x10°

Table X-1:losses (active scanning)

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

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.

> spill frequency: once every 1.5 s
‘ number of protons in active mode
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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
At 0°, the *C require a thickness of 360 cm for the faci-  Area of application Conditions
lity. At greater angles it is sized for protons. At 90°, the =~ Machine room 2/3 entre CF1, CF3 et HF S1
facility must be totally sized for protons. 2/3 entre CF2, CF3 et HE 52
Room 1 SF11 et SF12
. . Room 2 SF21 et SF22
Sky effect has been taken into account in the deter-  Room’ SE3T et SF32
mination of the thickness of the concrete slab above  On-line source Diversion (direction of magnet)

the irradiation areas. It appears that for a dose equi-
valent rate taken at 10 uSv/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.

SF31 SF21 SF11 Fast patient
SF32 SF22 SF12 beam stop

Machine
beam stop

AFR
s1 AFP

\ CF1 CF3
S Switching magnet

s2 CF2

Figure X-1: location of the beam safety devices
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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

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.
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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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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.
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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 m’. The synchrotron room
alone will measure approximately 30 x 30 m.

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 currentsS 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 suppliers 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.

5The 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 @ = reactive power (kVARh) / active power (kWh) < 0.4
@ : phase difference between the current and the voltage

F Decre and H Chedeville. Principes de tarification de 1'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/400V 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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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)?.
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].
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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, V; z, p, 0, ¢).

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.
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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
(images, etc)

Planned in the control system

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

Ottices Equipment

Meeting room Equipment

Table XIll-1: medical equipment
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« XIV ¢

Capital costs, development program,
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 staft" 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 232 24.6

(including project management)

Equipment for rooms 8.23 8.23

Cost of development staff 15 15

Contingencies 7% 522 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).

Capital expendifure plan
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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.

(s note Delow)
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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).

Development staff

50

45

40

a5

Number of 30
people 25
20

15

10

Years

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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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.
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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 staft 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
XVI- 2
XVI- 3
XVI- 4
XVI- 5

XVI- 6
XVI-7

XVI- 8
XVI- 9

Vinatier site

Building layout

Building without gantry: treatment floor
Building without gantry: service floor
Building without gantry: sectional
drawings

Building with gantry: plans and sectional
drawings

"Patient" areas

Synchrotron and beam lines

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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Vinatier site

XVI-1
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Building layout

XVI-2
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Building without gantry : treatment floor

XVI-3
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technical floor

Building without gantry

XVI- 4
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6 technical level

- i treatment level
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ings

plans and sectional draw

Building with gantry

XVI- 6
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Patient areas

XVI-7
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XVI-8  Synchrotron and beam lines
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Controlled zones and beam loss points

XVI-9
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d water

solution using groun

XVI- 10 Diagram of the equipment cooling system
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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 Particuliéres Specific Technical Specifications
CEA Commissariat a U'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 Matiere (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 Tons 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 fiir 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-1P Tranmission Control Protocol-Internet Protocol

TERA Fondazione per Adroterapia Oncologica Foundation for Oncological Hadrontherapy
TINAF 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
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