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Abstract 

Only 1% of the 18'000 world accelerators are devoted to the production of radioisotopes for 
medical diagnostics. In fact at present about 85% of all the medical examinations use 99mTc 
produced in nuclear reactors. But the development of Positron Emission Tomography and of 
its combination with Computer Tomography will boost the hospital use of cyclotrons. 

Much more general is the use of electron linacs in cancer therapy about 40% of the world 
accelerators are used for this so called “conventional” radiotherapy. In the developed countries 
every 10 million inhabitants about 20'000 oncological patients are irradiated every year with 
high-energy photons (called X-rays by radiotherapists) produced by electron linacs. Much less 
used is “hadrontherapy”, the radiotherapy technique that employs protons, neutrons or carbon 
ions. Protons and ions are ‘heavy’ charged particles: they assure a more ‘conformal’ treatment 
than X-rays and thus spare better the surrounding healthy tissues allowing a larger dose and 
thus a larger control rate. By now about 40'000 patients have been treated worldwide with 
protons and 15 hospital based centres are either running or under construction. 

The frontier of radiotherapy is now the use of beams of carbon ions having energies up to 
400 MeV/u. They deliver the dose as precisely as protons and have a larger biological 
effectiveness than X-rays and protons so to be particularly suited to treat radio resistant 
tumours, as proven by the very encouraging results obtained on about 2'000 patients in 
HIMAC (Chiba, Japan) and on about 250 patients at GSI (Darmstadt). A second Japanese 
centre is running in Hyogo and two Centres are under construction in Europe: one in 
Heidelberg (Germany) and the other in Pave (Italy). The Italian Centre, designed by TERA, is 
based on the optimised medical synchrotron designed in the framework of the ‘Proton Ion 
Medical Machine Study’ (PIMMS) carried out at CERN from 1996 to 1999. In fall 2004 the 
MedAustron project has been approved for construction in the town of Wiener Neustadt 
(Austria), Projects are getting close to the financing phase in France and in Sweden. Thus 
Europe is moving coherently towards this new frontier, as also proven by the fact that the five 
European projects are collaborating in the framework of ENLIGHT, the European Network for 
Light ion Therapy. In addition industry is getting involved in the construction of turn-key 
carbon ion centres. 
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1. ACCELERATORS IN DIAGNOSTICS 
Table 1 contains the statistics of the accelerators presently running in the world. 

Table 1 
World accelerators running in 2003 according to W. Maciszewski and W. Scharf [1]. 

Application Number in use 
High-energy accelerators for research (E > 1 GeV) 120 
Low energy accelerators for research (including biomedicine) ~1000 
Synchrotron radiation sources > 100 
Medical radioisotope production  ~ 200 
Radiotherapy accelerators >7500
Accelerators for industrial processing and research ~1500 
Ion implanters, modification of surfaces and matter in bulk >7000 
                                                                                TOTAL          >17'500            

Only about 1% of all the accelerators are devoted to medical isotope production. This 
number is small, with respect to other applications, but is rapidly increasing due to the recent 
developments in the diagnostics with Positron Emission Tomography (PET). 

At present still about 85% of all medical radioisotope examinations use 99mTc produced in a 
“generator” of the type invented in the 60’s at BNL by Walter Tucker and Margaret Greene 
and brought to the clinics by Powel Richards. Technetium is obtained either from fission 
products or through the decay of radioactive molybdenum produced by slow neutrons in a 
nuclear reactor. The decay that takes place in the transportable and well shielded generator is 

99Mo (66 h)  = 99mTc (6 h)+ e- + .
The direction of the 0.14 MeV gamma ray emitted by technetium is determined by a Single 

Photon Emission Tomography (SPET or SPECT) camera.  

Fig. 1.  Fusion of images obtained with Computer Tomography (CT), that gives the 
morphology, and Positron Emission Tomography (PET), that shows the metabolism. “CT-
PET”, together with the “spiral CT”, is the frontier of present day medical diagnostics. 

mmoorrpphhoollooggyy mmeettaabboolliissmm
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For PET the most used isotope is 18F bound in a sugar (FDG) that is rapidly metabolized by 
cancer and inflamed cells. The new frontier, as shown in Fig 1, is a device which combines 
Computer Tomography (CT) with X rays and Positron emission Tomography [2].  

2. RADIOTHERAPY WITH X RAYS AND CHARGED HADRONS 
As sources of radiation radiotherapists use electron linear accelerators (linacs). As indicated 

in Table 1, about 7'500 such accelerators are used to treat patients worldwide. They represent 
about 40% of the accelerators running in the world and their number is continuously 
increasing.

The absorbed dose due to a beam of MeV photons (usually called ‘X-rays’ by medical 
doctors) has a roughly exponential absorption in matter after an initial increase due to the 
“build-up” phenomenon. The maximum, for beams having a maximum energy of 8 MeV, is 
reached at a depth of 2-3 cm of soft tissue. At a depth of 25 cm the dose is about one third of 
the maximum. Because of the non-optimal dose distribution, healthy tissues are necessarily 
irradiated, so that in conventional radiotherapy the unavoidable doses given to the healthy 
tissues are a serious limiting factor. 

To increase the dose to the tumour – and thus the tumour control rate – it is essential to 
‘conform’ the dose to the target. In order to selectively irradiate deep-seated tumours, 
radiotherapists use multiple beams usually pointing to the geometrical centre of the target. 
These irradiation techniques are applied by having the structure containing the linac rotate 
around a horizontal axis (isocentric gantry). The most recent Intensity Modulated Radio-
Therapy (IMRT) makes use of 6-10 X-ray beams; the beams may be non-coplanar and their 
intensity is varied across the irradiation field by means of variable collimators (‘multi-leaf 
collimators’) that are computer controlled [3].  

“Hadrontherapy” is a collective word and describes the many different techniques of 
oncological radiotherapy which make use of fast non-elementary particles made of quarks: 
protons and light nuclei are at present the most used hadrons to locally control many types of 
tumours. The depth-dose curves of proton and light ion beams are completely different from 
those of photons (X-rays) because these charged particles have little scattering when 
penetrating in matter and give the highest dose near the end of their range in the ‘Bragg peak’, 
just before coming to rest. Often they are said to have an ‘inverse’ distribution of the 
longitudinal energy deposition with respect to X rays. The proposal of using protons and 
carbon ions in radiotherapy was advanced in 1946 by Bob Wilson, who later became the 
founder and the first Director of Fermilab [4]. 

Protons and light ions are advantageous in IMPT (Intensity Modulated Particle Therapy)
because of three physical properties. Firstly, as just said, they deposit their maximum energy 
density in the Bragg peak at the end of their range, where they can produce severe damages to 
the cells while sparing both traversed and deeper located healthy tissues. Secondly, they 
penetrate the patient practically without diffusion. Thirdly, being charged, they can easily be 
formed as narrow focused and scanned pencil beams of variable penetration depth so that any 
part of a tumour can be accurately and rapidly irradiated. Thus, a beam of protons, or light 
ions, allows highly conformal treatment of deep-seated tumours with millimetre accuracy, 
giving minimal doses to the surrounding tissues. As discussed below, carbon and other light 
ions have the added advantage of a larger biological effectiveness than X-rays (and protons). 

The depth of the Bragg peak depends on the initial energy of the ions and its width on the 
energy spread of the beam that, in order to use at best the distal steep drop of the peak, has to 
be smaller than 0.5%. By varying the energy during the irradiation in a controlled way, one can 
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superimpose many narrow Bragg peaks od different depths and obtain a Spread-Out Bragg 
Peak (SOBP). This can be achieved in two ways: the first one is based on the interposition, 
along the beam path, of an absorbing material of variable thickness; the second one is based on 
the modulation of the beam energy during the irradiation. This modulation is easily feasible in 
some accelerators as synchrotrons, but it is practically impossible with cyclotrons. 

3. PROTONTHERAPY CENTRES 

By now about 40'000 patients have been treated with proton beams all over the world and 2200 
with carbon ions. Table 2 lists the proton centres and the number of patients of protontherapy. 

Table 2 
Number of patients irradiated with protons by July 2004 [5]. 

Centre Start Stop Acc.
(*)

Beam(s) 
Max.
En.

MeV

N°
of

pts.

Date 
of 

total
LBL, Berkeley (USA) 1954 1957 S Horiz. 230 30 
GWI, Uppsala (Sweden) 1957 1976 C Horiz. 185 73 
HCL, Cambridge (USA) 1961 2002 C Horiz. 160 9116 
JINR, Dubna (Russia) 1967 1996 S Horiz. 200 124 
ITEP, Moscow (Russia) 1969  S Horiz. 200 3748 June 04 
LINPh St.Petersburgh 1975  SC Horiz. 250 1145 April 04 
NIRS, Chiba (Japan) 1979  C Horiz. 70-90 145 April 02 
PMRC(1), Tsukuba (Japan) 1983 2000 S Vert. 250 700 
PSI-72, Villigen 1984  C Horiz. 72 4066 June 04 
JINR, Dubna (Russia) 1987  SC Horiz. 200 191 Nov. 03 
TSL, Uppsala (Sweden) 1989  C Horiz. 200 418 Jan. 04 
Douglas, Clatterbridge (UK) 1989  C Horiz. 62 1287 Dec. 03
LLUMC Loma Linda (USA) 1990  S H+3 gantr. 250 9282 July 04 
UCL, Louvain (Belgium) 1991 1993 C Horiz. 90 21 
CAL, Nice (France) 1991  C Horiz. 65 2555 April 04 
CPO, Orsay (France) 1991  SC Horiz. 200 2805 Dec. 03
iThemba LABS (South Afr.) 1993  C Horiz. 200 446 Dec. 03
MPRI(1), Indiana (USA) 1993 1999 C Horiz. 200 34  
UC Davis, Calif. (USA) 1994  C Horiz. 200 632 June 04 
TRIUMF (Canada) 1995  C Horiz. 70 89 Dec. 03
PSI-200, Villigen 1996  C Horiz. 250 166 Dec. 03
HMI, Berlin (Germany) 1998  C Horiz. 65 437 Dec. 03
NCC, Kashiwa,(Japan) 1998  C H.+2 gantr. 230 270 June 04 
HIMBC, Hyogo (Japan) 2001  S H.+2 gantr. 250 359 June 04 
PMRC(2), Tsukuba (Japan) 2001  S H.+2 gantr. 250 492 July 04 
NPTC, MGH Boston (USA) 2001  C H.+2 gantr. 230 800 July 04 
INFN-LNS, Catania (Italy) 2002  C Horiz. 62 77 June 04 
WERC, Wasaka Bay 2002  S H. + V. 200 14 Dec. 03
MPRI(2), Indiana (USA) 2004  C H.+2 gantr. 200 21 July 04 
                                                                                                    TOTAL            39'543 

(*) C = cyclotron, S = synchrotron, SC = synchrocyclotron 
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The energies for reaching deep seated tumours are of the order of 200 MeV for protons and 
4800 MeV for carbon ions (i.e. about 400 MeV/u), so that on average in every cell a carbon 
ion leaves 24 times more energy than a proton having the same range. 

As shown in the Table, the energy needed for protons can be obtained either with cyclotrons 
(normal or superconducting) or with synchrotrons having a diameter of about 7 metres. To date 
only synchrotrons have been used to produce carbon ions of about 400 MeV/u; in fact their 
magnetic rigidity of approx. 6 Tm is about three times larger so that 20-25 metre diameter 
synchrotrons are needed. 

Table 2 shows that some accelerators only reach 60-70 MeV. They are used for the 
treatment of eye melanoma since for a superficial tumour low energies are sufficient. The most 
recent centre of this type started to treat patients in 2002 and is located at the Laboratori
Nazionali del Sud (LNS) of INFN in Catania, where a clinical line has been added to the 
superconducting cyclotron running since many years. 

Till 1997 relatively simple 'passive spreading systems' have been used in all centres listed 
in Table 2 and treating deep seated tumours having energies in the range 160-250 MeV. Most 
of them are based on modified nuclear physics accelerators and featured only a horizontal 
beam in a single treatment room. In this approach, a first ‘scatterer’ diffuses the protons and is 
followed by a ‘ridge filter’ that increases the energy spread (and therefore the range) 
distribution. The hadron energy is adapted to the distal form of the tumour by using 
appropriate absorbers while the transverse form of the irradiation field is defined by various 
typer of collimators. 

Only in 1997 at PSI (Villigen - Switzerland) a novel active spreading  system (integrated in 
a compact gantry) has been implemented [6]: the target is subdivided into many thousands 
voxels and each one is irradiated in successive steps by sending the proton beam of about 5 
mm section, with a given energy and direction. In the same years a different active spreading 
system was installed in the carbon ion beam of GSI (Darmstadt). 

Most of the newly built hadrontherapy facilities can treat patients with active spreading 
systems and. Radiotherapists want to have also the possibility of rotating the direction of the 
therapeutic proton (and ion) beam around the patient, just as they do for X-ray treatments. The 
magnetic rigidity of 200 MeV protons is such that a magnetic channel capable of doing so has 
a typical total radius of 4-5 m. For this reason, fixed horizontal proton beams have been used 
worldwide till 1992, when the first hospital-based centre became operational at the Loma 
Linda Medical Centre (California) (Fig. 2)..  
Since then the new proton facilities have usually more gantries, which are large and heavy 
mechanical structures, which rotate around a horizontal axis supporting bending magnets and 
quadrupoles. Following the example of Loma Linda, one would speak of hospital-based
centres when they have more than one irradiation room devoted to hadrontherapy of deep-
seated tumours and when they are made in connection to a hospital. Typically in such a centre 
between 15'000 and 25'000 irradiation sessions (lasting 20-30 minutes each) are held every 
year. Since an average proton treatment needs 20-25 sessions, a typical centre will provide 
protontherapy to 1000 patients and more every year. 
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Fig. 2.  The heart of Loma Linda Medical Centre is a 7 m diameter synchrotron built by 
Fermilab. The protons are accelerated up to 250 MeV. Three “gantry” rooms and one room 
with horizontal beams are used. Each rotating gantry weights about 100 tons.

At the turn of the century Loma Linda was the only hospital based centre. Things have 
changed in the last years. By now, four commercial companies offer turn-key centres of proton 
therapy (two based on cyclotrons and two on synchrotrons) featuring isocentric ‘gantries’: IBA 
[7], Accel [8], Hitachi [9] and Optivus [10]. One of them is shown in Fig.3. 

Fig. 3.  A commercial protontherapy centre based on a normal conducting cyclotron. The 
inserted picture shows the treatment area as seen by the patient. The total number of either 
running or fully financed hospital based centre is 15 and is rapidly increasing. 

55 iinn UUSSAA,, 44 iinn JJaappaann,, 22 iinn CChhiinnaa,, 11 iinn SSwwiittzzeerrllaanndd,, 11 iinn GGeerrmmaannyy,, 11 iinn CCoorreeaa,,
11 iinn IIttaallyy
((rruunnnniinngg oorr ffiinnaanncceedd cceennttrreess))
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In the year 2004 there are three dedicated hospital-based centres for deep protontherapy in 
the United States and four in Japan. In USA the second hospital centre is located close to the 
Massachusetts General Hospital (Boston) and is based on a 230 MeV cyclotron built by the 
Belgian Company [11]. The third one is in Bloomington (Indiana) - where at the Midwest 
Proton Radiotherapy Institute two IBA gantries are added to an existing cyclotron [12]. 

The centres in construction are  in Houston (Texas) - where the Hitachi medical 
synchrotron has been selected by the MD Anderson Cancer Center - and in Gainesville 
(Florida) - where the University of Florida Shands Medical Centre has chosen the IBA 
Cyclone 230. 

In Europe the Paul Scherrer Institute has launched a new project (PROSCAN) at the end of 
the year 2000. The proton beam will serve both the existing eccentric gantry and a new 
isocentric gantry and, to actively distribute the dose, an improved version of the PSI spot 
scanning technique will be implemented [6]. For it a new superconducting proton-cyclotron 
has been ordered to the German company ACCEL (Fig 4). 

The Rinecker Proton Therapy Centre near Munich (Germany) has selected the same 
accelerator. In this centr the ACCEL cyclotron serves four gantries and a horizontal beam [13]. 

Three centres based on Cyclone 230 are being built in the East, two of them in China and 
one at the National Cancer Center in Seoul [14]. The Chinese locations are the Wanlje Tumor 
Hospital in Zibo and the Sino-Japanese Friendship Hospital in Beijing [15] 

.

Fig.4.  PROSCAN at PSI (Villigen) is based on a superconducting cyclotron built by Accel, 
the old excentric gantry [6] and a novel “gantry 2”.

Gantry 2 

Gantry 1

ACCEL 
cyclotron 

FFiirrsstt pprroottoonn
““ssppoott--ssccaannnniinngg”” ssyysstteemm
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This short review justifies the statement that, since the end of the beginning of the century 
protontherapy is booming. Cyclotron and synchrotrons are in use, but a new possibility is 
offered by the “cyclinac” proposed by the TERA Foundation. 

Usually proton linear accelerators run at low frequencies, have diameters of the order of one 
meter and accelerate large currents. Since the currents needed for protontherapy are very small, 
one can use high frequency accelerating structures, which have small apertures but large 
accelerating gradients. The idea of using the same frequency (3 GHz) used in X ray linacs with 
gradients of the order of 15 MeV/m is at the basis of the studies initiated in 1993 by the TERA 
Foundation, in collaboration with ENEA (Frascati) and Istituto Superiore di Sanità (ISS, 
Rome) [16]. 

LIBO stands for LInac BOoster. It is a 15 m long copper structure which, installed 
downstream of a small high current commercial cyclotron - as proposed in Ref [17]  -will be 
capable of accelerating the protons extracted from the cyclotron from 30 MeV up to 200 MeV, 
or more. The 30 MeV cyclotron will be used in parallel for the production of PET and SPECT 
radioisotopes and also radioisotopes for internal therapy of cancers. A possible low-cost 
scheme of IDRA (Institute for Advanced Diagnostics and Radiotherapy) is shown in Fig. 5. 

Fig. 5.  A cyclinac, based on the combination of a 30 MeV high current commercial cyclotron 
and a 3 GHz LIBO (LInac Booster). 
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The overall acceptance of LIBO is 10-4, but this is sufficient since protontherapy requires 1-
2 nA of average current, while a cyclotron that in parallel produces radioisotopes for 
diagnostics has an external current larger that 50 µA. 

The chosen structure (Side Coupled Linac) has been designed in Los Alamos for lower 
frequencies but never used at 3 GHz. 

In 1998 a collaboration of CERN, the Universities and INFN Sections of Milan and Naples 
and the TERA Foundation was set up to construct a 1.25 m long module of LIBO capable of 
accelerating protons from 62 to 74 MeV. The module performed better than foreseen, since in 
each of the 4 tanks the gradient is 27 MeV/m, much larger that the design (15.5 MeV/m). 

In 2002 - in collaboration with IBA/Scanditronix - an acceleration test has been performed 
in Catania at the Laboratori Nazionali del Sud of INFN with very satisfactory results [18]. 

In 2004 TERA is discussing with various hospitals the construction of IDRA. 

4. POTENTIAL PATIENTS FOR PROTONTHERAPY 

For space reason we cannot discuss the clinical results obtained with proton beams. Suffice to 
say that the biological effects of protons are practically identical to those of X-rays, so that all 
the clinical knowledge accumulated with conventional radiations can be used in protontherapy. 
The only advantage of proton is the better conformity obtained with a much smaller number of 
ports. Large tumours are, in particular, elective targets because with X-rays the surrounding 
tissues inevitably receive a much larger dose. This clearly comes out from the treatment 
planning comparison of Fig. 5. 

Fig. 6.  The proton treatment plan shown at the right is definitely better that the IMRT 
treatment that uses nine X-ray beams and is plotted to the left [19].

In most experts’ opinion protontherapy is, for about 1% of all the patients irradiated 
nowadays with X-rays ,a definitely better treatment than even the best Intensity Modulated 
Radiation Therapies [20]. Since in a population of 10 millions Europeans about 20'000 people 
are irradiated every year with X-rays, this corresponds to about 200 patients per year. For 
about 12% of the usual treatments, i.e. for about 2'400 patients per year, protontherapy should 
give a better tumour control. 

Note that by increasing the X-ray dose by only 10%, for a typical tumour, the local control 
rate increases by about 20% passing, for instance, from 50% to 60%. The statistical 
determination of these effects on different tumour types requires the follow up of thousands of 
patients and thus more clinical data are needed in order to exactly quantify the advantages. 
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5. THE RATIONALE OF CARBON ION THERAPY 

Carbon beams of about 400 MeV/u are indicated for treatment of deep-seated tumours, which 
are radio resistant both to X-rays and to protons. In the rest of this paper we concentrate on 
this type of therapy. 

Unfortunately in 1992 the Berkeley program - that had successfully been going on since 
twenty years at the Bevalac - was discontinued. Since then, the only two places where patients 
have been treated with beams of carbon ions are the GSI Laboratory at Darmstadt (up to now 
250 patients were irradiated with an ‘active’ spreading system) and the Japanese Centre 
HIMAC (Heavy Ion Medical Accelerator Centre) in the Prefecture of Chiba in Japan (2000 
patients treated with a ‘passive’ spreading system). A second Japanese centre went into 
operation recently in Hyogo and two Centres are under construction in Europe: one in 
Heidelberg (Germany) and the other in Pave (Italy). They are described in the next Section.  

Ions are advantageous because of physical and biological properties that can be summarized 
as follows. 

1. As said, they deposit their maximum energy density in the Bragg peak at the end of 
their range, where they can produce severe damages to the cells while sparing both traversed 
and deeper located healthy tissues. At the same time, they penetrate the patient with less lateral 
diffusion than protons 

2. Being charged, as protons they can be shaped as narrow focused and scanned pencil 
beams of variable penetration depth, so that any part of a tumour can be accurately irradiated 
(at GSI the target volume is divided in 10.000 - 30.000 voxels, which are treated in 2-6 
minutes). This opens the way to Intensity Modulated Particle therapy (IMPT). 

3. Carbon and other light ions have the added advantage, with respect to protons, of a 
larger biological effectiveness than X-rays and protons; these behave essentially as X-rays as 
far as the microscopic energy deposition is concerned. 

4. The location where the dose is deposited by carbon ions can be determined by means of 
on-line Positron Emission Tomography (PET) [21]. 

As far as point (1) is concerned, although the overall dose distribution and precision is 
higher for carbon ions, the corresponding proton therapy facilities are 30-40 % cheaper, which 
is an important argument for a total investment cost of about 100 M€. 

In connection with point (2), active scanning was introduced by GSI for carbon ions (in 
three dimensions) and – as said above - by PSI for protons (in a two-dimensional version in 
which the third dimension is scanned by moving the patient bed).

Points (1) and (2) both apply to protons and carbon ions. 
Point (3) refers to the fact that for ions not only the global dose of a beam increases towards 

the end of the range, but also the local dose in each single track and the linear energy transfer 
(LET, measured usually in keV/µm) reaches very high values. In ion-electron collisions, 80% 
of this energy is transferred to target electrons that are preferentially emitted with low kinetic 
energy forming an "electron cloud" around the trajectory of the primary ion: the ion track. 
Radiobiological effects are mostly produced by electrons. It is the higher electron- and 
consequently ionisation-density that yields a greater effectiveness. The main target of the 
radiation attack is the DNA inside the cell nucleus. Therefore DNA is highly protected by an 
extremely elaborate repair system so that DNA damages like single or double strand breaks are 
rapidly restored. But when DNA is exposed to very high local doses, where local refers to the 
nanometre scale, the DNA lesions become concentrated or clustered and the repair system fails 
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for a correct repair. Then the dose is more effective compared to sparsely ionizing radiation 
and RBE is increased. 

In carbon beams it has been shown that for many cells and many biological effects when the 
LET becomes greater than about 20 KeV/µm (200 MeV/cm), the RBE becomes definitely 
larger than 1, a value that is conventionally attributed to the gamma rays emitted by 60Co. This 
happens in the last 40 mm of a carbon track in water on in biological tissue. While in the initial 
part of a range of about 25 cm in matter (what radiotherapists call ‘the entrance channel’) the 
LET is smaller than 20 KeV/µm and the ionisation density mostly produces repairable damage. 
The reason for which a LET of 20 keV/µm is so discriminating can be grossly understood 
since in the about 10 nm thickness of a fiber made of a DNA helix and in the water molecules 
that surround it, 20 keV/µm corresponds to an average energy deposition of 200 eV that 
causes the production of a cluster of 4-5 ions. 

For protons the range of elevated effectiveness is restricted to a few microns at the end of 
the range, too small to have a significant clinical impact. For ions heavier than carbon the 
range of elevated RBE starts too early and extents to the normal tissue before the tumour. 
Carbon ions seem to be the optimal choice for the therapy of deep seated tumours since the 
potentiation of the biological effect due to the high LET can be restricted to the target volume.

Because of the high effectiveness to suppress the repair, light ion beams are most suited for 
slowly growing, good repairing and therefore photon or proton radio-resistant tumours. 

For the calculation of the RBE effects, a theoretical model, the Local Effect Model LEM, 
has been developed at GSI by G. Kraft and M. Scholz [22], that allows to optimize treatment 
planning according to biological parameters The very successful experience of the presently 
more than 200 patients treated at GSI according to this modality of treatment planning fully 
confirms the basic rationale of these calculations. 

6. FACILITIES TREATING PATIENTS WITH CARBON IONS 

In 1994 the first patient was treated at HIMAC in Japan with carbon ions and with a passive 
dose distribution system. As already mentioned, about 2'000 patients affected by brain glioma, 
tumours of the cervico-cephalic area, lung, liver, prostate and uterine cervix tumours have 
been treated and very promising results on some special tumour sites, as lungs and liver, have 
been obtained. Due to the dimension of the rotating gantries, at HIMAC the choice was made 
to have horizontal and vertical beams in one treatment room [23]. The other two rooms feature 
horizontal beams. Passive spreading systems were used for many years, but in 2003 a 
simplified active systems was implemented. 

In May 2001 the first patient was treated with protons in the Centre HIBMC in the Hyogo 
Prefecture (Fig. 7). 

This centre was constructed by Mitsubishi Electric, is based on a single linac injector and 
on a 29 metres diameter synchrotron for protons and carbon ions [24]. As shown in Fig. 7, it 
features three treatment rooms for protons (two of them with gantries) and two rooms for ions 
with a horizontal, a vertical beam and also an inclined beam. By mid2004 about 400 patients 
had been treated with protons (Table 2) and 50 patients with carbon ions. 
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Fig. 7.  HIBMC has been built in the Hyogo Prefecture not far from the synchrotron radiation 
source SPRING8. It features five treatment rooms, two for carbon ions (with a horizontal, a 
vertical and an inclined beams) and three for protons (with two gantries). 

In 1993 Gerhard Kraft managed to get an approval for the construction of a therapy cave at 
GSI (Darmstadt), later called the “pilot project”. There are four novel features of the GSI pilot 
project:

(i) the active ‘raster’ scanning system; 
(ii) the fully automatic control of the GSI accelerator complex, that can be handled by an 

operator trained as operator of standard X-ray equipment; 
(iii) the sophisticated models and codes (described above) that take into account the RBE of 

different tissues in the treatment planning system; 
(iv) the two gamma ray detectors placed above and below the patient to determine ‘on-line’ 

the exact location and shape of the irradiated volume because, when penetrating the body, the 
incident carbon ions fragment into + radioactive nuclei, mainly 11C.

At Chiba a local tumor control rate for bone and soft tissue sarcomas was 84% after 3 years 
[25] for patients that received doses greater than 64 Gy E. At Darmstadt 3 year tumor control 
rates for chardomas and chandrosarcomas, which were a subsection of the large variety of 
tumors treated at NIRS are 100% and 84 % respectively for a similar tumor dose [26]. 

lliinnaaccpprroottoonn

2299 mm

ccaarrbboonn
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Since with carbon ions the usual cellular repair mechanisms have little effect, there is no 
point in fractionating the dose in the 20-30 sessions used with X-rays and protons. This 
shortening of the treatment to less than 10 sessions is a great advantage for an effective use of 
the costly infrastructures. Whatever treatment schedule is used, many more clinical data are 
needed because only about 2'200 patients have been irradiated with carbon ions worldwide. 

7. THE TWO CARBON ION FACILITIES UNDER CONSTRUCTION 

The pilot project at GSI has been a great clinical success so, starting in 1988, G. Kraft from 
GSI, G. Gademann from the Heidelberg Radiobiological Clinic and G. Hartmann from the 
German Cancer Research Center prepared several proposals for a dedicated heavy ion therapy 
facility. 

Fig. 8.  The Heidelberg facility HIT (Heidelberg Ion Centre) features three treatment rooms 
[27]. One of them hosts a rotating carbon ion gantry of new design. A single 7 MeV/u linac 
injects in the synchrotron both protons and carbon ions. 

The construction of the Heidelberg Ion Therapy facility HIT started in November 2003. 
(Fig. 8). The federal Government has financed it with 36 MEuro. The complement to 72.5 
MEuro was granted by banks to the Heidelberg Clinics. Construction started in 1993 and will 
be completed by the beginning of 2007. This is an ambitious project that features the first 
carbon ion gantry, which weights about 600 tons (Fig. 9). 
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Fig. 9.  The HIT carbon ion isocentric gantry is 25 m long and at full carbon energy consumes 
about 450 MW. 

Another European centre is being built in Pave, a University town located 30 km Southwest 
of Milano. CNAO (the Centro Nazionale di Adroterapia Oncologica) has been designed by 
TERA, a non-profit Foundation created in 1992 and recognized by the Italian Ministry of 
Health in 1994. At the end of 1995 U. Amaldi (at the time CERN staff member) - with the help 
of M. Regler (of the Austrian Academy of Science) - drew the interest of the CERN 
management on the design of an optimized synchrotron for light ion (and proton) therapy. At 
the beginning of 1996, CERN management agreed on the proposal and the study of such a 
synchrotron was started at CERN with the acronym PIMMS (Proton and Ion Medical Machine 
Study) under the leadership of Philip Bryant. 

PIMMS was a collaboration of CERN, Med-AUSTRON (Austria), Oncology 2000 (Czech 
Republic) and TERA (Italy). GSI contributed with expert’s advice. 

The PIMMS group had the mandate of designing the synchrotron and the beam lines of a 
light ion hadrontherapy centre without any financial and/or space limitation. The study was 
closed and published after four years at the beginning of the year 2000 [28]. 

The starting point of PIMMS was the synchrotron extraction system, so as to have a beam 
spill-out very uniform in time, as needed to precisely control the dose delivered to the patients 
during the active spreading of the beam. For the first time a theory was elaborated of the 
extraction from a synchrotron and various techniques were studied and implemented to have a 
time uniformity of the order of 10% up to frequencies of 1-2 kHz. 

The PIMMS design combines many innovative features, so as to provide an extracted pencil 
beam of particles that is very uniform in time, can be varied in energy and can easily be 
adjusted in shape. These are pre-requisites for the application of the technique of Intensity 
Modulated Hadron Therapy (IMPT). A short list of the special features of the main PIMMS 
design includes two injector linear accelerators - one for protons (20 MeV) and the other for 
carbon ions (7 MeV/u) - two dispersion-free zones for injection and RF acceleration, a slow 
extraction scheme based on a “betatron core” and “rotators” to optimize the beam optics at the 
gantries.  

The outcome of this four-year study is the design of Fig. 10. 
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Fig. 10.  General layout of the PIMMS design study. The overall surface area is about 
15000 m2.

Following PIMMS, TERA workedout a design that would be less expensive than the one of 
Fig. 10 and still retains the most important features of PIMMS. In the PIMMS/TERA design of 
Fig 11 [29]: (i) the sources are inside the ring and a single 7 MeV/u injector of the GSI design 
for HIT is used for all ion species; (ii) a multi-turn injection scheme is adopted; (iii) for 
extraction both a betatron core (as in PIMMS) and a RF knock-out system (as in HIMAC and 
HIT) are implemented; (iv) the beam lines are shorter and, thus, less expensive than the 
PIMMS ones. 

In 2001 the Italian Government created the CNAO Foundation to which, in the following 
years, 35 MEuro were attributed. Other funds came from private Foundations and local 
authorities. The Founders of CNAO are, with TERA, two large University hospitals (in Milano 
and Pavia), the two largest comprehensive oncological hospitals in Italy (Istituto dei Tumori  
and IEO, the European Institute of Oncology) and the Italian National Neurological Institute 
(Milano). In September 2003 TERA completed and transferred to CNAO 25 members of its 
technical personnel and the specifications of all the components of the high-tech part of the 
Center, that have been worked out in collaboration with INFN - and in particular its Laboratori
Nazionali di Frascati - CERN and GSI. Sandro Rossi is the Technical Director of CNAO and 
Roberto Orecchia the Medical Director. 

At the end of 2003 INFN entered in the CNAO Foundation as Institutional Participant and 
Graziano Fortuna became co-responsible with Sandro Rossi of the high-tech part of the Centre. 
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Fig. 11.  In the PIMMS/TERA design the sources and the single injector are inside the ring 
and the beam lines are shorter than in PIMMS, so that the overall layout is more compact.

The CNAO Foundation is in charge of the construction, commissioning and running of the 
facility. The underground floor of the Centre being constructed in Pavia, on a plot belonging to 
the Town, is shown in Fig. 12. 

Fig. 12.  The layout of the underground floor prepared for the CNAO Foundation by the 
consortium Calvi-TEKNE. At the beginning the bunker will not feature the two gantry rooms 
of a later stage (Phase 2). 
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By summer 2004 the components were ordered and the civil engineering construction 
tendered out. It was decided that the layout of Fig. 9 represents Phase 1 of the centre with three 
treatment rooms, but that from the beginning the underground building will be constructed 
allowing for the possibility of adding and equipping two gantry rooms in a later Phase 2. The 
first patient treatment is foreseen by the end of 2007. 

8. PLANNED FACILITIES FOR CARBON IONS  

This last Section is devoted to the other European centres for carbon ions. 
In Fall 1998 the University Claude Bernard of Lyon commissioned TERA a preliminary 

proposal of a hadrontherapy centre based on the PIMMS/TERA design. Following this 
preliminary study, the Lyon University signed with CEA (Saclay) and IN2P3 of CNRS a 
contract for an official report to the French authorities [30]. A detailed study of the number of 
potential patients was performed by the ETOILE group and in fall 2004 a report was submitted 
to the central authorities. The report of the ETOILE project is based on the PIMMS/TERA 
synchrotron. [31].  

In 2003 a similar project was presented to the French Government by the Basse-Normandie 
Region. ASCLEPIOS was proposed to be built near GANIL, the ion accelerator Centre in 
Caen [32]. A decision between ETOILE and ASCLEPIOS is expected by the beginning of 
2005.

The PIMMS/TERA synchrotron is also the heart of the centre proposed by the Karolinska 
Institute and Hospital which is described in a paper published in 2001 [33].

In 1998 the Med-AUSTRON team presented to the Austrian authorities a project that was 
identical to the design proposed in the PIMMS study shown in Fig. 9 [34]. In the following 
years a complete study was performed comparing the GSI project for Heidelberg and the 
PIMM/TERA design. 

Fig. 13.  The layout of the MedAustron facility, to be built in Wiener Neustadt (Southern 
Austria).

PIMMS/TERA 

U. Amaldi / Nuclear Physics A 751 (2005) 409c–428c 425c



The MedAustron proposal - described in a volume issued in 2004 [35] - is based on the latter 
and is shown in Fig. 13. It was approved in October 2004. 

The designs of the ETOILE, ASCLEPIOS and Karolinska projects are preliminary and will 
be frozen only after definition of the financial framework for the construction and the running.  

9. “ENLIGHT”, THE EUROPEAN NETWORK FOR LIGHT ION THERAPY  

The five European projects (with seats in Heidelberg, Pave, Wiener Neustadt, Lyon or Caen 
and Stockholm) have teamed with ESTRO (the European Society for Radiotherapy), EORTC 
(the European Organization for Cancer Research), CERN and GSI to form the European 
Network for Light Ion Therapy. Since 2002 ENLIGHT has been financed for three years by 
the European Union. The activities that are going on can be easily guessed from the list of the 
six Working Packages:

1. epidemiology and patient selection 
2. design and conduct of clinical trials. 
3. preparation, delivery and dosimetry of ion beams. 
4. radiation biology, 
5. in-situ monitoring with Positron Emission Tomography. 
6. health economic aspects. 

In the years 2001 and 2003 general meetings of ENLIGHT collaboration have been 
organized by MedAustron and ETOILE in Baden and Lyon. TERA has been entrusted of the 
last ENLIGHT meeting , Oropa (Biella), June 2005 [36]. 

The existence of this network guarantees that the future of carbon ion therapy in Europe is 
on a good track and that the foreseen facilities will be run for the benefit of all European 
patients. 

Moreover industry is getting interested in the construction of carbon ion centres, as it 
already happened in the case of proton centres that are offered by ACCEL (Germany), Hitachi 
(Japan), IBA (Belgium) and Optivus (USA). In the carbon ion market Mitsubishi has designed 
a synchrotron for combined proton and carbon therapy (on which the Hyogo centre is based), 
IBA is introducing a carbon cyclotron of 300 MeV/u maximum energy and the Siemens 
company has taken over the GSI patents and know-how for a combined proton and carbon 
unit. Recently also the Italian project is being considered for construction on other sites.

The strong interest of industrial companies in light ion therapy indicates the large potential 
of this novel strategy for fighting cancer  
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