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Abstract 
Modern hadron-therapy accelerators have to provide 

high intensity beams, for innovative dose-delivery modali-
ties such as FLASH, pencil beams for 3D scanning, as well 
as multiple ions with radio-biological complementarity. 
They need to be compact, cheap and have a reduced energy 
footprint. At the same time, they need to be reliable, safe 
and simple to operate. Cyclotrons and compact synchro-
trons are nowadays the standard for proton therapy. For 
heavier ions such as carbon, synchrotrons remain the most 
viable option, while alternative solutions based on linacs, 
FFAs or cyclotrons are being proposed. In this context, the 
European project HITRIplus studies the feasibility of an 
innovative super-conducting (SC) magnet synchrotron for 
carbon ions, with state-of-the-art multi-turn injection from 
a specially designed linac and advanced extraction modal-
ities. A compact synchrotron optimized for helium ions, 
making use of proven normal-conducting technology, is 
also being designed. 

INTRODUCTION 
Radiation therapy with protons and other ions has the ad-

vantage, over conventional treatment with photons, of bet-
ter sparing the healthy tissues, because of two major rea-
sons: the dose is deposited at a specific depth depending on 
the energy of the incoming beam (Bragg peak) and ions can 
be steered with magnetic fields, thus allowing for fast pen-
cil beam (3D) scanning. 

Proton therapy still occupies a niche, there are  about 100 
proton therapy facilities in the word [1], compared to the 
over 14’000 X-ray machines, but it is rapidly expanding. A 
few major vendors of cyclotrons and compact synchrotrons 
(e.g. IBA and Hitachi) provide turn-key facilities of 500-
800 m2 (single room, equipped with a gantry). 

Carbon ions (C-ions) are also used in radiation therapy, 
because of their higher Relative Biological Effectiveness 
(RBE), a factor 3 compared to protons and X-rays, and the 
possibility to also treat oxygen-depleted tumours, the so 
called “radio-resistant” tumours. The energy needed to 
penetrate up to 33 cm is 430 MeV/u for C-ions (250 MeV 
for protons), corresponding to a beam rigidity of 6.6 T m, 
compared to 2.42 Tm for protons. C-ions are therefore a 
factor 2.7 more “rigid” than protons, thus requiring larger 
accelerators, or a different technology. The 13 facilities in 
the world [1] providing C-ions to 400-430 MeV/u are 
based on a 20-25 m diameter synchrotron (only one project 
under construction is based on a cyclotron) and have sev-
eral treatment rooms. Their cost is proportionally larger. 
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Helium ions are in-between [2]. They have a sufficient 
RBE to treat most of the tumours, suffer less scattering than 
protons and do not present the fragmentation tail of C-ions. 
They require a maximum energy of 220 MeV/u, for a range 
of 30 cm and a beam rigidity of 4.5 Tm. Other species are 
being considered in addition to protons, helium and carbon 
ions, such as oxygen, and extensive radio-biology research 
is still needed to characterize them. 

To promote innovation in the field of ion therapy accel-
erators and propose a new generation of ion therapy facili-
ties in Europe, some collaborative initiatives have been re-
cently launched. The first is the CERN-based international 
collaboration NIMMS (Next Ion Medical Machine Study) 
[3]. NIMMS has then joined the EU Integrating Activity 
HITRIplus [5], together with other laboratories and part-
ners, among which the South East Europe International In-
stitute for Sustainable Technologies (SEEIIST) which fed-
erates the countries in the SEE [4], for a common facility 
in the region. 

SC MAGNET SYNCHOTRON 
The first innovation which is considered for the next 

generation of facilities is the SC technology, which allows 
to significantly reduce the dimensions of the facility (and 
its cost by at least 20% [3]) and goes toward the implemen-
tation of single-rooms facilities for C-ion therapy. The SC 
technology, however, introduces new challenges and con-
siderations, related e.g. to the slower ramp-rate and to the 
powering and cooling strategy for energy efficiency [6].  

In Japan, the effort is focused towards the development 
of the Quantum Scalpel (QST-NIRS), based on a compact 
synchrotron with SC magnet, of a similar size of a proton 
accelerator, eventually fed by a laser accelerator. 

In Europe, within HITRIplus, a compact synchrotron 
with SC magnets is also being developed, based on the 
work [7] initiated by the TERA Foundation. Figure 1 [3] 
shows its potential implementation as a single-room facil-
ity of 21m x 56 m, with its gantry. 

Figure 1: Layout of a compact single-room SC ion therapy 
facility [3]. 
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Figure 2: Sketch and optics of the SC synchrotron, triangu-
lar layout (new baseline in HITRIplus) [8] 

After a first design [7] based on four 900 Canted Co-
sine Theta (CCT) magnets, the layout has evolved into a 
triangular shape. Figure 2 shows a sketch of the new trian-
gular baseline and its optics. The lattice has three straight 
sections with zero dispersion, to accommodate injection 
and extraction septa and RF.  

The main bending units, which are “cold”, comprise 
two 600 CCT magnets, with nested alternating-gradient 
(AG) layers [9] and a SC quadrupole in between, which 
carries also sextupole coils for chromaticity control. The 
presence of the AG layers, although it makes the magnet 
design more complicated, provides periodic focusing while 
bending, reducing the beta-function and the beam size. The 
optics is flexible thanks to external “warm” quadrupoles 
(also equipped with additional coils to provide orbit cor-
rection and sextupole excitation) to move the working-
point from the injection tune to the extraction on a third 
order resonance (Qx=2.66).  

A strong program for the SC magnet development is on-
going within HITRIplus, with contributions from another 
European Program I.FAST and several additional collabo-
rations and national programs [10]. The magnet parameters 
are listed in Table 1.  

Five demonstrator magnets of about 1 m length with dif-
ferent conductors and configurations are going to be built 
within the next two years, to test key aspects of these mag-
nets: manufacture of strongly curved magnets, thermal be-
haviour, CCT technology, and the possibility to use High 
Temperature Superconductivity (HTS). 

From the beam optics point of view, these magnets also 
represent a challenge, because of the strong curvature with 
respect to their length that requires a new definition and 
correct modelling of higher order field components [11]. 

Table 1: SC Magnet parameters 

Parameters Gantry Synchrotron 
B field 4 T 3 T 

Aperture (D) 80 mm 80 mm 
Angle 450 600 

Ramp rate 0.4 T/s 0.8 - 1 T/s 

Coils Combined func-
tion AG-CCT 

 
 

LIGHTWEIGTH GANTRY 
The first ever built gantry for C-ion (at HIT, Heidelberg) 

weighs 600 tons. The use of SC technology allowed to de-
crease the weight of the second C-ion gantry (at HIMAC, 
Chiba) to 300 tons. After its successful commissioning, a 
third one has been installed in Yamagata. 

With SC magnets weighting maximum 5 tons each, a to-
tal radius of 5 to 6 m and scanning magnets downstream of 
the last bend, the TERA foundation proposed the concept 
of a light-weight gantry attached to the wall and rotating 
by 2200 [7] [12], Fig. 3. The major advantage in this design 
is that the rotating part is less than 40 tons (there is no coun-
terweight) and therefore it can be supported by the shield-
ing wall and its rotation can be driven by an electric motor 
with high-torque planetary gears. The concept has been fur-
ther studied within HITRIplus [13] but the decision was to 
adopt for a future European SC gantry a more conservative 
design, with counterweight, a cradle and a 3600 rotation. 

 
Figure 3: Concept of gantry attached to the wall [7] 

Other solutions to deliver beam from different angles 
with a static device and a toroidal configuration have been 
proposed, such as Gatoroid, developed at CERN [14], but 
also considered too complex for a C-ion gantry. 

Within the community, there is also the discussion on 
whether the gantry is needed at all, and whether is not 
enough to rotate the patients, once it is accepted that they 
can be treated in vertical position [15]. The idea of a chair 
is indeed very old, but it had been abandoned because of 
the necessity of imaging the patient in the treatment posi-
tion. Because only recently vertical CT scans or open-filed 
MRI became available, the chair is now back into consid-
eration, also for treatments other than eye melanoma, like 
in the head-and-neck, torax, abdomen and pelvis. This so-
lution would drastically reduce the size and cost of a C-
ions facility.  

FLEXIBLE BEAM DELIVERY AND 
MULTI-TURN INJECTION 

Today, in the European synchrotron centres, the beam is 
accelerated at a different energy for each cycle, delivered 
to the corresponding layer on a timescale of several tens of 
seconds and then dumped. Development is ongoing to have 
a cycle in which the beam is accelerated (or decelerated) at 
different steps in energy to allow for multi-energy beam 
delivery, as it is successfully done at HIMAC (Chiba) [16]. 

Moreover, new irradiation techniques (FLASH) of deliv-
ering high dose within a few hundreds of milliseconds 
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seem promising for sparing normal tissues [17, 18, 19]. The 
next generation synchrotron needs to be able to deliver the 
entire stored beam with this modality. 

These two techniques, and in general a flexible beam de-
livery, requires a factor 10 to 20 higher intensity stored in 
the ring. New C-ion sources under development promise a 
factor 3 higher beam current [20], still a much longer and 
efficient multi-turn injection need to be designed, for an 
injection energy of 5 MeV/u. The injector linac as well 
need to be optimized for maximum transmission. 

NEW LINAC DESIGNS 
The linac injector to an ion therapy synchrotron is a crit-

ical element, with a strong impact on the cost and perfor-
mance of the facility. Within HITRIplus, new designs are 
being explored in two directions. The first consists in im-
proving the standard 217 MHz IH-based design presently 
used in all the European ion therapy centres [21]. The sec-
ond option is to adopt the higher 352 MHz frequency that 
allows using compact RF structures powered by low-cost 
klystrons [22]. Both designs are optimised for acceleration 
of C4+ up to the synchrotron injection energy of 5 MeV/u. 
Since the linac is used for synchrotron injection only for a 
very small fraction of time, an interesting option consists 
in adding two more sections, the first optimised for He2+ 
going to 7 MeV/u, and the second for protons up to 
10 MeV. Such a linac could be operated at higher duty cy-
cle and be used to produce radioisotopes for theragnostics, 
like 211At for targeted alpha therapy [23].  

An even more attractive option, though, consists in cov-
ering the full energy range required for C-ion treatment 
with a compact High-Frequency (HF) linac. In this case, 
fully stripped C6+ produced by a low-emittance EBIS 
source are accelerated. After the initial exploration by 
TERA of a 3 GHz linac design [24], the layout has been 
further refined with the addition of a 750 MHz compact 
RFQ injector and with the design of a medium-energy sec-
tion with an active 1800 bend, to reduce the footprint of the 
facility [25]. A low-energy test stand with a He2+ ion source 
(easier to produce than C6+) and an RFQ is in preparation 
at CERN.  

SINGLE ION (HELIUM) OPTIMIZATION 
Treatment plans with multi-ions (like carbon or oxygen 

and helium) to cover different regions of the tumour are 
under discussion and attract great interest [26, 27]. This re-
quires fast switching from one cycle to the next between 
ions species and multiple ion sources. The opposite ap-
proach, instead, consists of having a synchrotron optimized 
for one ion species only, namely He-ions. 

To exploit the potential of He-ion therapy, the NIMMS 
collaboration with the contribution of HITRIplus has re-
cently developed the concept of a compact facility based 
on a synchrotron optimised for helium beams [28, 29]. 

The accelerator has a triangular layout, similar to the one 
of the SC synchrotron but with warm magnets, which im-
plies that the beam size in the vertical plane needs to be 
smaller than in the horizontal (for the SC-magnet version, 

the aperture was round). Figure 4 shows a sketch of the 
layout and the optics, for a tune close to Qx =2.67. The ex-
traction septa (electrostatic and magnetic) are located re-
spectively in the first and the third straight section and have 
a relative phase advance of about 2700, thus the first one is 
placed on the inside of the ring and the other on the outside. 
The overall circumference is 33 m.  

 
Figure 4: Sketch and optics of the He-ions synchrotron. 

FINAL CONSIDERATIONS 
Innovations in ion therapy accelerators can be as usual 

grouped in three categories: development, disruption and 
low-tech. 

Developments are gradual and reside in improvement of 
existing solutions. An example is the baseline for the 
SEEIIST facility [5] that includes a “conventional” warm 
synchrotron with a factor 20 higher intensity, improved in-
jection and extraction, possibility to treat with multiple 
ions within a single treatment, optimization of the work-
flow and a fast and safe switch between treatment and re-
search rooms. The second example of this type of innova-
tion is the Helium synchrotron, which is based on known 
technology and the advanced features previously de-
scribed, and which answers, in a short time-scale, the needs 
of the medical community to treat patients with Helium.  

Disruption implies a change of technology, therefore 
higher risks which need to be mitigated with extensive 
R&D. In this category we find the SC magnet compact syn-
chrotrons and the full-energy HF linac (as well as FLASH 
dose delivery, laser acceleration, addictive manufacturing, 
AI/ML techniques). The power of disruptive technology 
implies rethinking completely the way the machine is de-
signed, to fully exploit its potential, and not simply adding 
it as a “cool feature” in a conventional design. In this re-
spect, the adoption of SC magnets and the challenge of 
slow ramp-rate makes it mandatory to accumulate the full 
beam intensity to irradiate in one cycle or perhaps to re-
think the optics and adopt an FFA approach [30, 31]. Vi-
ceversa, for the HF linac varying rapidly (100 Hz) the beam 
parameters, a low beam current is the preferred strategy. 

Finally, “low tech” innovation is the less glamourous, 
but it is key to democratize access to ion therapy. It focuses 
on providing solutions which are easy to operate, maintain 
and industrialize and which reduces the price of the facility. 
A very good example is the developments of alternatives to 
gantries (such as rotating chair), leveraging advancement 
in other fields, such as imaging, robotic positioning and 
new treatment modalities.
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