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Motivation: carbon therapy
Larger biological effect compared with protons/X ray, more 
efficient against hypoxic and radioresistant tumors

Carbon requires much more B-rho compared with proton: 
25cm depth tissue, 200MeV proton , but 375MeV/u for 
carbon, factor of magnetic rigidity 2.85

Advantage of FFAGs for carbon therapy: 

✓ Variable energy (vs. cyclotron)

✓ Strong focusing, leads to small beam size (vs. cyclotron)

✓ High repetition pulse beam, suitable for spot scanning (vs. synchrotron)

✓ Simpleness and easy for operation (vs. synchrotron)

✓ Smaller excursion due to high field gradient (vs. cyclotron)
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Existing machines & Proposals for Carbon Therapy

Existing carbon therapy centers:  synchrotrons

Japan: HIMAC, Hyogo Medical Center, Gunma University

Germany: Heidelberg/GSI

In Japan, Y. Hirao and collaborators proposed the realization of
the Heavy Ion Medical Accelerator in Chiba (HIMAC) to be built in
the Chiba prefecture. In 1994 the facility treated the first patient
with carbon ions at a maximum energy of 400 MeV/u,
corresponding to a maximum range of 27 cm in water.

By the end of 2009, under the leadership of Hirohito Tsujii,
about 5000 patients have been treated and many difficult and
common tumours have been shown to be controllable [22]. The
distribution of the range of carbon ion beams used at Chiba is
shown in Fig. 4.

In 1993, Gerhard Kraft obtained the approval for the
construction of a carbon ion facility at GSI (Darmstadt), later
called the ‘pilot project’ [23]. Treatments started in 1997 and
since then about 400 patients have been treated with carbon ion
beams. 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 for standard X-ray
equipment;

(iii) the sophisticated models and codes 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 by means of the detection of 511 keV
back-to-back photon pairs from positron annihilation. This
technique, named ‘in-beam-PET’ [24], is based on the fact
that, when penetrating the body, some of the incident carbon
ions fragment into b+ radioactive nuclei, mainly 11C.

Hadrontherapy is now expanding very rapidly and several
hospital based facilities will be operational in the next years, as
reported in Table 3. This list is necessarily incomplete due to the
continuously increasing number of projects, which nowadays
characterize this very active field of application of particle physics
to medicine.

4. Future developments of hadrontherapy techniques

Present hadrontherapy techniques have to be improved to
fully exploit the unique spatial and biological advantages of
proton and ion beams. Even without major novelties, there is
ample space for improvements. In particular, it has to be
remarked that ‘active’ dose delivery systems – based on scanned

pencil beams – have been used for less than 2% of the about
60,000 patients treated with protons or ions. All the other patients
have been treated with wide beams shaped in the transverse
dimensions and in energy by sophisticated sets of passive devices
such as scatterers, absorbers and collimators [25]. More advanced
approaches, still based on passive devices, have been developed in
Japan: the ‘layer stacking’ technique [26] and the most recent
‘cone type filter’ method [27].

In spite of the fact that most new centres have the possibility
of going from these ‘passive’ methods to ‘active’ systems, the
implementation in the clinical practice has been quite slow. Since
equipment for active scanning is nowadays commercially avail-
able, significant improvements in the quality of the dose
distribution systems are foreseen in the near future.

Looking further ahead, it has to be noted that, for proton
therapy, the challenge is greater than for carbon ions. In the last
10 years, the introduction of new X-ray delivery techniques has
improved significantly the conformity of the dose distributions,
with which proton treatments have to be naturally compared,
since – within 10% – X-rays and protons have the same
radiobiological effects. Indeed, more and more hospitals introduce
Intensity Modulated Radiation Therapy (IMRT) which uses many
crossed X-ray beams with optimized not uniform intensity
distributions produced by computer controlled ‘multi-leaf’
collimators [15]. Tomotherapy [28] and Rapid Arc technologies
[29] are novel developments now routinely used in many
radiation therapy departments. Moreover, the recent develop-
ment of Image Guided Radiation Therapy (IGRT) [30][31] allows the
on-line localization of tumour targets, which move during
irradiation due, for instance, to the inspiration–expiration cycle.

The irradiation of moving tumours is surely one of the main
challenges hadrontherapy is facing. To effectively accomplish this
task, important technological developments are needed in the
fields of

1. systems to actively scan in three dimensions with a pencil
beam tumours which are subject to movements;

2. devices which can detect the instantaneous position of the
tumour target and produce signals to be used in a feedback
loop connected with the systems of point 1;

3. instruments capable of continuously monitoring the distribu-
tion of the dose in the body of the patient;

4. in-beam PET devices allowing the range determination of the
proton and ion beams at the end of an irradiation by detecting

Table 3
Proposed new hadrontherapy facilities.

Location Country Particle Max. energy (MeV) - Acc. Beams a Rooms Foreseen start date

University of Pennsylvania USA p 230 cyclotron 4G, 1H 5 2009
PSI, Villigen Switzerland p 250 SC cyclotron 1G additional to 1G, 1 H 3 2009 (OPTIS2), 2010 (Gantry2 )
WPE, Essen Germany p 230 cyclotron 3G, 1H 4 2009
HIT, Heidelberg Germany p, C 430/u synchrotron 1G for C ions, 2H 3 2009
CPO, Orsay France p 230 cyclotron 1G additional to 2H 3 2010
CNAO, Pavia Italy p, C 430/u synchrotron 2H, 1 H+V 3 2010
PTZ, Marburg Germany p, C 430/u synchrotron 3H, 1 OB 4 2010
NIPTRC, Chicago USA p 250 SC cyclotron 2G, 2H 1H (research) 4 2011
NRoCK, Kiel Germany p, C 430/u synchrotron 1H, 1V+OB, 1H+V 3 2012
Trento Italy p 230 cyclotron 1G, 1H 2 2012
Skandionkliniken, Uppsala Sweden p 250 SC cyclotron 2G, 1H 3 2013
Med-AUSTRON, Wiener Neustadt Austria p, C 400/u synchrotron 1G (p only), 1V, 1V+OB 3 2013
Shanghai China p, C 430/u synchrotron 1H, 1V+OB, 1H+V 3 ?
iThemba Labs South Africa p 230 cyclotron 1G, 2H 3 ?
RPTC, Koeln Germany p 250 SC cyclotron 4G, 1H 5 ?
ETOILE, Lyon France p, C ? ? ? ?

a Horizontal (H), 901 vertical (V), 451 oblique (OB), rotating gantry (G).
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Let’s recall the 700MeV 
spiral ring lattice...

Non-scaling FFAG:

3-stage NS FFAG rings for H+/C6+ (E. Keil et al.)

PAMELA project (T. Yokoi et al.)

2-stage embedded NS rings for C6+ (C. Johnstone et al.)

Scaling FFAG:

Normal conducting 3-stage DFD rings (T. Misu, 2004)
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High field spiral C6+ FFAG ring using 
superferric superconducting magnet

Injector Cyclotron or Linac 
(50keV/u ~ 12MeV/u)

Injection energy / Bρ 12 MeV/u , 1.0 T.m

Extraction energy / Bρ 400MeV/u, 6.36 T.m

Momentum ratio 6.36

field index 6.0

Bz @ Rext 5.0 T

packing factor 0.42

Rext 3.03m

Rinj 2.33m

Radius excursion 0.7m

lattice 14 cell, spiral sector

spiral angle 57 deg.

cell tune Qx=0.2, Qy=0.13

Schematic plan of the carbon therapy 
machine: (Cyclotron injector + 

Superconducting spiral FFAG ring)

Basic parameters
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or, C4+ -> C6+ 
inj. by stripping



Challenges if not using “cos(θ) multipole 
combination” superconducting scheme

A) High magnetic field about 5T with superferric 
superconducting scheme

B) High field gradient with k>6.0 using pole shaping

➡ Material solutions for the magnet sector pole

➡ Low carbon iron: superconducting cyclotron used, such as ACCEL 
250MeV proton / IBA 400MeV carbon machine

➡ Possible for 3T, but..

➡ forget field gradient (kmax ~ 2.0)

➡ Higher permeability materials: Holmium, Gadolinium, etc... (MuR>10 
at high magnetic field)
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Result: low carbon iron

➡ The same model of 700MeV spiral sector

➡ 320000 A.T
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High permeability materials

Features of Holmium and Gadolinium material: almost linear relative permeability 

At normal field B<1.8T, μr << μr,iron

At high fields B>2T, μr,Holmium ≈ 7;  μr,Gd ≈ 10~30 ( μr,Gd = 17 @ 5T), much larger than 
saturated μr,iron

Curie temperature: Holmium :20K; Gadolinium: 290K

Saturated field > 10T

2.2 B-H curves

1) Holmium @ 4.2K, µr ≈ 7.0 2
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Fi g. I . Schemat i c of t he hol mi um r i ng and pr i mar y and
secondar y coi l s used t o measur e t he per meabi l i t y.

mor e expensi ve t han i r on; however , t he pr act i cal cost
of f abr i cat i ng smal l amount s of hol mi um i s not si gni f i -
cant l y gr eat er t han t he cost of f abr i cat i ng smal l amount s
of i r on because most of t he expense i s i n t he l abor
r equi r ed t o machi ne par t s t o exact t ol er ances .

The use of hol mi um as a f l ux concent r at or i n t he
cor e of super conduct i ng sol enoi ds has been r epor t ed
pr evi ousl y [ 2] . However , t hi s i s t he f i r st r epor t ed use of
hol mi um i n a magnet ot her t han a sol enoi d . Because
t he l ow- t emper at ur e pr oper t i es of hol mi um ar e not
wel l known, t he per meabi l i t y of a smal l sampl e of t he
hol mi umst ock was measur ed at 4. 2 Kbef or e i t s use i n
t he magnet . The sampl e obt ai ned f r omt he vendor was
assayed t o be 99. 6%hol mi umwi t h 0. 4%t ant al umand
onl y t r ace amount s of ot her r ar e- ear t h met al s . The
hol mi um was ar c mel t ed i n an i ner t at mospher e and
cast i nt o r ough f or m i n a wat er cool ed copper hear t h .
The cast i ng was machi ned i nt o a 4. 0- cm- di amet er r i ng
wi t h a 0. 5- cm- di amet er cr oss sect i on . The sampl e was
not heat t r eat ed or r eassayed af t er cast i ng or machi n-
i ng. The r i ng was wound wi t h a pr i mar y coi l consi st i ng
of 1021 t ur ns of 0. 25- mm- di amet er super conduct i ng
wi r e wound i n t hr ee l ayer s, and a secopd- i r y coi l of 460
t ur ns of 0. 20- mm- di amet er copper wi r e wound i n a
si ngl e l ayer ( f i g. 1) . Af t er bei ng wound, t he coi l s wer e
pot t ed wi t h a t her mal l y conduct i ve cr yogeni c epoxy .
Cur r ent t hr ough t he pr i mar y coi l pr oduced an az-
i mut hal magnet i c f i el d i nt ensi t y Hi n t he sampl e. When
t he cur r ent was var i ed i t pr oduced a vol t age i n t he
secondar y coi l t hat was pr opor t i onal t o t he magnet i c
i nduct i on B. The B- H cur ve shown i n f i g . 2 was
obt ai ned when t he i nt egr at ed vol t age i n t he secondar y
coi l was measur ed as a f unct i on of t he cur r ent i n t he
pr i mar y coi l . The peak cur r ent i n t he pr i mar y coi l was
100 A, whi ch cor r esponded t o an Hof 812 kA t ur n/ m
and a B of 3. 57 T. Because sever al t r ai ni ng quenches
wer e r equi r ed t o achi eve t he peak cur r ent of 100 A,
t he vi r gi n per meabi l i t y was not measur ed. However ,
because of t he l ow r emanent f i el d and t he l owcoer ci ve
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But.. not so easy to achieve high 
magnetic field with high field index
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➡ Gd pole layer + Iron yoke

➡ 160000 A.T
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Optimized model with variable Gd layer height
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It’s possible for Bmax=5T @ k=6.0  !



Discussion: compared with SC-cyclotron scheme

Total size of this scheme is very small and comparable to the SC cyclotron 
(less weight duo to small pole excursion)

pf ~ 0.4, which provides more space for rf, inj / ext and instrumentations

Energy change for FFAG only 1ms (possible for 3d spot scanning ); SC 
cyclotron requires energy selection system for variable energy (100ms), 
difficult for spot scanning.

Main parameters of IBA 400MeV/u carbon cyclotron

a biologically optimized ion treatment planning system
to be pursued in collaboration with INFN, Dresden University,
ARCHADE and the company CMS-Elekta.

In 2005, Grishakov et al. [38] proposed to perform electron
cooling to a carbon ion beam circulating in a small aperture
synchrotron. This lead to the design of an accelerator by the
Budker Institute of Nuclear Physics (BINP) which foresees an
injection tandem, based on a 1.25 MV high voltage terminal,
followed by a booster ring which accelerates particles to 30 MeV/u.
The booster can also accelerate protons to 250 MeV and be used for
proton therapy. The carbon beam is then injected at 10 Hz into a
70 m long racetrack synchrotron, where 10 bunches are ‘cooled’ by
an electron cooler, similar to the one shown in Fig. 5. In 300 ms the
transverse emittances of the carbon beam are reduced by more
than a factor 10. Then the particles are accelerated to a maximum
energy of 430 MeV/u.

The electron cooler is also used to extract ‘pellets’ from the
debunched beam with a flat momentum spread equal to Dp/
p¼72.5"10#3. Tests have been performed at the ion cooler-
storage CSR constructed at the Institute of Modern Physics in
Lanzhou [40].

In the last 10 years, Fixed Field Alternating Gradient accel-
erators (FFAGs) have been the focus of great interest because of
their potentialities in the acceleration of the large currents needed
for the future neutrino factories and for the practical realization of

muon–muon colliders. Hadrontherapy requires nanoampere
currents and a priori a FFAG does not seem to be the right
instrument. Still many designs have been proposed because of
another advantage with respect to cyclotrons and synchrotrons:
the possibility, at least on paper, of producing a high repetition
rate beam having a different energy at every cycle. As discussed at
the beginning of the next section, this is an important feature in
the treatment of moving organs and explains the interest in the
therapy use of these accelerators.

Recently two papers have reviewed the many designs and uses
of FFAGs [41,42] and the reader is referred to them for the details.
Here it suffices to recall that FFAGs operate as synchrocyclotrons
since the magnetic field is fixed and the radio-frequency system is
modulated so that the output beam is pulsed. The magnet is
subdivided in sectors, each one made of triplets having strong
radial field gradients: the central magnet bends the circulating
beam outwards while the two external ones bend it inwards. The
sectors at the beginning were radial but more recently have taken
a spiral shape. The sectors form a ring, so that the iron mass is
reduced with respect to a synchrocyclotron. This system has the
disadvantage that an injector is needed.

Since the first proposal, it took more than 40 years to see the
first Proof of Principle (PoP) 1 MeV proton FFAG built in Japan
[43]. The same group, led by Mori [44], has built in total five
FFAGs; the largest one accelerates protons to 150 MeV, a suitable
energy for cancer treatment. These machines are of the ‘scaling’
type, i.e. during the acceleration the wiggling orbit increases in
average radius but maintains the same shape. ‘Non-scaling’ FFAGs
require magnets which are smaller in the radial direction but have
the inconvenience that, during acceleration, many resonances are
necessarily crossed [45].

A facility proposed for carbon ions by Keil et al. [46] used three
concentric FFAGs in a dense doublet lattice to accelerate protons
to 250 MeV (rings 1 and 2) and Carbon to 400 MeV/u (rings 2 and 3).
However, some technical problems were identified that make it
difficult to realise in practice [47]. In order to solve these issues,
tune stabilised lattices have been developed to mitigate the
effects of resonance crossing and two solutions have been
proposed. The first [48] uses a FODO doublet cell (Fig. 6) with
wedge-shaped magnets for additional focussing to achieve
reasonably flat tunes [49]. The proton and carbon rings are one
inside the other and have 22 and 45 m circumferences,
respectively [50], so that – to reach 400 MeV/u – more than
60 m of focussing and accelerating structures have to be built.

The second approach [51] uses a 12-cell triplet FDF lattice with
a field expansion to octupole or decupole to achieve flat tunes.
At the beginning of 2010, a proton tune-stabilized non-linear
non-scaling FFAG – injected by a 30 MeV cyclotron and running at
1000 Hz – has been designed. The length of the proton medical

Fig. 6. 11/2 cells of a non-scaling, linear-field FFAG which is tune-stabilized for
medical therapy.

Table 4
Main parameters of the IBA 400 MeV/u superconducting cyclotron.

Total weight (tons) 700

Outer diameter (m) 6.06
Height (m) 2.76
Pole radius (m) 1.87
Valley depth (cm) 60
Bending limit (K) 1600
Hill field (T) 4.50
Valley field (T) 2.45
Radial dimension of the RF system (cm) 190
Vertical dimension of the RF system (cm) 117
RF frequency (MHz) 75
Injection energy in the spiral inflector (kV/Z) 25
Inflector gap (mm) 8
Inflector electric field (kV/cm) 20
Dee voltage in the centre (kV) 100
Dee voltage at extraction (kV) 200
Cyclotron power consumption (MW) 500

Fig. 5. Layout of the Novosibirsk electron cooler. The cooling section is 4.6 m long
out of a total length of 7.8 m [39].

U. Amaldi et al. / Nuclear Instruments and Methods in Physics Research A 620 (2010) 563–577 571
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Summary

A very rough idea for compact superconducting 
scaling ffag ring

Feasibility study for high magnetic field combing 
with high field index

Simpleness compared with combined function 
superconducting scheme
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Thank you for 
your attention!


