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Non-Scaling Fixed Field Gradient Accelerator (FFAG) 
Design for the Proton and Carbon Therapy

• Introduction: The scaling and non-scaling FFAG?
• A little bit of chronology: Lawrence, Thompson,…
• Proton and Carbon Cancer Therapy.
• The non-scaling FFAG:

– Particle orbits
– Lattice functions
– Acceleration
– Update on the lattice design

• Conclusions
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FFAG Workshop 2005

Slides from the Rick Baartman presentation:
‘Cyclotrons: Classic to FFAG’ - 2002

Thomas focusing and later the Okhawa-Symon-Kolomenski FFAG
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From CYCLOTRONS to FFAG’s:
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Slides from the Rick Baartman presentation:
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The first SCALING FFAG 

∆R~60-100 cm

Ν=2π/(Ν1+Ν2)
ρ = r1 sin(θ/2)/sin(β/2)=r θ/β

MURA-KRS-6                         Phys.Rev. 103, 1837 (1956)
November 12, 1954
K. R. Symon: The FFAG SYNCHROTRON – MARK I
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Originator of the SCALING FFAG ?
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Original FFAG Phys. Rev. article (1956)
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Original FFAG Phys. Rev. article (1956)
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K.R. Symon

C = 2πro~612 m
pend =  10.9 GeV/c δp/pc= +/−98 %
pinitial= 97.0 MeV/c
pc= 5.5 GeV/c

Orbit offsets

(GeV)
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150 MeV FFAG at KEK
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What are the basic parameters for the proton and Carbon therapy:

• Required Range of Energies (or δp/p)
– The “central” energy or momentum po is in two examples presented later set 

are for protons to po =486 MeV/c or for carbon accelerator 726 MeV/c/nucl. 
The acceleration would be possible from Eko =31 MeV up to Ekm = 250 
MeV or for carbon ions from 68 MeV/nucl. up to 500 MeV/nucl.

– Aperture limitation is defined by the maximum value of the DISPERSION 
function: ∆x <  Dx * δp/p < +/- 35 mm

• if the 0.5 <  δp/p < 1.5 then:
• Dx < 70 mm

• Why is the Minimum of the < H > function relevant?
– The normalized dispersion amplitude corresponds to the  <H>1/2  !!!
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The minimum emittance lattice = to the minimum of the average 
value of the <H>min function:

βmin= Ld/2√15

Dxmin=θ∗Ld/24
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Scaling or non- scaling FFAG?

Scaling FFAG properties:
Zero chromaticity.
Orbits parallel for different energies.
Large momentum acceptance.
Relatively large circumference (θ1/θ2).
Relatively large physical aperture.
RF:large aperture-follows the energy.
Tunes are fixed for all energies.
Negative momentum compaction.
Orbits of the high energy particles are 
at high field, low energy particles at 
low field.

Non-Scaling (linear) FFAG properties:
Chromaticity is changing.
Orbits are not parallel.
Large momentum acceptance.
Relatively small circumference.
Relatively small physical aperture.
RF:small aperture-at the crest.
Tunes move 0.4-0.1 in basic cell.
Momentum compaction changes.
Orbits of the high energy particles 
are at high field, low energy 
particles at low field.
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Recent non-
scaling 
FFAG Phys. 
Rev. Spec. 
Topics article
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Triplet for the minimum emittance
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Proton and Carbon Cancer TherapyProton and Carbon Cancer Therapy

The cancerous tumors are removed 
most efficiently by the ion radiation as 
it had been previously (1946) 
recognized by R. Wilson.
[Radiological use of fast protons. 
Radiology 47:487-91, 1946].

The Relative Biological Efficiency RBE 
is at least 1.1 better with ions compared 
to the X-rays.

[A new method of treating leukemia at the Sloan Hospital in 
New York is by the short lived α-emitters. They have to 
stick to the cancerous cells and energy deposited by 
radiation destroy DNA].
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Proton and Carbon Cancer with respect to the photon therapy:Proton and Carbon Cancer with respect to the photon therapy:
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Simulation of the proton therapy:Simulation of the proton therapy:
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Proton and Carbon Cancer Therapy present facilities:Proton and Carbon Cancer Therapy present facilities:
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The proton therapy facility components:The proton therapy facility components:
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Proton and Carbon Cancer TherapyProton and Carbon Cancer Therapy
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Proton and Carbon Cancer Therapy present facilities:Proton and Carbon Cancer Therapy present facilities:



IAEA International Symposium on Utilization of Accelerators
5-9 June 2005, Dubrovnik, CroatiaDejan Trbojevic IAEA-CN-115/65

Future proton therapy facilities:Future proton therapy facilities:
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Advantages of  Carbon with respect to proton:Advantages of  Carbon with respect to proton:
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The nonThe non--scaling FFAGscaling FFAG

A . Particle orbits B. Lattice functions C. Acceleration

D. Lattice design and update

finj=21.06 MHz

ftop=51 MHz 

τinj=0.38 µs
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Particle
paths
during 
acceleration:
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Ro=4.5360 m
Circular orbit

Orbits in theOrbits in the
whole ringwhole ring
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The basic Cell – Magnets layout
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Amplitude and dispersion functions in the basic cell
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Tunes vs. momentum
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Horizontal Amplitude function dependence on momentum
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SUPERCONDUCTING COMBINED FUNCTION MAGNETS
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The phase of the cavity is set for the synchronous particle 
at φs and it sees always an accelerating voltage

dE = V.sinφs

∆t (or φ)

Vs = Vsinφs = VΓ = energy gain/turn = dE

φ

V

1.266447

1.126230

1.033005

γ

1.41511-0.791631.12390 i250.00

2.35403-1.565640.79920 i117.545

6.9628-6.02570.40737 i30.9

ηαγtEnergy 
(MeV)

Always ‘above’ transition
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Acceleration & RF bucket shape

φs

∆E

∆t (or φ)

Stationary 
synchronous 

particle

accelerating 
synchronous 

particle

∆t (or φ)
Stationary 
RF bucket

Accelerating 
RF bucket

V
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Harmonic number (h=12, h=8)

frf= h × frev

Variable 
for 

β < 1

Harmonic 
number

Frequency of 
cavity voltage

τ = 0.38 µs = one turn

τ = 0.38/12 µs = 0.03167 µs

frf = 1/τrf =31.57 MHz

τ = 0.38 µs = one turn

frf = 1/τrf =21 MHz
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Acceleration & RF bucket shape (1)

φs

∆E

∆t (or φ)

Stationary 
synchronous 

particle

accelerating 
synchronous 

particle

∆t (or φ)
Stationary 
RF bucket

Accelerating 
RF bucket

V
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Path Length variation
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Proton tracking at central energy

x(m)

x’(rad)
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Update on the proton-carbon rings design:
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CONCLUSIONS:

• Examples of the non-scaling Fixed Field Alternating Gradient 
proton and carbon accelerators for cancer therapy show few 
important advantages with respect to the other CYCLOTRON 
or SYNCHTROTRON comparative  solutions: 

• Very small magnets – tight focusing lattice
• Small orbit offsets during acceleration
• Possibility for fast acceleration 
• Fast “spot scanning” possibility

• Future work requires:
• Electron demonstration ring [this is in progress in England and USA 
there are already submitted proposals].
• Magnet design and detail six dimensional tracking with errors.

• There is already interest by the commercial facilities.


