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FIXED FIELD ALTERNATING GRADIENT ACCELERATORS (FFAG)
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Abstract

Cancer accelerator therapy continues to be ever more
prevalent with new facilities being constructed at a rapid
rate. Some of these facilities are synchrotrons, but many
are cyclotrons and, of these, a number are FFAG cy-
clotrons. The therapy method of spot scanning requires
many pulses per second (typically 200 Hz), which can
be accomplished with a cyclotron (in contrast with a syn-
chrotron). We briefly review commercia scaling FFAG
machines and then discuss recent work on non-scaling
FFAGs, which may offer the possibility of reduced phys-
ical aperture and a large dynamic aperture. However, a
variation of tune with energy implies the crossing of res-
onances during the acceleration process. A design can be
developed such as to avoid intrinsic resonances, athough
imperfection resonances must still be crossed. Parameters
of two machines are presented; a 250 MeV proton therapy
accelerator and 2400 MeV carbon therapy machine.

INTRODUCTION

A very interesting study of a series of scaling radial-
sector FFAGs (three machines) for carbon cancer therapy
has been undertaken by Misu et a.[1], who describe many
advantages of an FFAG, but point out major difficulties:
(i) The radius of the top FFAG is rather large (11 m). (ii)
The aperture of magnets is rather large (65 cm). (iii) The
dynamic aperture in the low energy FFAG is rather small
(80% of the beam is lost during acceleration). (iv) The rf
frequency is forced to be rather low (in the MHz range so
as to cover the aperture).

In this contribution we build upon thework of Misu et al.
by considering the use of non-scaling radial-sector FFAGs
for therapy. We show that we can overcome their difficul-
ties by using non-sclaing FFAGs. We propose the same
ECR ion source, but then follow it immediately with an
RFQ that accelerates the ions to a few MeV/u. Then we
invoke a first FFAG ring to accelerate by a factor of three
in momentum from the output of the RFQ to the injection
energy of the second FFAG ring, 31 MeV/ufor protonsand
65 MeV/ufor C* ions. Thelatter also accelerate by afac-
tor of three in momentum. Thus the final kinetic energies
are 250 MeV for protons and 400 MeV/u for C%+ ions. By
the use of superconducting magnets we address difficulty
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no. 1. The non-scaling (in contrast with a scaling) FFAG
addresses difficulty no. 2. A non-scaling FFAG is amost
linear and hence has a large dynamic aperture, so difficulty
no. 3isaddressed. Finaly, because the apertureis reduced,
compared with the Misu et a design, higher frequency RF
may be employed, and thusitem no. 4 is also addressed.

The down-side of a non-scaling FFAG is that the tune
varies during acceleration and, therefore, transverse reso-
nances must be crossed. We explore this subject and deter-
mine the necessary rate of acceleration so as not to unac-
ceptably disturb theion beam. We design the machine so as
not to cross the intrinsic half-integral resonance (athough
the /3 and higher order resonances are crossed), but im-
perfection resonances are crossed. This puts a restriction
on a combination of the magnet imperfections and the rate
of acceleration.

Table 1: Factors 5 and v, momentum p, magnetic rigidity
Bp inthe 3.5t0 250 MeV kinetic energy E proton rings

Inf1 Refl Transf Ref2 Ext2
B 0.08 0170 0251 0460 0.613
5y 1004 1015 1033 1126 1.266
E/MeV 349 138 3097 118 250
p/MeV/c 810 162 243 486 729
Bp/Tm 027 054 081 162 243

FFAG LATTICES

The parameters in Tabs. 1 and 2 are those of two sets
of FFAG rings. The first set accelerates protons from
20 to 77 MeV, and from 77 to 250 MeV kinetic energy,
respectively[2]. The second set is derived from [3], and ac-
celerates C+ ionsfrom 9 to 65, and from 65 to 400 MeV/u
kinetic energy. The reference momentum is at the aver-
age momentum between injection and extraction. Theratio
of the momenta at extraction and injection is about three.
Hence, acceleration happens between relative momentum
errors Ap/p = —0.5 at injection and Ap/p ~ +0.5 at ex-
traction. The number of periodsis 35in al four machines.
The lengths of the elements and the periods, and the cir-
cumference of Ring 2 are 3/2 of those in Ring 1, allowing
the installation of Ring 2 around Ring 1.

The relativistic factors 5 and +, the energies and mo-
menta in the four rings are listed in Tabs. 1 and 2. In all
rings, the momenta and the magnetic rigidities between in-
jection, reference and extraction are in the ratio 1:2:3 by
design. The magnetic rigiditiesin the C%* rings are afac-
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tor 2.63 higher than in the corresponding protonrings. This
factor is equa to the ratio of the momenta divided by the
ratio of the charges.

Table 2: Factors 8 and v, momentum p and magnetic rigid-
ity Bpinthe C®* ringsfrom 9to 400 MeV/u kinetic energy
per nucleon E /u

Infjl Refl Transf Ref2 Ext2
B 0139 0251 0355 0.577 0.713
y 1010 1.033 1.069 1.225 1.426
plGeVic 157 291 424 789 115
E/uMev 913 310 649 209 400
BplTm 087 162 236 438 6.37

Table 3 showsthe cell parameters of the proton ring from
31 to 250 MeV kinetic energy, and of the C%* ring from
65 to 400 MeV/u kinetic energy. Lengths, bending angles,
fields and gradients are taken on the reference orbit. By
design, theratio of the reference momentain the two rings
for protons and the two rings for C%* ionsis three. The
magnetic fields in the higher energy rings are twice those
in thelower energy rings; the gradientsin the higher energy
rings are 4/3 of those in the lower energy rings.

Table 3: Cell and magnet parameters of the proton rings
from 31 to 250 MeV kinetic energy and of the C%* ring
from 65 to 400 MeV/u kinetic energy for focusing magnets

F and defocusing magnets D

Parameter Protons  CSF
Cell length (mm) 814 857
F length (mm) 90 110
F angle (mrad) -16.7 —8.8
Ffield (T) —0.300 -0.350
F gradient (T/m) 412 87.9
D length (mm) 220 220
D angle (mrad) 213.0 197.1
D field (T) 1.56 3.928
D gradient (T/m) —-289 765
Short straight (mm) 66.7 65.2
Long straight (mm)  280.8 280.7

The magnets in the C%* rings are assumed to be super-
conducting magnets. The magnets in the proton rings may
be either room-temperature or permanent magnets, looking
more like quadrupoles than conventional combined func-
tion magnets, since their characteristic length X, i.e. the
negative ratio of field and gradient, is of the order of the
aperture radius or smaller. X is the the lateral distance
between the reference orbit and the zero of the magnetic
field; X > 0 implies that the magnetic field vanishes in
the direction away from the ring centre. In the F magnets
with X = 7.3 mm the field vanishes well inside the aper-
ture. Inthe D magnetswith X p = —54 mm thefield van-
ishes close to the edge of the aperture, which could be half
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quadrupoles. Knowing the extreme lateral displacements
of the beam within the entire acceleration range, and al-
lowing for betatron oscillations and orbit offsets yields the
horizontal aperture.
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Figure 1: Optical functions /3., v/3,, and dispersion D,
in a cell of the C®* ring from 69 to 501 MeV/u kinetic
energy at the reference momentum

Fig. 1 shows the optical functions /3,, 1/By, and dis-
persion D, inacell of the C®* ring from 69 to 501 MeV/u
kinetic energy at the reference momentum. Tab. 4 givesthe
beam parameters from PTC[4].

Table 4. Beam Parameters phase advance/cell u, (-
functions and dispersion D for the proton ring from 31 to
250 MeV kinetic energy and for the C* ring from 65 to
400 MeV/u kinetic energy from PTC

Parameter Protons C6+
Max H orbit swing (m) 0.094  0.098
Hpatin 0.381 0.386
V pain 0410 0435
H p at ext 0.113 0.130
V u at ext 0.082 0.082
Max H 3 at inj (m) 1.768  1.961
Max H 3 at ext (m) 0946 0855

Fig. 2 shows the variation of the phase advances in
acel of the C%* ring with the relative momentum error
Ap/p. The phase advances at Ap/p = 0 are design pa
rameters, those for Ap/p # 0 are the result of a calcula-
tion with PTC. The tunes vary between from about 13.5
to about 4.5 horizontally, and from about 15.2 to 2.9 verti-
caly. Hence, 9 integral and 21 haf-integral resonances are
crossed horizontally, and 13 integral and 25 half-integral
resonances vertically. Even more resonances of higher or-
der are crossed.

Fig. 3 shows the horizontal 5-function along a cell for
—0.5 < Ap/p < 0.5 instepsof 0.1. Thelargest and small-
est valueof 3, occur at Ap/p = —0.5, dueto the proximity
of the half-integral stop band. Thisindicatesthe priceto be
paid for the large range of acceleration by a factor of three
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Figure 2: Variation of the phase advances, 1, /27 horizon-
tally (full line) and y,, /27 vertically (dashed line), in acell
of the 400 MeV/u C%* ring with the relative momentum
error Ap/p in percent

in momentum. Fig. 4 shows the horizontal orbit along a
cell for —0.5 < Ap/p < 0.5 in steps of 0.05.
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Figure 3. Horizontal s-function along a cell of the 400
MeV/u C5* ring for momentum errors in the the range
—0.5 < Ap/p < +0.5in steps of 0.1

RF SYSTEMS

In the proton ring between 31 and 250 MeV kinetic en-
ergy, the revolution frequency varies between 2.64 and 6.45
MHz from the variation of the proton speed, neglecting the
small contribution of the path length change. If the proton
ring between 3.5 and 31 MeV has 2/3 of the circumference
of the larger proton ring, the revolution frequency varies
between 1.36 and 3.96 MHz. In order to achieve atransfer
of the bunches into buckets, the ratio of harmonic num-
bers in the high and low energy ring must be a multiple
of 3/2, and the minimum values are h=3 and h=2, respec-
tively. Hence, the RF frequencies must be varied between
multiples of 2.7 and 7.9 MHz in the low energy protonring,
and between the same multiples of 7.9 and 19.4 MHz inthe
high energy proton ring. The transfer between the two pro-
ton rings happens at an RF frequency that is a multiple of
7.9 MHz. The figures for the C57 rings are similar, be-
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Figure 4: Horizontal orbits along a cell of the 250 MeV
proton ring for momentum errorsin the the range —0.5 <
Ap/p < 0.5in steps of 0.05

tween 3.5 and 10.1 MHz, and between 10.1 and 22.5 MHz
with thetransfer at 10.1 MHz. A circumferenceratio closer
to unity than 3/2, e.g. 4/3 or 5/4, increases the minimum
harmonic numbers and the minimum RF frequencies.

CONCLUSIONS

In this paper we have presented two complexes of ac-
celerators suitable for cancer therapy. Both involve non-
scaling FFAGs. The first complex involves an ion source
for protons, an RFQ, and then two FFAG rings bringing the
protonsto 250 MeV, with afinal ring circumference of only
28.5 m. The second complex involves a carbon ion source,
an RFQ, and two FFAG rings, finally bringing the carbon
ions to 400 MeV per nucleon, with afinal ring circumfer-
ence of only 30 m. The transfers happen at 31 MeV for
protons and at 65 MeV/u for carbon.

The FFAG cyclotrons, like al cyclotrons, but differ-
ent from synchrotrons, allow for the advantageous ther-
apy mode of spot scanning. Compared to scaling FFAGS,
namely spiral sector cyclotrons, the non-scaling devicesde-
scribed here have small circumference (thus are compact),
small aperture magnets (thus saving on magnet complexity
and cost and, most importantly, allowing the use of high
frequency RF), and are linear machines (so the dynamic
apertureislarge). The complexity isthe crossing of imper-
fection resonances, but we show that with reasonably fast
acceleration that is no problem.

Detailed engineering, followed by cost estimates, is till
to be done. However, our work indicates that further study
of non-scaling FFAGs for cancer therapy is appropriate.
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