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Abstract

Numerical ray-tracing computations in measured field
maps have been performed for assessing the qualities of a
prototype spiral FFAG magnet that has recently been con-
structed. Some representative results are presented here.

INTRODUCTION

A prototype of a spiral FFAG lattice magnet has recently
been designed [1] and constructed [2], in the frame of the
RACCAM project [3], in view of validating

- computational design methods,
- fabrication methods,

by thorough comparison of their respective outcomes.
This prototype is representative of the main dipole of a

10-cell spiral FFAG aimed at protontherapy application [4]
(see Fig. 1 and parameters of the ring in Table 1). It is
a scale 1 prototype, although the radial extent of its good
field region has been reduced by about 40% (from 66.7 cm
closed orbit excursion, see Table 1, down to 40 cm) for
savings. The general construction specifications are given
in Table 2. Figure 2 displays a principle scheme of the
yoke, pole and field clamps. Some useful formulae for un-
derstanding the various parameters are as follows :

- the spiralEFB is defined byr = r0e
θ/ tan ζ

- the field satisfiesB(r) = B0br(r)bθ(r, θ) with
br(r) = (r/r0)

k obtained from the gap shapingg(r) ≈

g0(r)(r/r0)
−k [1]. The flutterbθ(r, θ) is determined the

spiral shape of theEFB and by ther-dependent fringe field
extentλ(r). The latter has been tailored (thanks to the vari-
able chamfer and to the field clamps) so to satisfy as closely
as possibleλ(r) ∝ r.

Table 1: Parameters of the Spiral Ring
Extraction energy, variable (Extr) MeV 70 − 180
Injection energy, variable (Einj) MeV 5.55 − 15
Bρxtr/Bρinj T.m 3.612
Number of cells (N ) 10
Packing factor (pf ) 0.34
Magnet deg. see below
r on injection/extraction (rinj/r0) m 2.794/3.460
field atrinj/r0 for Extr = 180 MeV T 0.58/1.70
νx 2.76
νz for 15 → 180 MeV 1.55 → 1.60

FIELD MEASUREMENTS

All useful details concerning the magnetic field mea-
surements can be found in a companion paper [2], includ-
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Table 2: Design Specifications of the Dipole Prototype
field index (k) 5.00
spiral angle (ζ) deg. 53.7
sector angle (A) deg. 12.24
bending angle (β) deg. 36
radial good field region (GFR) m2.9 < r < 3.3
Energy range at max. field in GFR MeV23 < E < 106
vertical good field region m ≈gap/2
horizontal tuneνx 2.76
vertical tuneνz 1.56 − 1.59

Figure 1: A Principle Scheme
of the RACCAM Ring, a Vari-
able Energy, Spiral Lattice Pro-
ton FFAG. Figure 2:A scheme of the

spiral dipole.

ing evaluation of the parameters introduced above as fringe
field extent andr-dependenceλ(r), theI1(r) integral, and
other field indexk, relevant to the determination of the peri-
odic parameters. The mesh size in these measurements was
taken rather wide,11 mm radial and0.2 degrees azimuthal
(referred at machine center), for the essential purpose of
limiting the duration of the measurements. It will be seen
that, in spite of that, the precision of the tracking is good
enough for obtaining major machine parameters as closed
orbits, tunes and their evolution with energy, dynamical ac-
ceptance, etc. The various aspects of these field measure-
ments relevant to the present work will be addressed in due
place.

In the following it will be referred to the “maximal cur-
rent”, Imax = 225 Amps in the magnet coils, which yields
a field valueB0 = 1.933 T1 at r0 = 3.460 m (yielding a
theoretical227 MeV top energy)2, and to the fractional cur-
rent values at which measurements have been performed,
namely, 80% (B0 = 1.606 T measured atr0, 162 MeV top

1Actually, extrapolated from1.7506 T measured at 200 Amps, and
accounting for saturation effect.

2From, ρ0 = r0 sin(A/2)/ sin(β/2), p = q B0ρ0 and E =
(p2c2 + M2c4)1/2 − Mc2
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energy), and 60% (B0 = 1.227 T measured atr0, 98 MeV
top energy).

TRACKING TOOLS

A number of computing tools, used here, have been de-
veloped during the RACCAM study [5, 6], allowing au-
tomatic finding of machine parameters from ray-tracing
methods and in particular from magnetic field maps, in-
cluding closed orbits, tunes, maximum stable amplitudes,
etc. All are based on the use of the computer code
Zgoubi [7].

TRACKING IN 2-D FIELD MAPS

A series of extensive measurements had the goal of sys-
tematical exploration of the radial extent of the gap. From
these it is possible to assess the periodic parameters, as de-
scribed hereafter. For that, 2-D field maps atz = 0 have
been produced, by measuring series of 11 arcs of circles
in 5 different regionsr = R ± 55 mm, step11 mm with
R = 2750, 2900, 3125, 3300, 3450 mm [2]. Prior to
launching the data acquisition, it has been controlled that
the radial (Br) and azimuthal (Bθ) components of the field
atz = 0 are negligible, or made negligible by adjusting the
alignment of the measurement plane.

Figure 3 for illustration shows the field in
median plane along 5 arcs of circles atr =
3050, 3070, 3125, 3180, 3200 mm, maximal current ; the
extreme twoBz(θ) curves atr = 3050, 3200 mm, are
obtained by extrapolation from the inner, measured ones :
it can be observed that overshoots begin to appear, due
to the extrapolation off the map and to the presence of
slight local inhomogeneities in the measured field, which
indicates that trajectory excursions should not overpass
too much the measured region, a criterion fulfilled in the
following. Figure 4 shows typical field in these conditions
on closed orbit, well contained withinr = 3125± 55 mm.

Closed Orbits

A built-in fitting procedure in Zgoubi is used to ensure
that the computed reference closed orbit (fitted by varying
the local coordinates and the energy) is contained within
±55 mm from the reference radius, namely it is requested
that the closed orbit in the magnet reaches some valuer̂ <
R + 55 mm.

Table 3 summarized the results so obtained, namely,
for a closed orbit with peak excursion̂r, its energyEc.o.,
the fieldB̂ experienced at̂r. Consistently, the theoretical
radiusr that the energyEc.o. corresponds to (following
E = (p2c2 + M2c4)1/2

− Mc2 with p = p0(r/r0)
k+1)

differs by no more than a few per mil from̂r.

Tunes

Using the data above the paraxial tunes can be com-
puted from multi-turn tracking and Fourier analysis, for the
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Figure 3:Magnetic field along
5 arcs of circles.
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Figure 4:Field on closed orbit
in theR = 3125 mm region.
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Figure 5: Typical paraxial motion used for tune computation,
horizontal (left), vertical (right).
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Figure 6: Tunes, form magnetic measurements (left) or
magnet simulations (right).

3 rangesR = 2900, 3125, 3300 mm within good field re-
gion, and for three current values,Imax, 80% and 60%.
Figure 5 shows typical phase-space plots, for a particle in
theR = 3125 mm region, 400 cell traversals, and the sat-
isfactory symplecticity of the multiturn ray-tracing (good
emittance conservation). So computed tunes are displayed
in Fig. 6, together for comparison with those obtained dur-
ing the magnet design study using OPERA-3D field maps
(with I ≈ 200 A, B0 = 1.7 T atr0) [5, 1], Global behavior
is as expected, weak variation of the horizontal tune with
radius and working current ; similar result for the vertical
tune in the linear regimeI < 80% of Imax, and larger
variation beyond. The measurement outcomes, Fig. 6-left,
are reasonably close to the simulated behavior, Fig. 6-right.
Thorough analysis of these data is being carried on, includ-
ing comparison with OPERA 3D outcomes, and will be
subject to publication in the future.

Dynamic Apertures

2-D field measurements also allow characterizing large
amplitude motion, as follows. Figure 7 shows typical hor-
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Table 3: Energy on Closed Orbit, Maximum Excursion,
Field at Maximum Excursion

R Ec.o. r̂ B̂
(mm) (MeV) (mm) (T)

Maximal current
2900 38.0 2950 0.880
3125 86.5 3175 1.259
3300 156.0 3350 1.631
80%Imax

2900 26.2 2950 0.719
3125 60.8 3175 1.032
3300 112.7 3350 1.356
60%Imax

2900 15 2950 0.546
3125 35.9 3175 0.782
3300 67.3 3350 1.031

Table 4: Dynamic Apertures
From measured From OPERA 3D

field maps field maps
R region E Ax Az Ax Az
(mm) (MeV) (πmm.mrad)

Maximal current (B0 = 1.933 T) (B0 = 1.7 T)
2900 38.0 1800 900 2500 900
3125 86.5 2600 800 2900 1000
3300 156 5500 1500 3500 950
80%Imax (B0 = 1.606 T)

2900 15 4000 1500
3125 35.9 1500 1200
3300 67.3 1700 1400
60%Imax (B0 = 1.227 T)

2900 15 1200 900
3125 35.9 1200 900
3300 67.3 2200 900

izontal motion at maximum stable amplitude (86.5 MeV
particle, 1000 cell traversals, including very small verti-
cal emittance to account for possible coupling - the large,
outer invariant - or with zero vertical motion - the in-
ner invariant), however an approximate approach of the
DA, given the following : during that motion the radial
excursion reaches2993 < r < 3268 mm, as shown in
Fig. 9, somewhat beyond the field map data radial range
3070 < r < 3180 mm, so that the magnetic field ex-
trapolation from the map as performed by the ray-tracing
method reaches validity limits, as observed from the sub-
stantial overshoots experienced during extreme radial tra-
jectory excursion, in ther ≈ 3268 mm region, Fig. 10.

Figure 8 shows typical maximum vertical stable ampli-
tude with horizontal motion launched on closed orbit. The
field is computed by second order polynomial extrapolation
from the 2-D median plane field map. The field experi-
enced at non-zeroz in this motion is free of any noticeable
overshoot, an indication that the conditions of field extrap-
olation are within validity limits.

The dynamic acceptance values so obtained compare
reasonably well in magnitude with theoretical DAs ob-
tained from the modelling of the prototype dipole per-
formed for its design study [5, Table 5.5, p. 136] [6]. These
results are gathered in Table 4 in the maximal and 60% cur-
rent cases, calculation of the horizontal DA includes small
vertical motion. Data analysis are being carried on and will
be subject to future publication.
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Figure 7:Maximum horizontal
stable motion,3125 mm region.
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Figure 8: Maximum vertical
stable motion.
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Figure 9:Radial trajectory ex-
cursion in the con’s of Fig. 7.
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Figure 10: Magnetic field ex-
perienced in the con’s of Fig. 7.

TRACKING IN 3-D FIELD MAP

A series of measurements had the goal of evaluating the
field behavior off the median plane. For that, a 3-D field
map has been produced, by measuring thez = 0 plane
and thez = 4 mm plane fields, in the central region of the
magnet,r ≈ 3125 mm. Thez = −4 mm 2-D map is gen-
erated from thez = 4 mm one, by symmetry (regardless of
possible vertical inhomogeneities, though). Exploitation of
these data for DA computation is underway.

REFERENCES
[1] Design of a prototype gap shaping spiral dipole for a vari-

able energy protontherapy FFAG, T. Planche et al., NIM A
602 (2009) 293305.

[2] Magnetic measurements in a spiral FFAG dipole,
M.-J. Leray, these Proceedings.

[3] hhttp://lpsc.in2p3.fr/serviceaccelerateurs/raccam.htmi
[4] Principle design of a protontherapy, rapid-cycling, variable

energy spiral FFAG, S. Antoine et al., NIM A 602 (2009)
293305.
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