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Abstract

The beam dynamics properties a racetrack-shape fixed
field induction accelerator (RAFFIA) have been calculated
by linear optics. An importance of uniformity in the magnet
field profile and COD correction by steering magnets are
discussed. Multiparticle tracking simulation has been car-
ried out to confirm the orbit stability in transverse direc-
tions. Space-charge effect that is a big issue of any circular
accelerator with low energy injection energy is analyzed by
using the nonlinear beam envelope equation. Critical beam
current is obtained, beyond which the equilibrium beam
core become unstable and chaotic on the beam-core phase
space (o, do7/ds).

INTRODUCTION

Specific features of energetic cluster ions interaction
with a target material called cluster effects are well known.
Recently, Especially, use of cluster ions with the energy
from several keV to tens MeV [1-5] has attracted interests
from mutation or material science. A tandem accelerator
has been used for cluster ion acceleration [6]. Unfortu-
nately, it has a limitation in maximum energy. As a method
to repeatedly accelerate cluster ions, the RAFFIA was pro-
posed at KEK in 2015 [7].

The RAFFIA employs the induction acceleration sys-
tem. The RAFFIA has been designed, which accelerates
C-60 (4=720) cluster ions with the charge state of 10 from
10 MeV to 144 MeV. The RAFFIA ring with two straight
sections consists of four fixed-field bending magnets,
ramping quadrupole doublets, steering mag-nets, electro-
static injection kicker, and induction cells [8]. The bending
magnet is a key component, which has the gradient field in
the main pole region and the reverse field in its front.

It is crucial to find optics parameters of the RAFFIA in
order to assure a transverse beam stability. The particle
tracking code to simulate particle orbits through the accel-
eration cycle has been developed. A linear orbit theory has
been established to figure out the essential features of the
RAFFIA such as the lattice function, momentum disper-
sion function, and momentum compaction factor. Non-uni-
formity of the magnetic field along the longitudinal direc-
tion of the bending magnet is evaluated to yield the sub-
stantially large closed orbit distortion (COD). A nonlinear
beam-core evolution equation perturbed by space-charge

* Work supported by Grant-in Aid for Scientific Research (B) (KAKENHI
15H03589)
T taufikis@post.kek.jp.

MC3: Novel Particle Sources and Acceleration Techniques

A15 New Acceleration Techniques

effects approach is used to estimate the acceptable beam
current.

BENDING MAGNET OF THE RAFFIA

Beam orbit of the RAFFIA is set up by four bending
magnets, forming a racetrack-shaped orbit. Since the injec-
tion/extraction (edge) angle of 45° induces extremely large
edge defocusing in the vertical direction, a reverse field
strip at the front edge and field gradient on the main pole
is crucial to provide net focusing in the horizontal and ver-
tical direction. The reverse field and main bending field are
excited by a single pair of coils. The bending magnet is de-
signed by using ANSYS 3D® and the field data on the me-
dian plane of the magnet gap as shown in Fig. 1, is im-
ported for beam tracking simulation and beam dynamics
calculation.
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Figure 1: Designed magnetic field data on the median
plane.

ORBIT STABILITY ANALYSIS
Stability of The Transverse Motion

For the acceleration without particle loss, it is crucial to
ensure the stability of the transverse motion in a ring accel-
erator. A linear-optics calculation using a transfer matrix is
well established for analysis of the transverse motion in a
synchrotron.

Unfortunately, the linear-optics cannot be directly ap-
plied to the transverse motion in the RAFFIA, since the or-
bit in the bending magnet varies according to the beam en-
ergy. Two approaches are used to analyze the stability of
the transverse motion in the RAFFIA; particle tracking
simulation and linear-optics calculation. Runge-Kutta
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£ method is used to solve the equation of motion in the par-
g ticle tracking simulation. A stable orbit is obtained by op-
.i:% timizing the field gradient of the quadrupole doublet at
'S each turn. Once a one-turn orbit is fixed by the tracking
s simulation, magnetic field, field gradient and bending ra-
§ dius are sampled along the orbit. The linear-optics calcula-
2 tion is available to obtain one-turn transfer matrix M.
o .
¢ Beta Function

The size of the oscillation amplitude is important. It can

be given by (Eﬂ )l/zwhere € is beam emittance and £ is

thor(s), title

& beta-function. ¢1is related to the beam parameter, while the
& beta function depends on the focusing component of the
§ lattice. The horizontal beta-function of the RAFFIA at in-
g jection and extraction energy are shown in Fig. 2.
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o« Figure 2: Horizontal beta-function at injection (upper) and
#a extraction energy (lower).

&)
© Closed Orbit Distortion

% The magnetic fields of the real bending magnet deviate
« from that of the ideal one due to a finite size of the magnet.
& The magnetic field deviation (ABy) yields the Closed Orbit
2 Distortion (COD). AB, varies with acceleration. AB, be-
i comes the source of inherent COD in the RAFFIA. It is
gimportant to design a bending magnet with small AB, in
g order to reduce the inherent COD. The COD at injection
5 energy is shown in Fig. 3. The COD must be compensated
—E by additional magnetic field of the steering magnet.
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_‘:* Dispersion Function

§ The dispersion function of RAFFIA at injection and ex-
-Z traction energy are shown in Fig. 4. The dispersion func-
£ tion in the straight-section where the induction acceleration
£ device located is almost zero. Emittance blow up caused
£ by synchro-beta coupling [9] can be avoided with this con-
£ figuration.
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Figure 3: COD at the injection energy.
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Figure 4: Dispersion function of the RAFFIA at injection
energy (upper) and extraction energy (lower).

Analysis of Tracking Results

In order to confirm the stable acceleration of cluster ion
beams in the transverse direction, the macroparticle track-
ing of a gaussian beam over the entire acceleration cycle is
carried out, assuming the discrete and constant step accel-
eration voltage. In this macroparticle tracking, the orbit sta-
bility is obtained by ramping the gradient field of the quad-
rupole doublets and the magnetic field of the steering mag-
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Figure 5: The beam size during acceleration in horizontal
direction monitored at the QF and vertical direction moni-

tored at QD.
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nets. The temporal evolution of the beam sizes from injec-
tion to extraction are shown in Fig. 5 where beam size
blow-up in the horizontal and vertical direction are ob-
served at the several regions of turns, although beam loss
is not observed.

The beam size growths are analyzed by their foot-prints
on the tune space and shown in Fig. 6. The horizontal beam
growth at 110 and 400 turns are caused by half integer res-
onance crossing (1x = 5/2), and at 1100 turns caused by
third integer resonance crossing (v; = 8/3). In the vertical
direction, the beam growth at 120 and 350 turns may be
caused by third integer resonance crossing (v, = 1/3). Alt-
hough the tunes pass the coupling resonance line at early
stage of acceleration, the effects are not significant. The
beam size growths may be attributed to the sextupole field
components in the bending magnet.

Details of orbit stability analysis have been given in Ref-
erence [8].
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Figure 6: Tune foot-print.

SPACE-CHARGE EFFECTS

For the simplicity, particles are assumed to have a
Gaussian distribution in the transverse direction. In this
model, the beam core consisting of particles distributed
from -oto +ouniquely determines the space charge poten-
tial. Space-charge effects are handled in the coupled non-
linear beam core evolution equations [10] with the follow-
ing form

" ke _ &
0"+ K(S)ox — s T o
2 (1
kq _ sy

" . __ k&
oyt Ky(S) Oy ox(s)+oy(s) o3

where K, are the restoring coefficients originated from the
2

B3y3
the Alfven current for a specific giant cluster ion, /, is the
beam current, x, y are the horizontal and vertical
displacement, respectively, and § and y are relativistic beta
and gamma.

The beam core equations are solved by the Runge-Kutta
method. The Poincare map for the transverse beam core
evolutions over 300 turns are shown in Fig. 7. Up to a
certain limit of the beam current, the beam core size
slightly changes with the stable resonant pattern. Beyond
this limit, the beam core size becomes chaotic on the beam
core phase space (o, do/ds). Its threshold is rigorously
obtained by the tangential mapping around the equilibrium

. . I\ . .
magnetic focusing, k; = . (I—B) is the perveance , Iy is
0
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beam core, that is, the linear analysis around the matched
equilibrium orbit. This is explained by the perio-doubling
bifurcation of the elliptical point which corresponds to the
matched equilibrium orbit. The maximum beam core size
as a function of beam current are shown in Fig. 8. One
clearly finds that the injected beam current is limited.
Details has been discussed in Reference [10].
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Figure 7: The Poincare map of the beam core evolution ob-
served at the injection point for (a) Iz =50 pA, (b) Iz =200
LA, and (c) Iz = 250 pA.
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Figure 8: Maximum beam size vs. beam current.

SUMMARY

The complete linear orbit theory for the RAFFIA has
been developed. The space charge effects are evaluated by
analyzing the nonlinear beam core evolution equation. The
beam current threshold has been theoretically evaluated.
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