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.%Abstract

@ The strong-focusing cyclotron is an isochronous sector
é cyclotron designed to accelerate >10 mA CW beams of
S protons and ions up to >500 MeV/u with low loss and
2 high efficiency. Superconducting RF cavities are used to
§provide enough energy gain per turn to fully separate or-
g bits, and arc-shaped beam transport channels in the sector
B dipole apertures provide strong focusing of all orbits. A
‘g design methodology is being developed to optimize the
s < sector dipoles, the focal lattice, and the SRF cavities so
ﬂ that betatron tunes can be locked to favorable operating
= pomt Provision is made for correction of dispersion and
- chromaticity. The methodology will provide a framework
£ on which we can then proceed to study and optimize the
~ nonlinear beam dynamics for high-current transport.

INTRODUCTION

The Accelerator Research Laboratory at Texas A&M
.S University is developing a strong-focusing cyclotron
E(SFC) for applications requiring high-current beams or
Z micro-emittance beams [1]. Applications include an 800
>,MeV >10 mA proton driver for accelerator-driven fission
Zt0 destroy the transuranics and burn to completion the
Adepleted uranium in spent nuclear fuel [2], a 100 MeV,
o >10 mA p/a driver for cost-effective production of medi-
@ cal isotopes [*], and a 100 MeV spallation driver for fast
g neutron damage studies [4].

§A 100 MeV SFC is shown in cutaway in Figure 1. It con-
= tains 4 superconducting RF cavities [5] that provide
menough energy gain to fully separate successive orbits
m (Ar>6 cm). Each sector dipole consists of a warm-iron
S flux return with a pair of cold-iron flux plates suspended
_gin the mid-plane gap to define the magnetic field B(r)
%required for isochronicity [6]. An array of arc-shaped
2 beam transport channels (BTCs, shown as blue in Figure
& 1) are located in the aperture between the flux plates, each
2 aligned to define the equilibrium trajectory for one orbit
E in that sector [7]. Each BTC contains an F-D quadrupole
Edoublet and a dipole correction winding, all fabricated as
2 wire-wound superferric windings on a square beam chan-
Znel. 80% of the 6 cm orbit spacing is available for parti-
2 cle trajectories.

g Ina previous study [8], we made a first design for a 100
~MeV SFC and simulated several aspects of single-bunch
g dynamics of high-current proton bunches. That study
£ validated that the SFC should be capable of accelerating
£ >10 mA of CW beam without limitations from the effects
£ that are known to limit beam current at PSI.

% *This work supported by the George and Cynthia Mitchell Foundation.
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The SFC design builds upon an earlier design for a sep-
arated-orbit cyclotron, TRITRON [9], which also used
SRF cavities and quadrupole channels. Although
TRITRON successfully demonstrated transport of beam
through several orbits, the orbit separation was small (10
mm) and the fraction of aperture with usable field quality
for orbits was ~40%. In order to avoid this limitation, the
beam transport channels in the SFC have been designed
with > 6 cm orbit separation and 4 cm good-field aperture
in each BTC.

Table 1: Main Parameters of the SFC Design

Proton energy (inj/ext) 13/100 MeV
RF frequency 117 MHz
Orbit radius (inj/ext) m
Dipole field (inj/ext) 0.60/0.45 | T

Slot-geometry
half-wave cavity

Ion sources

2.5 MeV RFQ

13 MeV IH structure

MgB, beam

choppers transport channel

Figure 1: 100 MeV SFC, with cutaway to show SRF cavi-
ties and beam transport channels.
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Figure 2: Geometric layout and spiral for optimizing
isochronous orbits.

The main components of the SFC are shown in cutaway
view in Figure 1. It also shows a detail of the slot-
geometry half-wave SRF cavity, which is driven by rows
of input couplers along its top and bottom lobes, and of
the beam transport channel, which provides up to 6 T/m
gradient in a 4cm x 4cm clear aperture.

In what follows, we present the methodology used to
design the geometry, the orbits, and the linear optics of a
100 MeV SFC:

e the sector dipoles and their field profile;

e the optimization a pattern of isochronous orbits to
maintain ~uniform orbit separation and provide for
normal incidence to SRF cavities;

e energy gains on the orbit traversals of each cavity
that is consistent with the field design of the cavity;

e settings for the F/D quad doublets to provide good
phase advance/cell and constant betatron tunes.

ISOCHRONOUS ORBITS

For cyclotrons, the reference orbit and corresponding
magnet parameters are often calculated based on a series
of closed orbits, assuming no energy gain through one
turn of the machine. Although the actual orbit is a spiral,
this approximation works because the actual path of the
beam is not constrained within the cyclotron. In the
TAMU machine, the trajectory of all orbits is defined by
the placement of the arc-shaped BTCs in each sector. It is
therefore necessary to meticulously define that geometry
to satisfy all constraints for optimal operation. A geomet-
ric approach was used to obtain a spiral trajectory that
reflects the pattern of energy gains from the SRF cavities,
satisfies isochronicity on all orbits, maintains a minimum
spacing between successive orbits to accommodate the
BTCs, and enters each SRF cavity perpendicular to the
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Figure 3: Energy gain in each SRF cavity voltage vs. orbit
radius.

cavity axis so that the bunch is not deflected by the accel-
erating fields.

Figure 2 shows the geometry of the sector dipoles that
was used to calculate the dipole field distribution and the
spiral trajectory. Each sector dipole has an overall geom-
etry that is an isosceles triangle with a vertex angle
0<60°, and the vertices of the 6 sectors are positioned
symmetrically on a circle of radius a. The sectors are
oriented symmetrically so that their sides make equal an-
gles to neighboring sectors, and the offset radius is chosen
to provide sufficient gap to accommodate the SRF cavi-
ties. The vertex angle 0 =52.42° is chosen so that the
margin between the dipole edge and the boundary of the
neighboring tapered cavity [5] increases with radius and
can accommodate tilting of each cavity to provide an ex-
tra degree of freedom in attaining isochronicity and or-
thogonal paths at cavity entrance.

A set of 52 parametric equations were developed to de-
scribe the path through the sectors and RF cavities for
each spiral orbit, based on the above sector geometry,
parameters that carry from the previous orbit, and on pa-
rameters to be optimized. The carry-over parameters are
the starting radius, the starting time with respect to a
global RF clock, the starting energy, and the angle of ap-
proach to the first sector. Those parameters for the first
orbit are used to characterize the injection to the SFC.

A set of global cavity parameters are required to com-
plete the definition of the SFC geometry: the tilt, the radi-
al offset, and the RF amplitude V, and global phase ¢,
for each of the 4 cavities.

A Mathematica optimization script Global Optimization
10 [10] is used to optimize the choice of the global pa-
rameters and also of two additional independent parame-
ters that fully define each orbit in turn: the centers of cur-
vature S3 and S6 for the bending trajectory through sec-
tors 3 and 6.

Optimizing the Injection Orbit

Optimization begins with the injection orbit (m=0 for
the indexing of parameters). The script cycles through a
bounded range of values for the global cavity parameters

and the values of S3 and S6 to give a minimum error in
the transit times T1-T4 through the four segments of the
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Figure 4: Spiral orbits after optimization for

g orbit connecting the RF cavities (Figure 2), and also to
M maintain the spacing between successive orbits to be at
B least 6 cm. For the arc trajectory through the nth sector in
5 £ the orbit, the entry location and the location of the center
s % of curvature determine the radius of curvature (e.g. po; for
& sector 3 in Figure 2), and together with the energy at that
_g sector it determines the dipole field By, for the mth orbit
£ following the nth sector.

;i The range of allowed values for global cavity parame-
E'ters is bounded to avoid unrealistic solutions such as cavi-
_- ties overlapping sectors. The path lengths in each sector,
g in the gap between sectors, and in the cavity are calculat-
N ed based on the initial values of the global parameters, the
~ above trajectory, and the energy gained in each cavity.
%The time is then obtained by dividing each path segment
2 by its corresponding velocity. The energy gain is based on
< the phase wT,, — ¢, and the energy at the time of arrival
z at the cavity, and the RF amplitude V,, appropriate for the
o radius at the entrance of the nth cavity (Figure 3):

i (PRFLon
m( 2Bc

wRFLon

AEy, == qVy, [Z.BC )] cos(wTon — @p) (1)

The bracketed expression is the transit time factor
across the accelerating gap L, (which increases with radi-
us in the tapered geometry of the SRF cavities).

used under the terms of the C

2 Optimizing Subsequent Orbits

& For each subsequent orbit the script uses the values for

E global cavity parameters determined for the injection orbit
§ and optimizes the values of S3 and S6 to give a minimum
g error for the transit times T1 and T3 (the other two transit
= times are constrained by the global parameters). The en-
£ tire geometry of each orbit is thereby determined, includ-
= ing the values By, of the dipole field in each sector and
Q . .

'g the energy gain AE,,, at each cavity.
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Figure 5: Profile of the required B(r) in one of the
sectors.

The optimization script cycles through all orbits in turn
until the energy reaches the desired extraction energy. If
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Figure 6: MAD lattice for the first and last orbits.

at any stage the script fails to reach a minimization that
satisfies all conditions (isochronicity, beam spacing) the
initial values of the global parameters are iterated and the
process is repeated until a solution is found. By this pro-
cedure the script has been successful in defining a trajec-
tory whose isochronicity is within 1% of a defined value
throughout all orbits. Figure 4 shows an example outcome
from the optimization.

BEAM OPTICS

MADX [11] file was generated using the geometry,
magnetic fields, and energy gains from the above optimi-
zation. Each of the six sectors is split into three sections,
a combined-function focusing (F) section, a sector bend
(no gradient), and a combined-function defocusing (D)
section. The SBEND feature in MADX is used to opti-
mize the F and D gradients to lock the betatron tunes to a
desired operating point for all orbits. An example lattice
for the injection and extraction orbits is shown in Figure
6. Figure 7 plots the horizontal and vertical betatron
tunes for all orbits, which corresponds to ~70° phase ad-
vance per cell.
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Figure 7: Betatron tunes vs energy for the SFC.

CONCLUSION & FUTURE WORK

A method was developed for determining an optimum
isochronous spiral orbit given choices for injection and
extraction energy, maximum dipole field, and geometry
and energy gain profile for slot-geometry cavities. A
method was developed to optimize the focal lattice of F-D
quadrupoles for desired phase advance/cell and to adjust
the spiral lattice to maintain ~constant horizontal and ver-
tical betatron tunes for all orbits. The results of this opti-
mization provide a framework in which we will next cor-
rect dispersion to near-zero at the cavity locations on all
orbits and correct chromaticity.

In a companion paper [12] we report development of
beam dynamics studies that take the optimization results
reported here as the framework in which to study a pro-
gression of dynamical phenomena that will likely control
the ultimate beam current that can be accelerated in an
SFC: space charge lensing, synchro-betatron couplings,
beam loading of the SRF cavities, and lateral propagation
of wakefields between successive orbits in the cavities.
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