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Abstract

Encouraged by recent success of CBETA, a proposal was
formulated to increase the CEBAF energy from the present
12 GeV to 20-24 GeV by replacing the highest-energy arcs
with Fixed Field Alternating Gradient (FFA) arcs. The new
pair of arcs would provide six or seven new beam passes,
going through this magnet array, allowing the energy to be
nearly doubled using the existing CEBAF SRF cavity system.
One of the immediate accelerator design tasks is to develop a
proof-of-principle FFA arc magnet lattice that would support
simultaneous transport of 6-7 passes, with energies spanning
a factor of two. We also examine a possibility of using
combined function magnets to configure a cascade, six-way
beam split switchyard. Finally, a novel, multi-pass linac
optics based on a triplet focusing lattice is being explored.

INTRODUCTION

The Cornell-BNL ERL Test Accelerator (CBETA) [1]
demonstrated eight-pass beam recirculation with energy re-
covery (four accelerating beam passes and four decelerating
beam passes) [2] through a complete TESLA-style SRF cry-
omodule. Simultaneous transport of multiple beams with
energies spanning a factor of 4 was demonstrated through a
single beamline. This wide energy bandwidth was achieved
using the non-scaling FFA principle [3] implemented with
Halbach-derived permanent magnets [4]. CBETA’s maxi-
mum energy was 150 MeV, whereas CEBAF upgrades plan
to extend this technology to higher beam energies.

ENERGY DOUBLING SCHEME

We propose to increase CEBAF energy from the present
12 GeV to 20-24 GeV using the existing SRF cavity sys-
tem, which provides 1090 MeV per linac, as well as most
of CEBAF tunnel and beamline infrastructure. The energy
doubling would be accomplished by replacing the highest-
energy arcs, ARC 9 and ARC A, with a pair of Fixed Field
Alternating-Gradient (FFA) arcs. These very large momen-
tum acceptance arcs will recirculate the beam for 6-7 addi-
tional passes through the same string of magnets - simulta-
neously transporting beams with energies spanning a factor
of two. In the proposed acceleration scheme, passes 1-4
would be accomplished through the current 12 GeV CEBAF.
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Passes 5-10 (six passes) would be facilitated by constructing
two ’CBETA-like’ beam-lines, replacing the current highest-
energy arcs.

PROOF-OF-PRINCIPLE FFA ARC
Energy Doubler FFA Arc Cell

The parameters of the main arc cell for the energy doubler
are given in Table 1. This lattice uses very high gradients and
the 10-22 GeV beams are all confined to a region —5Smm <
x < 4mm. The orbits and optics of the unit cell for the
different energies are shown in Fig. 1.

Element Length Angle Dipole Gradient
[m] [°] [T] [T/m]

BF 0.625 0.5 0.681 25091

(¢} 0.05 0

BD 0.5382 0.5 0.941 -233.13

(¢} 0.05 0

Table 1: Energy doubler FFA arc cell.
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Figure 1: MAD-X optical functions for the 10-22 GeV en-
ergy doubler FFA arc cell.



Energy Doubler FFA Racetrack

Fig. 2 shows how the beta functions are expanded and
the dispersion matched adiabatically to zero in the straight
sections of the racetrack-shaped lattice. The larger beta
functions allow longer cells compatible with the higher-beta
optics in the main CEBAF linacs.
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Figure 2: MAD-X optical functions for the entire 10-22 GeV
energy doubler FFA racetrack lattice.

MULTIPASS LINAC

One of the challenges of the multi-pass (10+) linac optics
is to provide uniform focusing in a vast range of energies,
using fixed field lattice. Here, we configured a building
block of of linac optics as a sequence of two triplet cells
with reversed quad polarities flanking two cryomodules, as
illustrated in Fig. 3, with a stable periodic solution covering
energy ratio 1:18.
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Figure 3: "Twin-Cell’ periodic triplet lattice at the initial and
final linac passes : 1.23 GeV and 20.3 GeV. Initial triplets,
configured with 45 Tesla/m quads, are scaled with increasing
momentum along the linac.

1.2 GeV FFA BOOSTER INJECTOR

The current CEBAF facility is configured with a 123 MeV
injector feeding into a racetrack recirculating linear accel-
erator (RLA) with a 1090 MeV linac on each side. The

123 MeV minimum makes optical matching in the first
linac virtually impossible due to extremely high energy
span ratio (1:180). Thus, it is proposed to replace the first
pass by a new FFA-based booster, outputting an energy of
123+ 1090 = 1213 MeV into the South Linac.

This booster will have injector linacs of energy up to
1213/6 = 202 MeV, delivering either electrons or positrons
(for circulation in the opposite direction). The booster resem-
bles CBETA, with a linac on one side surrounded by splitter
lines and an FFA return loop (Fig. 4). The booster linac oper-
ates at the same energy as the injector, meaning five passes
in the booster linac (four passes in the FFA return loop)
produces 1213 MeV. Energy tunability from 50 to 100% is
produced by reducing the number of booster linac passes to
three and the energies of both linacs to 1213/8 = 152 MeV.
For more parameters, see Table 2.
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Figure 4: Proposed 1.2 GeV FFA booster for CEBAF.

Parameter CBETA  FFA Booster  Units
Injector energy 6 152-202 MeV
Linac energy 36 152-202 MeV
FFA energy range 42-150 303-1011 MeV
Extraction energy 6 (ERL) 606-1213 MeV
Passes (FFA, linac) 7,474] 2-4,3-57
Momentum ratio 3.572 3.333 X
Radius of curvature 5.08787 23.0 m
Effective avg. dipole  0.09834 0.1466 T
Cell length 0.444 0.803 m

Table 2: Comparison of CEBAF FFA booster to CBETA.

Booster FFA Arc Cell

One proposed cell for the booster FFA arc is given in
Table 3, which has a bend angle of 2° per cell.

Element Length Angle Dipole Gradient
[m] [°] [T] [T/m]

HD2 0.1112 0

QF 0.2405 0 0 -23.681

D1 0.1193 2

BD 0.2206 0 -0.4566  22.834

HD2 0.1112 0

Table 3: FFA booster arc cell.



Figure 5: Orbits of 303, 404, 607, 809 and 1011 MeV parti-
cles in the FFA booster arc cell, tracked through Maxwellian
3D field models using the Muon1 code [5] (cm grid shown).

The orbits in this cell (Fig. 5) require a good field radius
of 18mm. With 10mm clearance between the beam centroid
and the vacuum pipe, a 2mm thick pipe and 3mm gap left
for shims, the cell can be made using the permanent magnet
cross-sections shown in Fig. 6 with a 33mm radius aperture.
These are very similar to the CBETA magnets.

Figure 6: QF (left) and BD (right) arc cell magnets for the
FFA booster (cm grid). Dotted circle is good field region.

Booster FFA Racetrack

The arc cell may be adiabatically transitioned into a
straight cell that has zero curvature and greater length and
beta functions, which reduces magnet count. Fig. 7 shows
an early attempt at this, with particles merging to x = 0 in
the straight section, with only small residual oscillations.

Figure 7: Orbits of 303, 404, 607, 809 and 1011 MeV parti-
cles in the FFA booster racetrack (10m grid shown). Orbits
have been transversely exaggerated by 256x.

SYNCHROTRON RADIATION EFFECTS

Staying within CEBAF footprint, while transporting high
energy beams (10-24 GeV) calls for increase of the bend
radius at the arc dipoles (packing factor of the FFA arcs
increased to about 87.6%), to suppress adverse effects of the
synchrotron radiation on beam quality. Table 4 lists arc-by-
arc dilution of the transverse, Ae, and longitudinal, AO'% s

emittance due to quantum excitations calculated using ana-
lytic formulas:

2 4
AE = Zrgme> & (1)
3 P
2n %
Aeny = ?qu() <H> [7 s (2)
AE% 2 'yS
B2 = ?Cq"o ; > 3)

Here, Ae}5 is an increment of energy square variance,
ro is the classical electron radius, y is the Lorentz boost

and C, = %% ~ 3.832 - 10713 m for electrons (or

positrons). The horizontal emittance dispersion in Eq. 2,
is given by the following formula: H = (1 +a?)/B8 - D?> +
2a DD’ +j- D", where D, D’ are the bending plane disper-
sion and its derivative, with averaging over bends defined
asi<..>= + [ .. df.

Arcs Energy p AE Aey, Ao pe
E
[GeV] [m] [MeV] [mm-mrad] [%0]

Arc 1 1.2 5.1 0.02 0.003 0.0003
Arc 8 8.8 30.6 9 12 0.022
FFA 9 9.91 70.6 6 13 0.026
FFA 19 2044 706 109 37 0.15
FFA20 2142 706 132 47 0.17
FFA21 2238 70.6 157 60 0.20
FFA 22 2331 706 185 76 0.23

Table 4: Energy loss and cummulative emittance dilution
(horizontal and longitudinal) due to synchroton radiation
at the end of selected 180° arcs (not including Spreaders,
2
Recombiners and Doglegs). Here, Aa'% = AELE
A more aggressive, 11.5 pass, 24 GeV design would promise
to deliver a normalized emittance of 76 mm-mrad with a
relative energy spread of 2.3 - 1073, Further recirculation
is limited by large, 976 MeV per electron, beam loss due to
synchrotron radiation.

CONCLUSIONS AND FUTURE WORK

A proof-of-principle concept for an energy-doubling, FFA-
based upgrade to CEBAF is presented. This work expands
upon much of the CBETA efforts, and shows a promising
possible way forward for CEBAF after the 12 GeV era. Initial
studies into the beam dynamics, possible machine layouts,
and magnet designs paint a positive picture. The majority
of the work in validating this conceptual design remains,
including, but not limited to, full start-to-end beam dynam-
ics simulations, detailed magnet designs, diagnostics, con-
trols, and engineering concerns. Furthermore, the details of
positron acceleration in the CEBAF machine must be further
investigated.
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