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Abstract
The Cornell-BNL ERL Test Accelerator (CBETA) de-

veloped several energy-saving measures: multi-turn energy
recovery, low-loss superconducting radiofrequency (SRF)
cavities, and permanent magnets. With green technology
becoming imperative for new high-power accelerators, the
lessons learned will be important for projects like the FCC-
ee or new light sources, where spinoffs and lessons learned
from CBETA are already considered for modern designs.

CBETA
CBETA is the first successful demonstration of an SRF

multi-turn ERL [1–3]. Shown in Fig. 1, it features a non-
scaling fixed-field alternating-gradient (FFA) return loop
constructed using permanent magnets [4], which transport
the four beam energies (42, 78, 114, and 150 MeV) simulta-
neously in a common beam pipe [1, 2]. The accelerator has
a 6 MeV injector, the main linac cryomodule (MLC), SX
and RX splitter sections, FFA return loop (FA, TA, ZA, TB,
FB), and the beam stop line.

CBETA can be configured for one to four turns, with
the top energies of each configuration corresponding to 42,
78, 114, and 150 MeV, respectively; the design parameters
are given in Table 1. For a configuration of 𝑌 turns, the
beam completes 2𝑌 passes through the MLC and 2𝑌 − 1
passes through the FFA return loop. In the SX and RX
sections, each beam energy has a corresponding splitter line;
this allows for independent control for 𝛼𝑥,𝑦, 𝛽𝑥,𝑦, horizontal
dispersion and its derivative, 𝑅56, and orbit; the path length
is controlled by moving stages installed in the center of the
splitter lines.

Table 1: Design Machine Parameters of CBETA in the Four-
Turn Configuration [1]

Parameter Quantity Unit

Bunch charge 125 pC
Bunch rate 325 MHz
Beam current 40 mA
Beam energy, injector 6 MeV
Beam energy, peak 150 MeV
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MULTI-TURN ENERGY RECOVERY
USING SRF CAVITIES

The simplest example of a single-turn energy recovery
linac has a low-energy beam injected into a string of cavi-
ties, accelerated, transported back around to pass through
the cavity string again, decelerating the beam, before being
transported into the beam stop line. While this approach
does absorb a significant amount of the beam energy, which
helps to reduce the amount of radiation deposited into the
beam stop, the most significant benefit comes when the cav-
ity string consists of SRF cavities. When superconducting
cavities are used, the energy recovered by decelerating the
beam is used to accelerate subsequent bunches with very
little to no loss; however, when normal conducting cavi-
ties are used, this energy dissipates before it can accelerate
new bunches [1, 5]. This reallocation of energy allows for
the beam power in an ERL to greatly exceed the RF power,
reducing the overall power consumption of the machine.

A multi-turn ERL, as the name implies, has the beam
accelerate multiple times before decelerating into the beam
stop. While this can be a more difficult machine to com-
mission, it has the benefit of requiring fewer SRF cavities
than a single-turn ERL of the same energy. Fewer SRF cavi-
ties reduces the initial purchase cost, power requirements,
and necessary floor space, while also reducing the ongoing
operations cost in terms of power consumption and cryogen-
ics [5].

PERMANENT MAGNETS
While previous accelerators have used FFA optics for

transport in the past [6], CBETA has successfully demon-
strated a single FFA transport that accepts an energy from 42
to 150 MeV [1]. The production of permanent Halbach type
magnets for the CBETA FFA has also demonstrated that a
very high field quality can be achieved through “tuning” the
permanent magnets after production [4].

Despite reasonable concerns about radiation associated
with normal operation of CBETA damaging the permanent
magnets, sufficient machine protection through beam loss
monitors along the FFA return loop helped to address this
concern. By estimating the dose of radiation the permanent
magnets could receive while still functionally transporting
beam and taking into account the desired lifetime of the
machine, an administrative limit of radiation in the FFA
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Figure 1: The four-turn configuration of CBETA.

was set. The slow beam loss monitors around the ring kept
the radiation dose at appropriate levels and indicated that
the majority of radiation received by the FFA was within
the first FFA girder. Assuming similar operating conditions
throughout the lifetime of the machine, the lifetime of the
FFA could be significantly increased by replacing one of
twenty-seven girders – increasing the lifetime of the machine
at a fraction of the purchase cost. Alternatively, the first
girder could be rebuilt with SmCo magnets, which have a
much better radiation lifetime at a higher cost.

For accelerators with significant synchrotron radiation,
some thought has been given to designing permanent mag-
nets with horizontal gaps to allow this radiation to exit with-
out irradiating the permanent magnet material [2, 4, 7]. This
would increase the applicability of permanent magnets, ei-
ther by themselves or as part of an FFA transport.

APPLICATIONS
The future applications of multi-turn SRF ERLs is wide

ranging – any application requiring high energy, beam cur-
rent, and quality may feasibly benefit from using a multi-turn
SRF ERL. Lattices incorporating FFA transports made of
permanent magnets can be useful in any application requir-
ing a wide range of energy acceptance or wanting to reduce
energy usage. Taking these concepts together or separately,
some potential applications for the future include:

• Proton cancer therapy gantries – use of permanent mag-
nets would reduce the cost associated with delivering
beam to the patient and help make proton radiation
therapy more accessible by making facilities more af-
fordable and thus, more common [8].

• Small synchrotons using permanent magnets for proton
therapy applications – as in the previous example, use of
permanent magnets reduces operating costs by reducing
the power cost of operating.

• Isotope production machines using ERLs – lost electron
energy through isotope production can be accepted by
a suitable FFA transport with 𝛿𝑝/𝑝 < ±60%.

• Multi-turn ERL designs for x-ray and 𝛾-ray production
through inverse Compton scattering – using a multi-
turn ERL helps reduce the number of SRF cavities
required and reduces the power requirement for a high
current beam, while a permanent magnet FFA has a
wide energy acceptance after the photon-electron inter-
action and low energy cost [9].

CONCLUSION
The successful commissioning of CBETA has demon-

strated the feasibility of multi-turn energy recovery with
superconducting cavities and permanent magnets for beam
transport for future accelerators – both technologies which
may be critical to the effort to reduce power requirement and
consumption of future accelerators. As the CBETA photo-
injector has already been successfully transferred to other
facilities and applications, it seems reasonable that other
technology from CBETA also finds uses in a wide range
of applications and to help advance the next generation of
accelerators.
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