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Abstract

A novel deuteron cyclotron auto-resonance accelerator
(dCARA) is under development to produce neutrons via
breakup of high current 40-MeV deuterons on a low-Z tar-
get. Compared to the proton-based Accelerator-Driven
Systems (ADS), a dCARA system can be much more com-
pact and cost effective, with notable features including
continuous acceleration without bunching for good beam
stability, high efficiency, wide beam aperture, and an ex-
ceptionally short length of few meters. The applications of
dCARA include transmutation of used nuclear fuel, medi-
cal isotope production system, or material test for a future
fusion power reactor. The R&D progress and the concep-
tual design of dCARA are reported here.

INTRODUCTION

Accelerator-Driven Systems (ADS) technologies have
been widely studied as a means to reduce the lifetime and
toxicity of nuclear waste through neutron-induced trafis-
mutation [1, 2]. In conventional ADS designs, high-energy
(GeV scale) proton beams generate neutrons via spallation
reactions in targets of high-Z materials. While technically
feasible, such systems require a rf quadrupolesstructure
(RFQ) and long superconducting radiosfrequency (SREF)
linacs, leading to high capital costs,/omplex operation,
and stringent reliability requirements/ Another approach is
to use a conventional proton cyclotron, but' increasing
beam current and beam powef is)quite challénging.

This work explores an alternative ADS architecture [3-
5] based on aceelerating'moderate-energy deuteronsbeams
(~ 40 MeV) to produce neutrons,through deuteron breakup
reactions [6]. In this approach, a movel compact deuteron
cyclofron auto-resonance accelerator, (ICARA) supports
high-current operation with simplified structure and poten-
tially lower cost, enabling the possibility of using multiple
small-scaléyneutron sources collectively to achieve trans-
mutation performance comparable to a single large facility
while improving teliability and scalability.

DESCRIPTION OF DCARA

The dCARA concept builds upon the mechanism of cy-
clotron auto-resonance acceleration (CARA) [7], in which
charged particles maintain phase synchronism with trans-
verse electromagnetic fields while gyrating in a uniform
static magnetic field. Unlike conventional accelerators
where bunched particles gain energy in discrete gaps or
cavities during a narrow rf phase, dCARA allows continu-
ous energy gain without bunching throughout the
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acceleration. The absence of bunching mitigates space
charge instability and allows accelerating beams of high
currents.

A key innovation in dCARA is the use of a transverse
electromagnetic mode (TEM) cavity which, has a much
smaller transverse dimension to_allow accelerator cavities
at tens of MHz frequency range fit inside a strong, super-
conducting magnet similar4o a whole-body MRI magnet.
This configuration opens up a new parameter, space suita-
ble for ien acceleration, bringing a paradigm shift in the
application of CARA from limited electron acceleration [7]
into ion acceleration [3-5].

Fig. 1 shows the schematics of a compact dCARA-
driven neutron source. A low-energy deuteron beam at tens
of keV/is fransported fiom an ion source by a low energy
beam, transport (LEBT) toha dCARA cavity. The cavity is
submerged within a strong axial magnetic field (~6-10 T)
generated by a superconducting solenoid. The cavity is
driven by external rf sources at different rf phases through
multiple ports, to,support a rotating dipole mode at tens of
MHz frequency range [3-5]. The large cavity aperture en-
hances tolerance to misalignment and beam losses, contrib-
uting to improved operational reliability. With continuous
acceleration through phase synchronization governed by
the CARA mechanism, the deuteron beam is accelerated to
tens'of MeV energy, transported by a high energy beam
transport (HEBT) and injected into a neutron production
target, where a high flux of neutrons is generated via deu-
teron breakup.
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Figure 1: Schematics of a compact dCARA-driven neutron
source.

As shown in Fig. 2, inside a dCARA cavity, deuterons
follow helical trajectories. Because particles can be in-
jected at arbitrary rf phases (with different rf field polari-
zation), the output beam produces a circular sweeping pat-
tern on the target surface, effectively achieving beam



rastering without external scanning magnets. The rapid
sweeping at the rf timescale reduces peak power density
and enhances target lifetime. The rf-to-beam efficiency is
estimated to exceed 70%, with manageable wall losses for
a normal-conducting structure [5].

Figure 2: Deuteron beam trajectory injected at one given rf
phase, with a dCARA cavity submerged inside a supercon-
ducting magnet which includes both the main and HEBT
solenoids.

A typical configuration of a 40-MeV dCARA includes:

e Beam current: 25—-125 mA (pulsed, up to CW)

e Beam power: 1-5 MW (peak)

e Acceleration length: ~1-1.6 m

e Cavity diameter: ~0.7 m

e RF frequency: ~50-75 MHz

e Static Magnetic field: ~6—10 T

When a 40 MeV deuteron beam strikes a low
(e.g., lithium, beryllium, or carbon), neutte
through breakup reactions mainly. T
spectrum peaks near ~40% of the incig

beam current of ~100 mA
proaching 10'*~10'7 neutro
neutron yield per_ incid

out of one unit of dCARA-driven neu-
yn in Fig. 3. Instead of relying on a single
ator, the proposed approach employs
d neutron production modules. A
cluster of tens of u duld collectively match the trans-
mutation capability of a proton linac while still remaining
cost competitive. The advantages of modularity are
o Reliability: Failure of one module has limited full-
system impact
e Scalability: Capacity can be expanded incrementally
e Cost: Lower upfront investment per unit
e Deployment: Smaller footprint enables siting near
existing facilities

tron source
large proton ac
multiple dCARA

This distributed scalable deployment aligns with stand-
ard industrialization strategies, where redundancy and
modularity improve overall system resilience.

of our dCARA program is shown in
dCARA-driven neutron source is un-
1 and engineering design, preparing for the
ept (PoC) stage. During the PoC test, exper-

mA at a low duty cycle of 0.01% (low heat load)
e carried out to validate the acceleration mechanism

accelerator, the test facility to carry out the PoC test only
requires a small footprint, as shown in Fig. 5. It is envi-
sioned that such an accelerator can be even fit inside the
shaft of an industrial elevator, with rf sources located on
the nearby floor.

Further during the High Duty Pilot (HDP) stage, the duty
cycle and rf power will scale up gradually towards 1| MW
long pulse to continuous-wave (CW) operation. It will in-
troduce additional challenges, including heavy-load ther-
mal management and radiation shielding. Collaboration
with industrial partners is expected to play a critical role in
this phase and beyond. And the industrialized version of
the dCARA-driven neutron source is aiming towards
125 mA 5 MW CW operation.
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Figure 4: R&D roadmap of dCARA, from conceptual de-
sign, proof-of-concept, high-duty pilot to industrialized ap-
plication, based on stages of incremental beam current,
duty cycle and beam power.
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CONCLUSION

The dCARA concept represents a promising alternative
to conventional accelerator technologies for nuclear waste
transmutation. Its compact size, high efficiency, and con-
tinuous-beam operation distinguish it from existing ap-
proaches. By enabling a modular architecture of distributed
neutron sources, dCARA may reduce both the economic
and technical barriers associated with a single large-scale
transmutation system. Further R&D are required to

validate the concept experimentally and address engineer-
ing challenges associated with high-power operation. If
successful, this approach could significantly advance the
feasibility of nuclear waste transmutation, support the
long-term sustainability of nuclear energy, and improve
public acceptance of nuclear energy as a crucial component
for energy security.

ACKNOWLEDGMENT

The first two authors acknowled,
from Particle Accelerator Research F

for this work

[1] H. Abderrahimetal., “Acc
Accelerator Driven Tran
Office of Scientific a

. Gai, J. Hirshfield, M. Palmer, and S.
ovel deuteron accelerator for nuclear waste
roc. IPAC'25, Taipei, Taiwan, Jun. 2025,

almer, “Design study of novel deuteron cyclotron

sonance accelerator”, in Proc. NAPAC'25, Sacra-
California, USA, Aug. 2025, pp. 741-744.

i:10.18429/JACOW-NAPAC2025-WEP0O24

orrell, A. S. Voyles, J. C. Batchelder, J. A. Brown, and

LA stein, “Secondary neutron production from thick
target deuteron breakup,” Phys. Rev. C, vol. 108, no. 2, Aug.
2023. doi: 10.1103/physrevc.108.024616

[7] V. P. Milant’ev, “Cyclotron autoresonance — 50 years since
discovery,” V P Milant'ev, Phys. Usp., vol. 183, no. 8, pp.
875-884,2013.
doi: 10.3367/ufne.0183.201308f.0875


http://doi.org/10.2172/1847382
http://doi.org/10.1016/j.anucene.2021.108385
http://doi.org/10.18429/JACoW-IPAC2024-TUPC32
http://doi.org/10.18429/JACoW-IPAC2025-TUPS059
http://doi.org/10.18429/JACoW-NAPAC2025-WEP024
http://doi.org/10.1103/physrevc.108.024616
http://doi.org/10.3367/ufne.0183.201308f.0875

	Introduction
	CONCEPTUAL LAYOUT OF DCARA SYSTEM
	R&D Roadmap of DCARA
	CONCLUSion
	ACKNOWLEDGMENT
	REFERENCEs

