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We propose a new approach for a high-density free-neutron target, primarily aimed at nuclear
astrophysics reaction studies in inverse kinematics with radioactive ions circulating in a storage ring.
The target concept integrates four key subsystems: a neutron production source driven by a supercompact
cyclotron utilizing °Be(p,xn) reactions, an optimized moderator/reflector assembly using either heavy
water or beryllium oxide with a graphite reflector shell to thermalize fast neutrons, a cryogenic liquid
hydrogen moderator to maximize thermal neutron density in the interaction region, and beam pipe
geometries that enable neutron-ion interactions while maintaining vacuum conditions for ion circulation.
This integrated approach focuses on feasibility by incorporating readily available technologies. Using a
commercial supercompact cyclotron delivering a proton beam of 130 pA, the design achieves thermal
neutron areal densities of ~3.4 x 10 n/cm? for a proof-of-concept demonstrator at the CRYRING ion-
storage ring at GSI Darmstadt. This autonomous accelerator-target assembly design enables deployment at
both in-flight and ISOL facilities to exploit their complementary production mechanisms. Potential
upgrades based on higher-energy and/or higher-current cyclotrons will enable an increase in areal density
to ~10° n/cm?. In combination with a customized low-energy storage ring and a radioactive ion-beam
facility, the proposed solution could deliver luminosities above 10> cm™s~!, thereby enabling neutron
capture measurements of ~mb cross sections within a few days of experiment. The proposed system
represents a significant milestone toward enabling large neutron-capture surveys on short-lived nuclei,

thereby opening a new avenue for understanding the synthesis of heavy elements in our universe.

DOI: 10.1103/5d87-m8bn

I. INTRODUCTION

Neutron-capture reactions drive the nucleosynthesis of
heavy elements in stars and represent one of the main
nuclear physics inputs for astrophysical models and for
understanding the origin and formation of the chemical
elements in the universe [1]. After more than 70 years of
experimental developments, practically 95% of the neu-
tron-capture cross sections of stable isotopes have been
measured in the laboratory, but only a few cross sections of
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radioactive isotopes have been experimentally determined
[2,3]. This is due to the challenge of producing samples
with a sufficiently large number of radioactive atoms and
limitations in present techniques for measuring neutron-
capture cross sections [4]. Most of the remaining shorter-
lived slow neutron capture (s) process branching nuclei are
out of reach with state-of-the-art activation and time-of-
flight techniques [5]. Additionally, stellar explosive envi-
ronments, like the rapid () neutron capture process,
involve more than 5000 radioactive isotopes and thus
nucleosynthesis calculations need to rely mostly on stat-
istical theoretical models [6—11]. However, uncertainties of
theoretical neutron-capture cross sections outside the valley
of stability can reach orders of magnitude [12,13].

A breakthrough in this field could therefore be accom-
plished if one could directly measure the neutron-induced
reactions in the involved radioactive species, something
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that is not feasible with fixed-target experiments (direct
kinematics), like neutron time-of-flight or neutron-
activation experiments. A new approach for measuring
neutron-induced reactions on radioactive ions in inverse
kinematics was proposed in Ref. [14]. This proposal
included a radioactive ion-beam facility (RIB), an ion-
storage ring, and a neutron target based on a high neutron
flux fission reactor. However, using a nuclear reactor
for this application was found rather difficult and an
alternative approach was proposed later using a neutron-
spallation source [15]. Several realization options were
discussed in the latter work, in particular utilizing readily
available spallation neutron sources like the one at Los
Alamos National Laboratory [16] or the one at CERN
n_TOF [17].

Nevertheless, neither of these two spallation facilities
hosts the other two required subfacilities: the RIB facility
and the ion-storage ring. In addition to the storage ring, the
neutron target, and the RIB facility, a suitable method for
detecting the neutron-capture products is required. A proof-
of-concept project to demonstrate the attainable neutron
density via the spallation approach and perform one-pass
experiments with stable ions is presently being pursued at
Los Alamos [18,19].

In this article, we explore the feasibility of replacing the
complex and resource-intensive nuclear reactors or spalla-
tion neutron sources with a significantly simpler alternative:
a heavily moderated neutron source driven by a super-
compact cyclotron. While numerous compact accelerator-
driven neutron sources (CANS) already exist [20-24], a
comparison of current and proposed CANS designs with
present and future storage-ring configurations [3,25,26]
reveals that no existing CANS meets (yet) the requirements
for experiments envisioned at a storage ring.

Therefore, the design of a suitable neutron target should,
from the beginning, account for its integration requirements
and constraints within a storage-ring facility. The primary
motivation behind this new target proposal is therefore to
ensure feasibility, while allowing for progressive optimi-
zation of performance and scalability in subsequent
upgrades, ultimately aiming at performance levels compa-
rable to previous approaches [15].

The concept of the new neutron target is introduced in
Sec. II, along with results from thorough Monte Carlo
(MC) simulations and a description of the optimization
strategy for the compact target design. Section III outlines
the implementation of a demonstrator of the neutron target
and possible upgrades, primarily involving higher-current
cyclotrons. In Sec. IV, we present a proof-of-principle
experiment utilizing the existing GSI facility. Section V
discusses potential optimizations and their implementation
in future facilities, while Sec. VI describes representative
astrophysical scenarios that could be explored using the
proposed developments. Finally, Sec. VII summarizes the
main conclusions and offers a forward-looking perspective,

inspired by the advancement of supercompact supercon-
ducting cyclotrons.

II. CONCEPTUAL DESIGN OF THE
NEUTRON TARGET

The design of a neutron target for storage rings must
balance competing constraints from multiple subsystems.
The storage ring geometry limits the available space
(typically 2—4 m straight sections) and requires compati-
bility with ultrahigh vacuum systems. The characteristics of
the ion beam (revolution frequencies of 100-200 kHz and
circulating intensities of 107-10° particles) define the
luminosity requirements. Commercially available cyclotron
technology provides beam currents from 130 pA to
1.6 mA. These constraints define a target areal density
requirement of 10°~10° n/cm? depending on facility type
and scientific goals. We develop an optimization method-
ology to achieve maximum thermal neutron density within
these constraints, following a three-stage approach of
increasing complexity: single-material moderator studies
(Sec. IT1E), moderator/reflector combinations (Sec. 11 F),
and cryogenic enhancement (Sec. II G). The resulting target
performance is then evaluated for three reference scenarios:
a proof-of-concept at CRYRING@GSI (Sec. 1V), and
future dedicated facilities at CERN-ISOLDE and
TRIUMF-ISAC (Sec. V).

For particle beam energies in the keV range or higher, it
is highly desirable that the target neutrons have thermal or
cold energies, E <25 meV. This energy selection is
crucial for minimizing systematic uncertainties during
the analysis of inverse reaction kinematics, as it simplifies
the energy and momentum considerations of the interac-
tion. Consequently, our conceptual design for this target
maximizes the fraction of neutrons within the thermal or
cold energy range in the designated target area. The
proposed design comprises four integrated subsystems:
(1) a storage-ring beam pipe defining the neutron inter-
action volume, (2) a cyclotron beam pipe housing a
beryllium target for the neutron source, (3) a moderator/
reflector assembly embedding both beam pipes, and (4) a
cryogenic moderator enhancement around the ion
beam path.

A. Storage-ring beam pipe design

The storage-ring beam pipe serves as the primary
neutron interaction volume, defining the spatial region
where circulating radioactive ions encounter the thermal
neutron flux. This subsystem must accommodate the dual
requirements of maintaining vacuum conditions for ion
beam circulation while maximizing thermal neutron den-
sity for nuclear reaction measurements. The geometrical
configuration features a storage-ring beam pipe with a
diameter of 100 and a 1 mm thick aluminum wall, as
illustrated in Fig. 1. The aluminum wall thickness
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FIG. 1. Cross-sectional schematic showing the storage-ring
beam pipe (@ 100 mm) and the cyclotron beam pipe (@
50 mm) with a 5 mm gap between them. The *Be(p, xn) neutron
source is positioned 25 mm from the cyclotron beam pipe end
cap. The central scoring region (@ 10 mm) indicates the
Monte Carlo simulation volume for neutron density calculations.

represents an optimized balance between structural integ-
rity for vacuum containment and minimal neutron absorp-
tion. For the design simulations, the storage-ring beam pipe
section is assumed to have a length of 200 cm, providing
adequate interaction length for neutron-capture measure-
ments. Within the storage-ring beam pipe center, a cylin-
drical void scoring volume of 10 mm diameter is defined
for Monte Carlo calculations to evaluate the thermal
neutron density. This scoring volume represents a reason-
able computational approximation, considering that the
radioactive ion beam circulating in the storage ring is
expected to be well-focused with a diameter of a few
millimeters.

B. Compact cyclotron neutron source

Neutrons are typically produced in situ through charged-
particle-induced nuclear reactions. A crucial criterion for
selecting the appropriate nuclear reaction is its ability to
provide the highest possible neutron yield. Furthermore, it
is highly advantageous if the nuclear reaction generates
neutrons with energies as low as possible. This low primary
energy facilitates a more effective slowing down and
subsequent thermalization of the neutrons, allows for a
more compact moderator design, and significantly reduces
neutron leakage from the moderator during the slowing-
down process. Consequently, a fundamental physical input
for optimizing the moderator geometry involves a trade-off
between the neutron yield of the reaction and the primary
energy spectrum of the produced neutrons.

The selection of such a nuclear reaction has been
extensively studied within the context of developing
compact accelerator-driven neutron sources (CANS) [24]
and for applications in boron neutron capture therapy [27].
For proton-induced reactions below 30 MeV, the
9Be(p, xn) and "Li(p, xn) reactions stand out as the two

most promising neutron-producing reactions due to their
high cross sections [28]. Specifically, for very low proton
energies (below 5 MeV), a lithium target is generally
preferred and commonly employed for neutron production
in various facilities. Conversely, for higher proton energies,
up to 30 MeV, a beryllium target is typically the chosen
material at different neutron sources. From the perspective
of primary neutron energy, both lithium and beryllium
targets yield typically softer neutron energy spectra than
fusion or spallation reactions [29]. Regarding technical
realization, the use of beryllium simplifies target design
considerably, as this material is generally more stable and
easier to handle than lithium. Recent studies have success-
fully shown the convenience of a three-layer Be-target
design [30] to avoid blistering effects arising from the
insolubility of H in Be. A similar approach could be
pursued here (see Sec. III).

Over the past 15 years, proton cyclotron technology,
particularly for medical isotope production, has undergone
significant evolution, trending toward more compact and
miniaturized designs. This advancement is largely driven
by the high demand for on-site radioisotope production
within medical centers. Commercially readily available
technology, optimized for producing positron emission
tomography isotopes such as '8F, typically accelerates
protons in the range of 7.5 to 12 MeV, with beam currents
spanning from 5 up to 150 pA [31]. This technology has
been specifically designed for compactness and modularity,
thereby meeting the stringent installation requirements of
hospital environments. Furthermore, recent designs are
highly optimized for small footprints and often incorporate
self-shielding, significantly enhancing radiation protection
and simplifying handling. An interesting example of such
compact technology is the recently released IBA Cyclone
KEY [32], which features an energy of the extracted
protons of 9.2 MeV and a current of 130 pA, with a
footprint of just 1.5 x 1.4 m?. Crucially, the specifications
of these low-energy medical cyclotrons align well with our
technical requirements in terms of beam energy, current,
and footprint, for driving a neutron source based on the
9Be(p, xn) reaction. Consequently, our design will focus
on assuming proton energies up to 10 MeV.

The cyclotron beam pipe configuration, as illustrated in
Fig. 1, consists of a 50 mm diameter tube with 1 mm thick
aluminum walls, positioned perpendicular to the storage-
ring beam pipe and centered within the 200 cm section
considered in the simulations. The cyclotron beam pipe
maintains a 5 mm gap between its end cap and the storage-
ring beam pipe wall. The beryllium target is housed within
the cyclotron beam pipe, positioned 25 mm from the end
cap (see also Sec. III).

In this work, for the sake of computational efficiency, the
neutron source is modeled as a point source located at
the beryllium target center, with energy distributions for the
9Be(p,xn) reaction derived from Geanw4 calculations for
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low-energy proton bombardment with proton energies E,,
in the 5-10 MeV range [33]. This simplified—yet physi-
cally meaningful—approach enables a systematic evalu-
ation of the moderator performance while maintaining
computational control for extensive parametric studies of
free-neutron target optimization.

C. Neutron moderator materials

The material selection for the moderator geometry
optimization represents a critical design consideration that
directly influences system performance and operational
viability. The moderator must efficiently thermalize fast
neutrons while minimizing parasitic absorption to maxi-
mize neutron density within the free-neutron target located
in the moderator’s central region. Moreover, adopting a
cost-efficient strategy is crucial to ensure the feasibility of
the demonstrator-scale prototype.

Effective moderation requires materials exhibiting a low
average number of collisions for neutron slowing down,
high macroscopic scattering cross sections (%), and cor-
respondingly low macroscopic absorption cross sections
(Z£,). These critical neutronic properties are quantitatively
evaluated through two figures of merit: the macroscopic
slowing down power (MSDP = £X) and the moderating
ratio (MR = £X, /%) [34], where & represents the average
logarithmic energy loss per collision. The MSDP directly
quantifies neutron moderation performance, with larger
values indicating superior efficiency in energy degradation.
The MR provides a comprehensive measure of moderator
effectiveness, where high values indicate excellent mod-
eration with minimal parasitic absorption—crucial for
maximizing thermal neutron flux. Nuclear properties of
some of the potential moderator materials for the free-
neutron target are given in Table L.

For the design optimization study of the free-neutron
target, the primary materials under investigation include
light water (H,O), heavy water (D,0), beryllium oxide
(BeO), and graphite (C). While metallic beryllium exhibits
excellent nuclear properties (see Table 1), its extreme
toxicity and complex handling requirements [36] would
compromise the feasibility objectives for a demonstrator
prototype at storage-ring facilities. Although all beryllium-
containing compounds present inhalation hazards, this risk

TABLE I. Neutron moderation properties for different materi-
als in the epithermal region and number of collisions (N.,) to
slow a 2 MeV neutron down to 1 eV. Data retrieved from [35].

Material Neol MSDP MR

Light water (H,0) 16 142.8 62.1
Heavy water (D,0) 28 17.9 4824.3
Beryllium (Be) 70 15.3 127.7
Beryllium oxide (BeO) 84 12.2 158.6
Graphite (C) 92 8.4 220.4

is form-dependent: the OSHA beryllium standard (29 CFR
1910.1024) explicitly exempts articles in nonparticulate
solid form that are not machined on-site [37]. In the present
design, the BeO material is procured as a sintered ceramic
component from a qualified commercial supplier, requiring
no on-site powder handling or machining. The selection
among these candidate materials is carried out through a
systematic optimization study presented in Sec. Il E, where
neutron moderation performance and practical implemen-
tation constraints are evaluated jointly to identify the most
suitable configurations.

D. Monte Carlo simulations

For the present study, we employed ParticleCounter [38], a
specialized Geant4-based Monte Carlo simulation tool
developed for neutron transport in matter, detector design
and optimization, and detection efficiency calculations.
Experimentally validated for neutron detector simulations,
it achieves precisions within 3% relative to experimental
efficiency measurements and has been successfully applied
in projects such as BRIKEN [39] and HENSA [40] for
conceptual design and geometric optimization of detection
systems in relevant nuclear physics energy ranges. For
neutrons up to 20 MeV, the code utilizes the high-precision
G4ParticleHP model with evaluated nuclear data libraries.
The simulations reported here used ParticleCounter version
5.4, compiled with Geant4 version 11.1.3 and the G4NDL4.7
data library, which incorporates thermal scattering data
from the JEFF-3.3 library supplemented by the ENDF/B-VIILO
library for missing materials, applied at the appropriate
physical temperature for each moderator material. The
accuracy of the Geant4 thermal neutron transport with these
libraries has been validated against reference Monte Carlo
codes across the relevant moderator materials and temper-
ature range [41]. This configuration ensures accurate
modeling of all relevant neutron interactions, including
elastic and inelastic scattering, capture, and moderation
(see Secs. ITE-I1 G).

The primary objective of the Monte Carlo calculations is
to determine the density of thermal neutrons, normalized to
the primary neutron source strength, within the cylindrical
void scoring volume (see Sec. Il A). The cylindrical void
scoring volume is subdivided into 100 discrete cells, each
2 cm in length along the storage-ring beam pipe axis.
Within each scoring cell, neutron energy and track length
are recorded for all neutrons that intercept the cell volume.
The neutron energies define velocity groups for the track-
length estimator implementation, while the recorded track-
lengths provide the fundamental input for the neutron
density estimator normalized to source strength (see def-
inition in the Appendix). Throughout this work, we define
thermal neutrons as those with energy E <1 eV. The
thermal neutron density in the jth scoring cell is denoted
as ny, ;. From this quantity, the corresponding thermal
neutron areal density is
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Agenj = N € (1)
where [ is the length of the scoring cell. The total thermal
neutron areal density in the target is then obtained by
summing over all scoring cells,

100

Aden = ZAden,j- 2
=

The calculation of Ay, is fundamental as it constitutes a
key ingredient for determining the neutron-induced reac-
tion rate in the storage-ring experiments considered here.
The optimization calculations simulate 10° neutron histor-
ies per proton energy configuration (5—-10 MeV), yielding
typical statistical fluctuations in Ag., of 1%-3%. Each
neutron history is sampled from the beryllium target
position. Unless otherwise stated, Ay, values are normal-
ized per primary neutron in the source, which is indicated
in the units as “/prim.”

The neutron energy distributions are taken from the
9Be(p,xn) reaction calculations reported in Ref. [33]
(see Sec. II B), where Geant4 simulations employing the
QGSP_BIC A1l1HP physics list were shown to reproduce
experimental neutron yields and MCNP6 results within
10% in the 5-10 MeV proton energy range. The angular
distribution of emitted neutrons is assumed to be uniform in
azimuth from 0 to 2z around the axis defined by the proton
beam direction in the cyclotron beam pipe (see Fig. 1), as a
simplifying approximation. We note that a more compre-
hensive experimental characterization of the angular and
energy distributions of the °Be(p, xn) reaction persists as
an unresolved issue, as further discussed in Sec. VII.

E. Single-material moderator studies

The first optimization stage establishes asymptotic per-
formance limits for individual moderator materials and
identifies suitable candidates for both moderator and
reflector roles in compact, cost-effective designs.

The single-material studies employ the standardized
geometry illustrated in Fig. 2, featuring a 200 cm X a X a
solid parallelepiped moderator containing both beam pipe
and cyclotron pipe assemblies. The thermal areal density in
the central void volume has been systematically studied for
H,0, D,O, BeO, and graphite. The moderator core size
parameter (a) was varied across all materials in the range
spanning from 18 to 200 cm to establish comprehensive
performance characterization while maintaining the fixed
200 cm length corresponding to the storage-ring beam pipe
interaction region.

The Monte Carlo results, shown in Fig. 3, reveal
that each moderator material has an asymptotic perfor-
mance limit that depends only slightly on proton energy but
strongly on the material itself. Here, performance refers to
the thermal neutron areal density Ag.,, and the asymptotic

Moderator material

Storage-ring
Beam pipe

u Sc%rlng |t21erget
region
Cyclotron
Beam
pipe

a: Moderator core size

FIG. 2. Cross-sectional schematic of the single-material
moderator configuration studies. The moderator consists of a
200 cm x a x a solid parallelepiped containing both beam pipe
assemblies, with a systematically varied to determine optimal
dimensions for each material.

value corresponds to the saturation level reached in the
parametric scans for increasing material dimensions.
Mathematical analysis of the Monte Carlo results
yields the following asymptotic limits: D,O (11.6 x
10~7 n/cm?/prim), BeO (10.2-11.3x 1077 n/cm?/prim),
graphite (7.6-8.2x 1077 n/cm?/prim), and H,O (3.1-4.0 x
1077 n/cm?/prim).

The Monte Carlo simulations exhibit an energy depend-
ence trend—lower proton energy yields higher thermal
areal density—for all materials except BeO. This trend
reflects neutron spectrum hardening at higher proton
energies, which increases neutron diffusion and leakage
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FIG. 3. Monte Carlo calculation results for single-material

moderator design. The dotted black line represents the threshold
areal density for a compact and cost-effective moderator.
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from the moderator. BeO deviates from this pattern due to
the effect of neutron multiplication reactions.

The simulation results for the different materials can be
summarized as follows: (i) Light water (H,O). Saturates at
just40 cm but remains well below the optimization threshold
due to intrinsic neutron absorption. Excluded as a primary
moderator candidate. (ii)) Heavy water (D,0). Consistently
exceeds the optimization threshold across all proton ener-
gies, reaching 80% of its asymptotic performance at an
average dimension of 138 cm. (iii) Beryllium oxide (BeO).
Displays an inverse proton energy trend due to neutron
multiplication via Be(n,2n) reactions, most apparent at
10 MeV proton energy. Reaches 80% of asymptotic perfor-
mance at 72 cm, making it especially attractive for compact
designs. (iv) Graphite (C). Does not reach the optimization
threshold (80% of asymptotic at @ = 100 cm on average),
but its low cost and favorable neutron transport properties
make it an excellent reflector candidate.

For compact, cost-effective designs optimized for stor-
age-ring integration, an asymptotic optimization threshold
of 9 x 1077 n/cm?/prim is established. This threshold
represents a practical performance level achievable in
compact configurations while maintaining feasibility for
storage-ring integration. The selected value corresponds to
approximately 80% of the asymptotic performance for both
D,0 and BeO, ensuring that primary moderator candidates
can achieve efficient operation within the dimensional
constraints imposed by storage-ring facility requirements.

F. Moderator/reflector combination studies

The second optimization stage investigates moderator/
reflector combinations to enhance thermal neutron density
beyond the single-material asymptotic limits established in
Sec. II E, while maintaining compact geometries suitable
for storage-ring integration.

Based on the results from Sec. IIE, two moderator/
reflector combinations are selected for comprehensive
study: (1) D,O moderator + graphite reflector, combining
high-performance moderation with cost-effective reflec-
tion; and (2) BeO moderator + graphite reflector, exploiting
compact geometry with neutron multiplication enhance-
ment potential. These configurations leverage the estab-
lished moderator candidates that exceed the asymptotic
optimization threshold while incorporating graphite as a
reflector material due to its favorable neutron transport
properties, as demonstrated in the single-material analysis,
and its inherent cost-effectiveness.

The moderator/reflector studies employ a systematic
two-phase optimization approach using the geometry
illustrated in Fig. 4, featuring a 200 cm X (a + 2R;) %
(a + 2R) rectangular block assembly containing both
beam pipe assemblies. The configuration consists of a
central moderator core of dimension a x a x [ surrounded
by a reflector shell of thickness R, creating the total system
dimensions. The first phase investigates the thermal areal

Top view

Side view

Moderator material

Scoring
region

200 cm

(5]
o
o=
o
=
<
(9]
s}
o0
=]
.=
=
(]
o0
. B s
OScormg e 9
2]

Tegion target

a + 2-Rg: Total moderator size a

FIG. 4. Cross-sectional schematic for the moderator-reflector
configuration studies. The neutron target assembly consists of a
200 cm x (a + 2R;) x (a + 2Ry) solid parallelepiped containing
both beam pipe assemblies, with a, [, and R, systematically
varied to determine optimal dimensions for each material.

density (Age,) across the parameter space a = 40-120 cm
and R, = 20-60 cm, maintaining / = 200 cm constant.
This configuration exploits the excellent neutron transport
properties of the moderator materials, although it may
result in less cost-efficient configurations due to the large
volumes of D,O or BeO required.

The Monte Carlo results for the first phase, presented in
Fig. 5, demonstrate the optimization landscape for both
moderator/reflector combinations across the investigated
parameter space. The figure includes contour curves
(shown in blue) representing the asymptotic optimization
threshold of 9 x 10~7 n/cm? /prim for each proton energy,
while the gray shaded region indicates the configuration
space achieving performance above the optimization
threshold. The systematic analysis reveals that a reflector
thickness of R, = 50 cm maximizes the areal density as a
function of parameter a, exceeding the optimization thresh-
old for all proton energies in the 5-10 MeV range. Based on
these results, R, =50 cm is selected as the optimal
reflector thickness for the second phase studies.

The second phase focuses on optimizing both moderator
core dimensions to maximize areal density while minimiz-
ing the total moderator volume for cost-effective imple-
mentation. With the optimal reflector thickness of
R, = 50 cm established in the first optimization phase,
the parameter space is explored across a = 40-120 cm and
[ =35-100 cm. The Monte Carlo results for this optimi-
zation study are presented in Fig. 6, employing an
analogous representation to Fig. 5 with blue contour curves
indicating the asymptotic optimization threshold and gray
shaded regions showing viable configuration spaces for
both moderator/reflector combinations.

From this analysis, two candidate configurations are
selected for further optimization. Configuration C;, shown
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FIG. 5. Monte Carlo optimization results for moderator/reflec-
tor combinations keeping / = 200 cm. Blue contours represent
the asymptotic optimization threshold of 9 x 10~7 n/cm?/prim
for 5, 7, and 10 MeV proton energies. Gray shaded regions
show configurations exceeding the threshold for D,O 4 graphite
and BeO + graphite combinations across the parameter space
a =40-120 cm and R, = 20-60 cm.

in the top panel of Fig. 6, represents the selected candidate
for the D,O moderator combination. Based on the calcu-
lation results, C; (a =70 cm, [ =70 cm) provides an
optimal trade-off between areal density exceeding the
optimization threshold and relatively reduced D,O volume
requirements. Configuration C,, presented in the bottom
panel of Fig. 6, corresponds to the BeO moderator and
requires different selection criteria. Given the neutron
multiplication capabilities of beryllium at proton energies
above 7 MeV, viable configurations span practically the
entire studied parameter space for these higher energies.
Therefore, C, selection prioritizes a minimum BeO volume
while maintaining compatibility with proton energies above
7 MeV. The analysis concludes that C, (a = 50 cm,
[ = 44 cm) represents an optimal balance between areal
density above the threshold, reduced BeO volume, and
performance optimization for proton energies above 7 MeV.
These candidate configurations establish the foundation for
the third optimization stage incorporating cryogenic
enhancement to further maximize thermal neutron density.

G. Cryogenic moderator enhancement study

The third optimization stage incorporates a cryogenic
LH, moderator to further maximize thermal neutron
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FIG. 6. Monte Carlo calculation results for moderator materials
D,0 and BeO and graphite reflector using chosen reflector size
R, = 50 cm. Selected candidate configurations, displayed in red
color, are C; and C,, corresponding to core moderators of D,O
and BeO, respectively. The contour lines, in blue, correspond to
Agen = 9.0 in units of 1077 n/cm?/prim for different proton
energies.

density beyond the performance of the optimized moder-
ator/reflector combinations established in Sec. I F.

Liquid hydrogen (LH,) at 20 K represents the optimal
choice for cold neutron moderators due to its exceptional
hydrogen nucleus density and unique scattering behavior. At
this temperature, hydrogen exists predominantly as para-
hydrogen (>99%), which exhibits filterlike behavior with
at least a 30-fold reduction in scattering cross section below
standard room thermal energy range. This enables the con-
struction of low-dimensional moderators where cold neutrons
can easily travel through the moderator material with minimal
risk of regaining energy through multiple collisions [24]. The
large hydrogen scattering cross section ensures superior
moderation effectiveness, while LH, offers greater radiation
resistance and operational safety advantages over alternative
cold moderator materials such as solid methane.

The cryogenic enhancement study employs the candi-
date configurations C; and C, established from the
moderator/reflector optimization as the baseline geometries
for systematic investigation, see Sec. Il F. The cold mod-
erator features a cylindrical geometry that is completely
embedded within the storage-ring beam pipe and directly
surrounds the void scoring volume through which the
radioactive ion beam circulates, as illustrated in Fig. 7.
This configuration ensures optimal neutron-ion interaction
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Moderator material
CM;

Cold Moderator

FIG. 7. Cross-sectional schematic of the moderator configura-
tion studies. The moderator consists of a 200 cm xa x a solid
parallelepiped containing both beam pipe assemblies, with CM
systematically varied to determine optimal dimensions for each
material.

while providing a vacuum layer which is essential for
thermal isolation of the cold moderator. The cold moderator
thickness (CM,) is varied over 0—40 mm, with para-
hydrogen thermalization at 20 K treated using the thermal
scattering libraries described in Sec. I D.

The Monte Carlo calculation results for the cryogenic
enhancement optimization are presented in Fig. 8. The
systematic analysis reveals significant performance
improvements (~60% over the optimization threshold)
for both candidate configurations across the investigated
proton energy range. The optimization results demonstrate
distinct plateau regions where a maximum areal density is
maintained across the range of cold moderator thicknesses.
Configuration C; exhibits optimal performance across the
range CM; = 13-21 mm, while configuration C, achieves
peak areal density within CM; = 12-20 mm, as indicated
by the gray shaded regions in Fig. 8. Beyond these plateau
regions, additional LH, thickness provides diminishing
returns due to neutron absorption effects. The energy
dependence for a D,O moderator observed in previous
optimization stages persists, generally yielding superior
thermal areal densities for lower proton energies. As for the
configuration C,, the inverse energy trend characteristic of
BeO neutron multiplication effects remains, which is
particularly pronounced at 10 MeV proton energy.

Based on the calculation results, CM; = 13 mm is
selected as the optimal cold moderator thickness. This
value represents an optimized compromise that maximizes
thermal areal density for both configurations while mini-
mizing the LH, volume that must be integrated within the
beam pipe assembly, thereby reducing cryogenic system
complexity and operational requirements.

H. Final configuration of the neutron target

The three-stage optimization methodology yields two
recommended configurations for the free-neutron target,
summarized in Table II.
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FIG. 8. Monte Carlo calculation results for the candidate
configurations, C; and C,, including a cryogenic LH, moderator
at 20 K. The thickness of the cold moderators (CM;) is chosen to
maximize the thermal areal density. The dotted black line
represents the threshold areal density for a compact and cost-
effective moderator.

Both configurations substantially exceed the optimiza-
tion threshold, achieving ~60% above this baseline. High-
statistics Monte Carlo calculations (4 x 10° neutron histor-
ies per energy point, statistical uncertainties below 0.5%)
across the full proton energy range are presented in Fig. 9,
where the smooth energy dependence of Ay, enables
reliable polynomial interpolation at intermediate energies.

A market survey among international suppliers of
nuclear-grade graphite, D,O with purity >99.8%, and
solid fired BeO ceramic blocks reveals cost ratios per unit
volume of approximately 1:100:1000, respectively. Given
the effective moderator volume optimization achieved in
the proposed configurations, the implementation cost of
configuration C, is approximately a factor of 3 that of
configuration C, as the total system cost is dominated
by the moderator material rather than the reflector
components.

The optimization process demonstrates that BeO does
not provide direct advantages under cost-constrained fea-
sibility criteria, as reflected in the similar performance of
configurations C; and C,. However, our calculations
indicate that an enhanced areal density can be achieved
using larger BeO moderator geometries when cost con-
straints are relaxed. For instance, employing BeO with the
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TABLE II. Final proposed configurations for the compact neutron target optimized for storage-ring integration.
Moderator Reflector Cold moderator Proton energy Thermal areal density
R, Temperature  CM; Aden
Configuration Material a (cm) [ (cm) Material (cm) Material (K) (mm) E, (MeV) (10~7 n/cm?/prim)
C, D,O 70 70 Graphite 50 LH, 20 13 5-10 14.3-15.0
C, BeO 50 44 Graphite 50 LH, 20 13 >7 14.0-15.0

C, geometry (¢ =70 cm and [ =70 cm) yields 16 x
1077 n/cm?/prim at 10 MeV proton energy, albeit at
approximately nine times the cost of configuration Cj.

Configuration C; represents the most cost-efficient
option for proton beam energies in the range 5-10 MeV.
For applications where budget constraints are not limiting
factors, BeO-based configurations can deliver superior
neutron density performance, though at substantially higher
implementation costs. The final selection should prioritize
feasibility requirements that balance performance targets
against practical budget and operational constraints.

The conversion of these normalized areal densities to
absolute target performance is presented in Sec. III, where
commercial cyclotron models covering a wide range of
beam currents are evaluated to establish the achievable
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FIG. 9. (a) Thermal areal density normalized to primary
neutron source strength for configurations C; and C, as a
function of proton energy. Monte Carlo calculations with
4 x 10° neutron histories per energy point. (b) Thermal areal
density for both configurations folded with the °Be(p,xn)
production yields from Ref. [33].

performance for both the proof-of-concept demonstrator
and future higher-intensity implementations.

III. IMPLEMENTATION OF THE
SUPERCOMPACT CYCLOTRON-DRIVEN
NEUTRON TARGET

The transition from conceptual design to operational
hardware requires selecting commercially available com-
ponents and engineering solutions that guarantee reliable
operation in a storage-ring environment. The neutron-target
concept proposed here has not yet been demonstrated
experimentally; its implementation must therefore focus
on a proof-of-concept demonstrator that can be integrated
into existing facilities with minimal modifications, priori-
tizing feasibility over ultimate performance.

The implementation approach prioritizes feasibility and
modularity, enabling deployment at various storage-ring
facilities worldwide while maintaining the performance
characteristics established through the Monte Carlo opti-
mization studies presented in Sec. II. The proposed system
leverages mature medical cyclotron technology, proven
moderator materials, and established cryogenic systems to
deliver a robust, cost-effective neutron target suitable for
pioneering neutron-capture measurements in inverse
kinematics.

The selection of an appropriate cyclotron represents the
most critical component choice for the neutron target
implementation. A survey of commercial compact cyclo-
trons identifies a clear separation between low-energy
systems (E, <10 MeV) intended for medical isotope
production and higher-energy research-grade machines.
For a first demonstrator, low-energy units offer decisive
advantages: compact footprint, low infrastructure require-
ments, and well-established reliability. Table III summarizes
representative commercial models and their estimated ther-
mal areal densities, calculated for £, < 10 MeV using the
calculation results of Fig. 9, and for £, > 10 MeV using a
constant per-primary value of Ay, =5x10""n/cm?/prim
combined with neutron yields from Ref. [20].

Among the low-energy cyclotron options, the IBA
Cyclone KEY emerges as the preferred choice for the
proof-of-concept demonstrator due to its exceptional com-
pactness (1.5 x 1.4 m? footprint, 7.5 t weight), adequate
performance (9.2 MeV protons, 130 pA maximum cur-
rent), and proven reliability in medical applications.
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TABLE III. Selection of commercial compact proton cyclotrons. Technical specifications and suitability for implementation of the
free-neutron target are based on the proposed configuration with a D,O moderator (see configuration C; Table II). For proton energies
up to 10 MeV, the total areal density is taken from calculations in Fig. 9. For proton energies larger than 10 MeV, calculations assume a
thermal areal density per primary neutron Ay, = 5 x 10~7 n/ecm?/prim and neutron yields from Ref. [20] (E » > 10 MeV).

Footprint Weight Proton energy Max current Thermal areal
Manufacturer Model (m?) (tons) (MeV) (HA) Shielding density (n/cm?) Source
IBA Cyclone KEY 1.5x 14 7.5 9.2 130 Self-shielding (opt) 3.4 % 10° [42]
Best BG-95 <2 x2 22 9.5 120 Self-shielding 3.3 x 10° [43,44]
Best B6-15/B15p 22 x 22 14 10 400 (550%) Self-shielding 1.2 x 107 [45]
GE PETtrace 800 series 1.33 x 1.2 20 16.5 160 Vault 6.7 x 10° [46]
IBA Cyclone KIUBE 1.9 x 1.9 18 18 300 Vault 1.5 x 107 [47]
Self-shielding (opt)
ACSI TR-FLEX 1.7 x 1.7 24 22 800 Vault 6.4 x 10’ (48]
IBA Cyclone IKON 22 x22 30 22 1500 Vault 1.2 x 108 [49]
ACSI TR-30 24 x24 50 22 1600 Vault 1.3 x 108 [50]
IBA Cyclone 70 4 x4 120 30-70 750 Vault [51,52]

"Measured at Argonne National Laboratory.

The system achieves a thermal areal density of
3.4 x 10° n/cm? when operating at maximum current.
For operational planning and performance estimates
throughout this work, we adopt a conservative nominal
value of 3 x 10° n/cm?, providing margin for system
reliability and beam optimization. The compact cyclotron
dimensions allow it to be embedded directly within the
graphite reflector assembly of configuration C; (D,O
moderator, graphite reflector, and LH, cold moderator at
20 K). Figure 10 shows a possible implementation of the
neutron target proposed here. This integrated assembly
occupies roughly 2 x 2 x 2 m, fitting within a typical
storage-ring experiment section without major infrastruc-
ture changes. The self-contained neutron source is opti-
mally positioned with respect to the storage-ring beam
pipe, minimizing neutron transport losses and simplifying

Neutron
Target (NT)

L

\

alignment. The small footprint of the cyclotron makes it
particularly well suited for a demonstrator system, thus
eliminating the need of a large ancillary facility, as would
be required for a spallation source [I15] or a fission
reactor [14]. Finally, it is worth emphasizing that thick
beryllium targets are known to suffer from severe hydrogen
embrittlement problems [53] arising from the insolubility
of hydrogen in beryllium. This issue can be effectively
mitigated through a three-layer target design [30], where
nearly all incident protons are stopped in a second layer
composed of a suitable material such as palladium.
Following this approach, the beryllium target layer is
designed to have a thickness corresponding to 87% of
the proton range in beryllium. This configuration preserves
a high neutron yield from the *Be(p,xn) reaction while
allowing >99% of the protons to traverse the beryllium

FIG. 10. Left: the supercompact cyclotron IBA Cyclone KEY [55] with a footprint of ~2 m? and a weight of 7.5 t. Right: sketch of a
possible implementation of the full system at the CRYRING ion-storage ring at GSI. For details about the neutron target geometry see

Table II.
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layer and deposit their remaining energy in the palladium
stopping layer. For 9.2 MeV protons, the projected range in
beryllium calculated with SRIM-2013 [54] is 688 pm. The
beryllium layer thickness of 0.6 mm was optimized such
that the Bragg peak falls entirely within the palladium
stopping layer, thereby ensuring that both the maximum
energy deposition and the hydrogen implantation peak
occur outside the beryllium layer. At this conceptual design
stage, detailed modeling of the proton-stopping palladium
layer and the copper cooling backing has not been included,
although their technical implementation follows estab-
lished procedures as described in Ref. [30]. The target
must dissipate approximately 1.2 kW of deposited power,
which can be effectively managed through beam defocus-
ing or wobbling over the beryllium surface, supplemented
if necessary by active cooling via water, air, or helium gas
flow through the copper backing layer.

Once the technique is established, the same design
principles can be scaled to higher-performance systems
by pairing the optimized moderator/reflector geometry with
research-grade cyclotrons (Table III). In particular, com-
mercial models such as the IBA Cyclone IKON or the ACSI
TR-30 emerge as strong candidates for achieving thermal
areal densities above 108 n/cm?. An even greater increase,
exceeding 10° n/cm?, could be realized by employing the
Ta(p, xn) reaction at proton energies around 70 MeV,
for which neutron yields are typically 2 orders of magni-
tude higher than those of the *Be(p, xn) reaction at proton
energies below 10 MeV [29]. Such an implementation
would require high-energy cyclotrons, such as the IBA
Cyclone 70 listed in Table III, and would greatly benefit
from next-generation high-current compact systems
(5—-10 mA), which are still under active development
[56,57]. This stepwise strategy offers a technically and
economically feasible pathway for introducing the neutron-
target concept to the storage-ring community while build-
ing the operational experience needed for future large-
scale, high-performance dedicated installations.

IV. FEASIBILITY DEMONSTRATION
AT THE CRYRING@ESR

The primary goal of this work is to establish neutron-
induced reaction measurements on short-lived nuclei.
Therefore, the ion-storage ring, into which the neutron
target will be incorporated, has to fulfill several principal
requirements. Straightforwardly, it has to be coupled to a
radioactive-ion beam production facility. The collision
energy of the stored ions and thermal neutrons is defined
by the kinetic energy of the ions. Hence, it should be able to
store and manipulate ion beams at low kinetic energies
ideally down to a few tens of keV/u for astrophysical
applications. It is worth mentioning that most s-process
branching nuclei measurements carried out with conven-
tional TOF techniques are limited in the neutron-energy
range up to 1-10 keV [5] and the inverse-kinematics

methodology proposed here is thus an excellent comple-
mentary approach for these cases.

Although several projects have been discussed in the past
[58,59], the low-energy storage ring CRYRING@ESR [60]
at the GSI Helmholtz Center for Heavy lon Research in
Darmstadt is the only suitable facility presently in operation
worldwide. Whereas proof-of-concept experiments can be
demonstrated with the CRYRING@ESR, a specially
designed future ion-storage ring is required to boost the
overall performance by several orders of magnitude
(see Sec. V).

A. The GSI facilities

The GSI facilities are optimized for the production of
radioactive ion beams employing projectile fragmentation
or in-flight fission nuclear reactions. For this purpose, the
accelerator complex, consisting of a universal linear
accelerator (UNILAC) and a heavy-ion synchrotron
(SIS18), is designed to provide any stable beam from
H to %0 up to a maximum magnetic rigidity
Bp = mvy/q = 18 Tm. B and p denote the magnetic flux
density and bending radius of the magnets, and m, ¢, and
v, respectively, the mass, charge, and velocity of the
accelerated ions. The factor y stands for the relativistic
Lorentz factor.

The high-energy beams impinge on a production target
installed at the entrance of the fragment separator
(FRS) [61], thereby producing short-lived nuclei. The
FRS can offer an inventory of (secondary) production
targets, strippers, and degraders, enabling the preparation
of a clean beam of nuclei of interest [62]. It is important for
the space-charge argumentation later that at these energies,
the ions are nearly or fully ionized, which means that they
have none or only a few bound electrons [63,64].

The secondary ion beam is transmitted and injected into
the experimental storage ring (ESR) [65], which is a
versatile machine for manipulating the secondary ion
beams [58,66]. It offers fast beam cooling, further beam
purification, and essentially the deceleration to lower
energies [67,68]. Charged-particle-induced nuclear reac-
tion experiments with an internal hydrogen or deuterium
gas target have been conducted in the ESR employing
decelerated stable ions [69-73], and very recently for the
first time decelerated radioactive ''8Te ions (7, = 6 d)
[74]. Experience gained in these successful experiments
contributed to the design of the detection systems discussed
in Sec. IV D. However, the lowest center-of-mass energy
reached in these experiments was about 6 MeV, which is
too high for the neutron capture reactions envisioned here.
The future perspectives to approach lower beam energies of
3—4 MeV/u [75] do not alter this conclusion.

The low-energy storage ring CRYRING has been rebuilt
behind the ESR. The physics case for CRYRING@ESR
focuses mainly on high-precision experiments with highly
charged heavy stable ions [60], which defined its major
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characteristics. The CRYRING is operating at extreme high
vacuum (XHV) conditions of 10~'2 mbar or better, which
is decisive to achieve long storage times for low-energy
beams of highly charged ions. The CRYRING can receive
ion beams from the ESR at about 10-15 MeV/u or from a
local ion source at 300 keV/u. The beam energy can then be
adjusted inside the ring. Electron cooling is available in the
entire energy range of the CRYRING and is used to reduce
and maintain the defined momentum of the beam and its
spread to within 0.01%.

Several nuclear reaction experiments of astrophysical
relevance were conducted in the CRYRING employing
stable beams from the local source. For this purpose the
dedicated CRYRING array for reaction measurements
(CARME) has been installed at the internal gas-jet target
of the CRYRING [76,77]. Measurements at center-of-mass
energies of below 100 keV could be achieved [78], which is
the energy range of interest here. Experiments with beams
of highly charged heavy ions provided from the
ESR [79,80] demonstrated the possibility to store secon-
dary beams, although no radioactive beam was stored yet.

B. CRYRING parameters

The CRYRING has a circumference of 54.17 m and a
maximum magnetic rigidity of 1.44 Tm. The injected ion
beam will circulate and interact with the neutron target to
be installed in a 3-m long straight section (see Fig. 10). The
orbiting frequency is defined by the beam energy. For
example, a 2Ne?* beam at 100 keV/u circulates at 81 kHz,

while at an energy of 300 keV/u the frequency is v/3 times
higher (140 kHz).

An essential parameter is the beam lifetime, which has to
be considered in addition to the radioactive decay of the
ions. The CRYRING is operating under XHV conditions to
minimize beam losses due to collisions with rest gas
molecules. Recombination reactions in the electron
cooler lead to additional beam losses. The beam lifetime
and other parameters can be calculated with the dedicated
online tool Beamcale [81]. The lifetime of the circulating
beam depends on its kinetic energy and the ionic charge
state. The higher the charge state, the larger the recombi-
nation rate, but the smaller the electron stripping rate, and
vice versa. A *°Ne?* beam at 300 keV/u has a calculated
lifetime of 13 s, while the higher 6+ charge state has a
lifetime of 19 s. For a 1 MeV/u 2°Ne* beam the lifetime
can be as long as 87 s.

Another decisive parameter is the CRYRING space
charge limit. Calculations show that a beam containing
about 10° charges can be stored [82], which is in fair
agreement with achieved intensities of about 2 x
10°238U%* jons stored [83]. Further optimizations of
the CRYRING as well as the deceleration in the ESR
and beam transport are ongoing to maximize the overall
stored beam intensity.

C. Measurement cycle at the CRYRING@ESR

For the proof-of-concept experiments, the standard GSI
machine operations will be employed. Two cycle types
need to be distinguished depending whether the beam is
provided by the local ion source or by the ESR. These two
types differ dramatically in their duty cycles.

In the context of the envisioned running sequence, the
CRYRING can be filled with the fresh beam from the local
ion source basically at any time. An injected bunch at
300 keV/u is quickly accelerated/decelerated and cooled to
the energy of interest. The duration of beam preparation is
at most a few seconds. At this time, the neutron target can
be switched on. The duration of the measurement period
depends only on the beam storage time, since the local ion
source provides stable beams.

Various neutron-induced reactions can occur. The prod-
ucts of (n, @) and (n, p) and other reactions except for (1, y)
have trajectories in the ring different from the stored beam.
These reaction products can be immediately intercepted by
particle detectors placed in the corresponding locations
along the ring lattice while the unreacted beam continues to
circulate. This detection principle is completely analogous
to the one employed for charge-particle-induced reactions
studied in the ESR.

The (n, y) reaction products require a dedicated auxiliary
detection setup which is discussed in Sec. IV D. For this
purpose, the remaining stored beam and the (7, y) reaction
products, both with identical mean magnetic rigidities, will
have to be extracted from the CRYRING. At this moment,
the procedure can be repeated by refilling the ring with the
fresh ions.

In the case of the beams from the ESR, the preparation of
the beam at high energy and subsequent deceleration take
about a minute, which is much longer than the stable ion
mode. For a radioactive beam, additional stochastic cooling
and/or accumulation might be required [58,67,84,85]. The
beam is injected into CRYRING at 10-15 MeV/u and
needs to be decelerated to the energy of interest. The
remaining cycle is identical to the one of the local ion
source except that the radioactive decay of the ions needs to
be considered in the overall beam lifetime.

D. Detection principle

The particle orbits in a storage ring depend on their
magnetic rigidities, which directly contain the orbit bend-
ing radius. Depending on the neutron-induced reaction, two
types of detection methods will be utilized.

1. Radiative neutron capture: 4Z(n,y)A*1Z

The charge ¢ is not altered in this reaction. Furthermore,
due to momentum conservation, the magnetic rigidities of
the parent and daughter ions are the same. Hence, the orbits
of the circulating beam (*Z) and the reaction products
(A*1Z) cannot be distinguished and the in-ring detectors
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cannot be used. The recoil of the daughter ion due to the
emission of y radiation leads only to a small momentum
broadening. However, both ion types have very different
velocities—the (heavier) neutron capture reaction product
is now circulating with a velocity that is slower by the
fraction 74+.

To make use of this difference in velocity in the proof-of-
concept experiments at the CRYRING, the beam and the
reaction products will be extracted together into a Wien
velocity filter (see Fig. 11). Exploratory simulations for the
20Ne(n, y)*'Ne reaction at 1.68 MeV/u show that a Wien filter
with a pole gap of 100 mm and an electric field strength of up
to 3 kV/mm can fully separate a cooled 2°Ne’*/?!Ne?*
beam within a drift length of at least 3 m. This design is similar
to existing Wien filters, e.g., at KoBRA at the RAON facility in
South Korea [86]. With an initial momentum spread of
8p/p = 1073 and after a drift length (assuming an isotropic
emission of a single y-ray), the reaction products can be
efficiently counted with a DSSD while the current of the
unreacted beam is measured with a Faraday cup.

Various stable beams available at GSI can be employed
for the validation of this new methodology for determining
(n, y) cross sections at the CRYRING. One choice could be
the stable beam of *°Sm, provided either via the ESR
injection or directly from a local source, if available. '*Sm
has a very high and well-known radiative capture cross
section, 1820(17) mb at kT = 30 keV [87], and 525 mb at
E, =300 keV [88]. Additionally, the two main existing
time-of-flight measurements agree within ~10% and
covered the neutron-energy range up to E = 225 keV
[89] and E = 700 keV [88]. A new TOF experiment over
a broader energy range and with an improved accuracy is
planned at CERN n_TOF [90].

The same measurement principle can be used for (n, 2n)
reactions at higher energies (£, > 10 MeV). However,

these reactions are less interesting for nuclear astrophysics
and are not discussed here.

A more efficient design at a future dedicated facility (see
e.g., Fig. 13) will incorporate the Wien filter directly into
the storage ring lattice. In this case only the reaction
products are extracted, thus allowing a quasicontinuous
measurement and enabling the beam accumulation option.
Hence, a boost in luminosity by several orders of magni-
tude can be expected, dependent on the beam accumulation
efficiency. This is discussed in Sec. V B and Ref. [91].

2. Other neutron-induced reactions:
AZ(n.p)AZ-1 and A Z(n,a)*—3Z-2

These “charge-changing” reactions are less demanding
in terms of detection in the storage ring and will employ
well-established methods at the ESR. This includes particle
counters (e.g., DSSDs) that have to be installed directly into
the CRYRING vacuum and are positioned horizontally in
the beamline with movable actuators [67,68,92].

In addition, nondestructive and frequency-resolved mon-
itoring of the beam is performed with Schottky pickups
[93,94]. The main task of this detector will be the
determination of the number of parent ions stored, needed
for the redundant luminosity determination, and their
momentum distribution.

V. FUTURE FACILITIES AND PROSPECTS

The CRYRING@ESR offers the unique possibility to
validate the concept at an existing facility. However, it was
built for a very different research and thus has limitations
that cannot be overcome. With the construction of a
dedicated storage ring at an Isotope Separation On-Line
(ISOL) facility [95] for radioactive ion beam production,
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several orders of magnitude gain in luminosity can be
achieved.

In the ISOL method, the radioactive nuclei are produced
“at rest” inside a heavier target material that is bombarded
with light projectiles (protons, deuterons, or secondary
neutrons) or high-energy photons (via electron-to-photon
converters).

The (singly charged) ions are extracted from the target, if
needed cleaned from isobaric contaminations by resonance
laser ionization, mass-separated, and transported at keV-
energies to the low-energy experiments (e.g., for decay
spectroscopy, laser spectroscopy, mass measurements with
ion traps) [96,97]. The extracted ion beams can be further
accelerated at ISOL facilities with the help of electron beam
ion sources (EBIS) that are well suited for the production of
higher charge states (lower A/g ratios) for further ion
selection. These postaccelerated beams could be directly
injected into a connected low-energy storage ring at the
energy of (astrophysical) interest for reaction experiments
without any further energy adjustment. In this way, the
lengthy inefficient deceleration scheme at fragmentation
facilities is completely avoided (see Sec. IV).

It is a huge advantage that the beam can be continuously
accumulated in the ring, allowing to reach beam intensities
close to the space charge limit in the mA range. The low
atomic charge states from an ISOL beam are an asset here.
Such phase-space accumulation techniques are well-
established [25] but the accumulation efficiency depends
also on the beam lifetime. Overall, a gain of 2-3 orders of
magnitude compared to the CRYRING@ESR is realistic.

However, the aforementioned accumulation scheme can
only work if the velocity measurement is conducted
directly inside the ring, e.g., by a Wien filter incorporated
directly into the ring lattice. In this way, the (n,y) reaction
products can be removed from the ring without affecting
the stored accumulated beam [91].

In the following, we briefly describe two ISOL-based
options that may become available in the coming decades.
Relevant cases of astrophysical interest are discussed later
in Sec. VL

A. Ion-storage ring (ISR) at CERN-ISOLDE

At CERN ISOLDE [96], radioactive ions are produced
via spallation, fragmentation, and fission reactions induced
by a proton beam from the PS-Booster impinging onto
thick targets. The PS-Booster typically operates at 1.4 GeV
(95% of runs), with 2.0 GeV expected in the future. Singly-
charged radioactive ions from the on-line mass separator
are postaccelerated with HIE-ISOLDE from 30 keV to
energies close to 10 MeV/u. Ions are accumulated in a
Penning trap (REXTRAP) and then transported to an EBIS
(REXEBIS), where their charge state can be increased.

A proposal to install the low-energy test storage ring
(TSR) [25] at HIE-ISOLDE has been thoroughly prepared
but not yet realized at CERN. A follow-up proposal
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FIG. 12. Schematic drawing of the low-energy ISOLDE ion-
storage ring (ISR) proposed in the EPIC project [26], to show the
possible integration of the neutron target for capture experiments
in inverse kinematics. Adapted from Ref. [26].

considers a new dedicated ion-storage ring (ISR) with a
circumference of 40 m [26], as illustrated in Fig. 12. This
design is optimized for multiturn injection from HIE-
ISOLDE and features electron cooling with times spanning
from a few seconds for light nuclides like "Be, '3F, to a few
hundred milliseconds for heavy isotopes like 32Sn*.

The ISR design is not yet finalized and could be adapted
to incorporate the neutron target and a velocity filter
presented in this work.

B. TRIUMF storage ring (TRISR) at TRIUMF-ISAC

The Isotope Separator and Accelerator (ISAC) facility at
TRIUMEF, Canada, is presently the highest power radio-
active ion beam facility of the ISOL type. Rare isotopes are
produced by spallation, fission, and fragmentation reac-
tions in the production targets induced by 500 MeV proton
beams of up to 100 pA delivered by TRIUMF’s main
cyclotron [97].

A second production facility for neutron-rich nuclei via
photo-induced fission, covered under the Advanced Rare
Isotope Laboratory (ARIEL) project, is presently under
construction and expected to provide cleaner neutron-rich
beams by 2028/29. ARIEL uses an electron linear accel-
erator, impinging electrons of 30 MeV on a high-Z
converter material. The produced high-energy photons will
induce fission reactions in the uranium targets, suppressing
any other reaction channel. With the ARIEL facility, up to
three radioactive beams (two from proton spallation, one
from photofission) will be available for various experi-
ments in the ISAC halls.

The radioactive ions of interest are extracted from the
target, mass separated, and delivered as singly-charged,
low-energy beams (E < 30 keV) into the ISAC-I exper-
imental hall. For further acceleration, higher charge states
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are produced by the existing electron cyclotron resonance
ion source or in future with the new CANREB-EBIS. This
allows ion beams to be further accelerated through the radio
frequency quadrupole and drift-tube linear accelerators to
energies of 0.15-1.8 MeV/u. For nuclear structure studies,
the ion beams can be further accelerated with supercon-
ducting rf cavities up to 16.5 MeV/u and delivered to
experiments in the adjacent ISAC-II experimental hall.

The TRIUMEF storage ring (TRISR) project [3] is based
on a new low-energy storage ring that would be installed in
the ISAC-I experimental hall, allowing to exploit both
stable beams from the offline laser ion source as well as
intense radioactive beams from the ISAC and ARIEL target
stations. The TRISR will be a storage ring of about
40-50 m circumference, similar to the ISR foreseen at
CERN-ISOLDE, covering the astrophysically interesting
energy range that can be injected from the ISAC-I accel-
eration chain (~0.15 MeV/u up to 1.8 MeV/u) for A/q <7.

Figure 13 shows a schematic view of the TRISR with the
injection from the existing ISAC facility, an electron cooler,
the neutron target, and the extraction beamline with a recoil
separator in the center of the ring.

The dedicated design allows the integration of a Wien
filter into the ring lattice to separate reacted and unreacted
beams. The reaction products are then selectively extracted
into the recoil separator while the unreacted beam con-
tinues to circulate. This new concept was studied in
Ref. [91] based on ion-optical and particle-tracking calcu-
lations and shows that a Wien filter can be efficiently
integrated without disturbing the primary circulating beam.
The neutron-capture reaction products can be extracted
from the ring within ps after the reaction via a magnetic
(Lambertson) septum and identified with particle detectors
in the focal plane of the recoil separator. With this concept,
the unreacted beam continues to circulate, which is the
prerequisite for the beam accumulation. Depending on the
decay half-life, production yield, and losses of the ions of
interest in the ring, several orders of magnitude higher
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luminosities can be achieved compared to the CRYRING
concept (see Sec. IV).

VI. ASTROPHYSICS CASES

The neutron target design presented in Sec. III is
achievable with commercially available cyclotron technol-
ogy (Table III). It can reach areal densities of ~3 x
10° n/cm? at the CRYRING proof-of-concept demonstra-
tor (Sec. IV) up to =10° n/cm?> with higher-energy
commercial models. Combined with a dedicated ISOL-
based storage ring discussed in Sec. V, it would enable
direct measurements of a large number of neutron-capture
cross sections that have so far been inaccessible to conven-
tional techniques.

The ISOL method allows access to a large number of
clean, high-intensity radioactive beams. Reaction measure-
ments will require (postaccelerated) intensities of >107 pps
for injection into the storage ring and thus will limit the
range of accessible nuclei closer to stability. (Some)
examples for potential neutron-capture measurements of
astrophysical interest are listed in Table IV together with
their measured yields from extracted beams. Since
TRIUMF-ISAC is about 25 years younger than CERN-
ISOLDE, the yield measurements of many of these
neutron-rich nuclei have not yet been performed. Some
cases are listed where a value can be extrapolated by
measured yields of neighboring isotopes. Close to stability,
where the release times are much shorter than the decay
half-lives, the yield decreases by roughly one order of
magnitude per mass unit toward more neutron-rich or
neutron-deficient nuclei.

It should also be noted that the ISOLDE yields are given
as in-target yields, without considering release and extrac-
tion efficiencies. So the comparison with the measured
ISAC yields should be taken with care. To postaccelerate
the beam to the energy of astrophysical interest before
injection into the storage ring, further losses of roughly in
the 1-2 orders of magnitude in intensity have to be
considered. This can be seen by comparison of the
ISAC yields for singly-charged and highly-charged '3*Cs
and '¥2Sn.

In the following, we discuss in more detail some
astrophysically relevant cases. These cases are organized
by increasing experimental challenge: from big bang
nucleosynthesis (accessible with the CRYRING demon-
strator), through s-process branching points (requiring
ISOL facility integration), to i- and r-process nuclei
(requiring full-performance implementations with beam
accumulation).

A. Big bang nucleosynthesis

Neutron-induced reactions on light radioactive nuclei are
relevant for big bang nucleosynthesis (BBN) studies
[100-102]. As an example, the two reactions 'Be(n, p)
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TABLE IV. Example of isotopes of astrophysical interest with their production yields at ISAC [98] and ISOLDE
[99]. The label in the first column (s/i/r) denotes the astrophysical process of interest. ISOLDE yields were
calculated from yield per pC as in Ref. [99] to pps by multiplication by 1.6 assuming an average proton current of
2 pA. Note that ISOLDE values correspond to in-target yields and thus do not include the release and extraction
efficiencies. ISAC yields are given in particles per second (pps) measured at the yield station. If yields for the
respective isotope were not yet measured, short-range extrapolations are provided with a factor of 10 per mass unit
(see text). Note that postaccelerated beam intensities will be lower by 1-2 orders of magnitude. Two measured yields
for higher charge states of '32Sn and '3*Cs are given for comparison. All other charge states are 1+.

Process Isotope Half-life Facility Yield

s 81Kr 2.3 x10° yr ISOLDE 7.0 x 10° pps

s 85Kr 10.766 yr ISOLDE 4.8 x 10° pps

s 134Cg 2.06 yr ISAC (1+) Extrapolated from '32Cs: 1.5 x 10° pps
ISAC (24+) Extrapolated from 32Cs: 5.5 x 107 pps
ISOLDE ~1.2 x 10'° pps®

s 147N 10.981 d ISAC Not yet measured, '4©148Nd are stable
ISOLDE ~8.6 x 10° pps"

s 148py 537d ISOLDE ~8.5 x 10° pps*

s 153Gd 240.4 d ISAC Measured: 2.2 x 10% pps

s 160 723 d ISOLDE ~1.3 x 107 pps”

s 170Tm 128.6 d ISAC Extrapolated from '7>Tm: ~10° pps
ISOLDE Yield ~1.1 x 101 pps®

i %ONj 54.6 h ISOLDE 1.6 x 10® pps

i 27n 46.5 h ISOLDE 1.6 x 108 pps

i 5Ga 126 s ISAC Measured 5.0 x 10 pps
ISOLDE 4.8 x 107 pps

i 8Ge 88 m ISOLDE 1.6 x 108 pps

i Ge 39s ISOLDE 1.9 x 10® pps

i 80Ge 295 s ISOLDE 4.0 x 10° pps

i 8Br 2.87 m ISOLDE 1.2 x 10® pps

i 137Cs 30.08 y ISOLDE 2.7 x 10" pps

i 141B4 18.27 m ISAC Extrapolated from 4?Ba: ~2.9 x 10'° pps

i 153Sm 46.27 h ISOLDE 1.4 x 10® pps

r 1328n 39.7 s ISAC (1+) Measured: 1.0 x 10% pps
ISAC (20+) Measured: up to 5.4 x 10° pps

1328n 39.7 s ISOLDE 4.8 x 10% pps
1335p 234 s ISOLDE Yield 2.1 x 107 pps

Estimate from SC yields at 0.6 GeV instead of PSB at 1-1.3 GeV.

and "Be(n, @) determine the destruction of ’Be in BBN and
could shed light on the factor of 3 discrepancy between
BBN models and the observed ’Li abundance, a long
standing issue referred to as the ‘“cosmological lithium
problem” [103,104].

Direct measurements of the 'Be(n, p)’Li [105] and
"Be(n, a)*He reactions were recently performed at
CERN n_TOF, from thermal neutron energies up to 325
and 25 keV, respectively [106]. The main limitation of these
(and previous) measurements was the large "Be sample
activity (71, = 53.1 d) of up to 36 GBq, which hindered the
measurement in the full energy range of astrophysical
relevance.

In this respect, future experiments at storage rings could
help to fully cover the energy window relevant for BBN and
circumvent any issues with the sample radioactivity, thus

extending previous measurements even up to a few MeV
range. Such studies could be best tackled at ISOLDE,
where the yield for "Be is 2.8 x 10'° pps (for comparison,
the highest ISAC yield is “only” 4.4 x 10° pps). The
expected half-life of the electron-capture of 'Be** (with
only one electron left) is about 100 d—this measurement
alone is interesting for the solar neutrino flux estima-
tion [25,107].

Only a few 10°~107 stored "Be** ions in a low-energy
storage ring are required for an experiment in inverse
kinematics with the proposed neutron target. Taking into
account the transmission efficiency and space charge
limitations of REXTRAP, the estimated intensity at the
entrance of the storage ring is about 108-10° 7Be** ions
per second. This beam intensity is so high that an
accumulation scheme may not be required.
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In combination with our expected areal neutron density
of 10° n/cm? and a revolution frequency of 140 kHz at
300 keV/u, where the cross section is ~4 mb [105], this
gives a luminosity of 10*2-10%3 cm~2s~! or, equivalently,
about 200-2000 counts/h. Such a detection rate would be
sufficient to scan the full energy range up to several MeV in
100 keV steps within just a few days of experiment.

B. Experiments along the valley of f-stability:
The s-process branching points

One of the long-standing challenges in the study of the
s-process concerns the measurement of (7, y) cross sections
of several radioactive branching points [2]. Branching point
nuclei are isotopes whose decay half-lives are on the order
of the neutron capture time scale, allowing the s-process
reaction path to break into two “branches” depending on
the neutron density and temperature. Due to this, their
neutron capture cross sections and low-lying nuclear
structure are important factors for the indirect measurement
of stellar temperatures or neutron densities. Despite this
importance, many of the shorter-lived branching nuclei (see
Table V) could thus far not be measured with direct
methods due to limitations in experimental techniques.

Many other relevant branching nuclei could be only
accessed in the low neutron-energy range of up to a few
keV [3-5]. A review on the astrophysical relevance of the
s-process branching points and the related cross section
uncertainties can be found in Ref. [108].

Nine of these unstable species have half-lives shorter
than 1 yr, which makes them inaccessible for direct
measurements via state-of-the-art activation or time-of-
flight techniques. For the other five longer-lived isotopes
it is very difficult and expensive to produce samples with
sufficient enrichment and quantity since around 10'> atoms

TABLE V. Main unmeasured s-process branching isotopes. T’
stands for temperature and p,, for neutron density. The index (r)
indicates a refractory element not accessible at ISOL facilities.

Isotope Half-life Comments

81Kr 2.29 x 10° yr T in massive stars

85Kr 10.73 yr p, in massive stars
957:(r) 64.02 d p, in AGBs

134Cs 2.0652 yr T in AGBs

147N 10.981 d p, in AGBs

148pm 5d Impacts the s-only '8Sm/!>°Sm
154gy 8.593 yr T and p, in AGBs
153Gd 0.658 yr T and p, in AGBs
160 0.198 yr pn in AGBs

170Tm 0.352 yr p, in AGBs

17974(r) 1.82 yr Origin of rarest stable 180T
185y (r) 0.206 yr T and p, in AGBs

186R (") 3.72d 1870s/'87Re cosmic clock
19214(r) 73.826 d s-only 2Pt anomaly (—20%)

are required for a direct measurement. With a yield of 108
pps at an ISOL facility, the production of such a sample
would require 116 d of uninterrupted collection time.

One major achievement of CERN n_TOF was the
measurement of the neutron capture cross sections of seven
s-process branching points over the last 25 years [5]: ©*Ni
(100.8 yr), %Zr (1.61 Myr), *Nb (20.4 kyr), °Se
(0.327 Myr), B1Sm (94.6 yr), 'Tm (1.92 yr), and 2%4Tl
(3.78 yr). However, only '>'Sm could be measured in the
full energy range of interest for nucleosynthesis (1 eV-
100 keV). The measurement of the other six species was
limited to neutron energies of only a few keV [5].
Additional measurements at higher energies up to a few
MeV with the storage ring method would be very important
for a more comprehensive astrophysical interpretation.

We consider here, as an example, the possibility of using
the CRYRING for some of these measurements. Given the
high intensities for primary Kr beams of about 2 x 10'°
particles per spill, the measurement of both branchings
81.85Kr(n, y) could be feasible in an experiment combining
the FRS with the storage rings ESR and CRYRING. The
FRS could be used as a high-resolution separator to select a
secondary beam of ®Kr (or 8'Kr). This beam could be
accumulated to 107-10% ions/s in the ESR with injections
every few seconds, and then decelerated and transported to
the CRYRING. Assuming a revolution frequency of
140 kHz for a 300 keV/u beam and an estimated cross
section of about 30 mb, with the expected areal neutron
density of 10° n/cm? one would expect 10’s of counts per
day, sufficient to perform a complete measurement in a few
days of experiment at the chosen energy.

ISOL beams (see Table 1V) could provide sufficient
intensities for direct neutron-capture measurements on
most of the yet unmeasured lighter s-process waiting
points. However the extraction of ions out of the target
material at such facilities is highly chemistry-dependent.
Many of the nonrefractory s-process branching isotopes in
Table V would be well accessible for (n, y) measurements
using future low-energy storage rings at ISOL facilities.
A very straightforward case is '**Cs, which can be easily
produced in high quantities (yields > 10® pps) at both
ISOL facilities discussed here. For refractory elements with
high melting points like Zr, Ta, W, Re, and Ir, the use of in-
flight RIB facilities will remain unavoidable.

C. Experiments for the i- and r-process

Both the intermediate (i)- [109] and the rapid (r) neutron
capture processes [1] are characterized by much higher
neutron densities than the s-process, and their reaction
paths lie on the more neutron-rich side of the nuclear chart.
These processes involve hundreds and thousands of unsta-
ble neutron-rich nuclei, respectively. Because of their short
half-lives, they are completely out of reach for conventional
methods, and only indirect techniques like surrogate
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reactions [110,111] or the #-Oslo method [12,112-114] can
be employed in some cases to constrain the cross sections.

As for all three neutron-driven nucleosynthesis mecha-
nisms (s, i, and r process), neutron-capture rates play a
fundamental role in network calculations to model abun-
dances of the corresponding stellar environments [9]. Some
of the most debated i-process challenges are puzzling
elemental abundance ratios observed in metal-poor stars
like HD94028 [115]. As reported in the sensitivity study of
Ref. [116], a proper interpretation of the observed abun-
dances in this star would require (7, y) cross sections for the
short-lived nuclei ®°Ni, ®Cu, 72Zn, Ga, 8Ge, "°Ge, %°Ge,
84Se, and 3°Br.

Other sensitivity studies focus on the possibility of the
i-process as a plausible explanation for the abundance
pattern observed in carbon-enhanced metal-poor (CEMP)
stars [117]. For this, recent sensitivity studies [118] iden-
tified that a better knowledge of neutron-capture cross
sections for 137Cs, *Ce, 3Sm, 3°Sm, and !Nd is
required.

With the exception of '3’Cs and '**Ce, none of these
nuclei of interest for the i-process can be accessed presently
for neutron-capture experiments with conventional direct
techniques. However, the short half-lives represent no
limitation for experiments in inverse kinematics, provided
that sufficiently intense secondary beams can be produced
at a RIB facility and accumulated in the storage ring.

A few examples of nuclides that can be efficiently
produced at ISOL facilities are listed in Table IV.
Some of them could also be studied via in-flight fragmen-
tation, but the inefficient duty cycle, including the deceler-
ation from higher primary/secondary beam energies to very
low energies of several 100 keV, may pose constraints to
perform the neutron-capture experiments at a storage ring.
The renewed interest in the i-process will identify additional
candidates for measurements in the coming years.

For r-process nucleosynthesis studies, comprehensive
data surveys are essential, far beyond isolated measure-
ments on single nuclei [9,119]. Neutron captures reactions
play a decisive role in shaping the final abundance patterns,
defining the positions and shapes of the r-process peaks at
A =~ 80, 130, and 195, and driving the formation of the rare-
earth peak at A =~ 160. Although most models along the
r-process path assume an (n,y) = (y,n) equilibrium
(where single neutron captures do not play a big role),
neutron capture rates become particularly critical during the
preequilibrium phase and the subsequent freeze-out, where
they directly influence the pattern of the abundance dis-
tribution. Earlier sensitivity studies showed that cross
sections of nuclei around the N = 82 and 126 shell closures
at A~ 130 and 195 have the highest impact on the
abundances, for any of the discussed explosive astrophysi-
cal scenarios [120,121]. For the finetuning of reaction
models, on the other hand, systematic measurements along
isotopic chains are extremely valuable.

VII. SUMMARY AND OUTLOOK

This work introduced a novel concept for a free-neutron
target optimized for the integration into a low-energy
storage ring. This would enable, for the first time, direct
measurements of neutron-induced reactions on radioactive
ions in inverse kinematics.

The proposed neutron target design integrates four
subsystems to maximize the thermal neutron density within
a small interaction volume inside the storage-ring beam
pipe, where radioactive ions circulate at high frequencies
(100 kHz—-1 MHz). The system combines a compact
cyclotron-driven °Be(p, xn) neutron source with an opti-
mized moderator assembly consisting of a primary mod-
erator core (D,O or BeO), a graphite reflector shell,
and a cryogenic liquid hydrogen moderator at 20 K
positioned directly around the ion beam path. This con-
figuration, optimized through extensive Monte Carlo
simulations, achieves thermal neutron areal densities nor-
malized to the primary neutron source strength of
~15 x 1077 n/cm?/prim. Overall, this approach provides
a simpler and more cost-effective alternative to neutron-
target concepts based on reactor or spallation sources, while
offering a modular solution that can be readily integrated
into future low-energy storage rings without major infra-
structure modifications.

In this work we have also introduced a proof-of-concept
setup at the CRYRING storage-ring facility of GSI
Darmstadt utilizing a commercially available proton cyclo-
tron (130 pA, 9.2 MeV), which could deliver a total areal
neutron density of 3.4 x 10° n/cm?. This setup would
serve as a minimum viable platform for initial demonstra-
tion and validation experiments on various neutron-induced
reactions, including radiative capture.

Other commercially available cyclotrons, still compact
and compatible with a storage-ring facility, would allow
one to reach proton currents of ~1.6 mA, thus leading to
areal densities of 1.3 x 10® n/cm? (see Table III). Recent
developments of compact isochronous cyclotrons [56,57]
will allow a one order of magnitude increase in current
within the coming decade, up to ~10 mA, which together
with a beryllium or a tantalum target translates into areal
neutron densities well above 10° n/cm?.

In combination with customized low-energy storage
rings that can accumulate 10° ions, reaction luminosities
of 1.4 x 102 cm™2s~! can be achieved. Assuming 100%
detection efficiency, the daily count rate would be ~12 x ¢
events/day (with o being the cross section of interest in
mb). This means that reaction cross sections as low as a few
mb could be measured in a few days of experiment at
<10% statistical uncertainty level.

Future developments of the neutron target concept will
focus on several key areas: further optimization of the target
geometry, implementation of superconducting cyclotron
upgrades to boost performance, and the integration with
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existing and proposed storage rings (e.g., TRISR at
TRIUME, ISR at ISOLDE). These developments would
benefit enormously from improved nuclear data, particu-
larly neutron production yields, angular distributions, and
energy spectra for the °Be(p, xn) reaction in the 5-30 MeV
and the Ta(p,xn) reaction in the 50-80 MeV range.
Enhanced characterization of these nuclear reactions would
enable more precise Monte Carlo simulations and improved
target optimizations, ultimately leading to higher neutron
densities and better performance predictions for next-
generation facilities.

The proposed setup opens new opportunities for meas-
uring a large number of (n, y) reactions on unstable isotopes
relevant to astrophysics, which are completely out of reach
with state-of-the-art time-of-flight or activation techniques.
Key nuclei for these future measurements include a large
list of branching points in the s-process, important reac-
tions in big bang nucleosynthesis, and more exotic isotopes
of relevance for nucleosynthesis in the i- and r-processes.

Exploring the vast Terra Incognita of the (n,y) domain
on both sides of the f-stability valley with extensive new
surveys will not only constrain and refine theoretical
models, but also make their extrapolations to nuclei further
from stability significantly more reliable. In this context,
the synergy between ISOL and in-flight fragmentation
facilities, when combined with tailored low-energy storage
rings and advanced neutron target designs, could deliver
unprecedented experimental access to a wide range neu-
tron-induced reactions on unstable neutron-rich nuclei.
These breakthroughs would provide the long-sought
benchmarks required to transform our understanding of
the r-process and the cosmic origin of the heaviest
elements.
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APPENDIX: DERIVATION OF THE PARTICLE
DENSITY ESTIMATOR

This appendix presents the derivation of the particle
density estimator normalized to source activity based on the
track-length estimator, readily enabling implementation in
Monte Carlo transport codes, in particular Geant4-based
simulations.

1. Mathematical framework
Consider a radiation field within a volume V discretized
into cells V; such that V =}, V. Particles are categorized
by velocity groups G; = [v;, v;,1). The following notation
is employed:

Symbol Description Units
nj, Particle density (cell j, group i) cm™3
b Fluence rate (cell j, group i) cm 2 57!
D;; Time-integrated fluence cm 2

I Source strength 57!

V; Volume of cell j cm?

v, Representative velocity of group i cm/s

Cm Track length of segment m cm

N Total source particles simulated

7, Track segments in cell j, group i

The fundamental relationship between fluence rate and
particle density for particles with velocities in group G; is

i =nj;- ;. (A1)

The radiation field originates from a particle source with
strength I = dN/dt, where N represents the cumulative
number of primary particles emitted by the source. Under
steady-state conditions, the particle population in cell j for
velocity group i is

(A2)

2. Track-length estimator

In Monte Carlo transport, the time-integrated fluence for
velocity group i in cell j is estimated using the track-length
method:
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1
®ji= D n

jme’]’/-_[

(A3)

where 7 ; ; denotes all particle track segments in cell j with
velocities in group G;, and 7, is the track length of segment
m. The fluence rate can then be expressed as
¢j; = ®;,;/At, where At is an arbitrary time interval.

Combining Egs. (Al) and (A3), the time-independent
population becomes:

% Vi ]
MOOAt B, AreD

> b

‘meT;;

(A4)

For a Monte Carlo simulation with § primary source
particles, the source strength is given by I = S/At
Normalizing the population by the source strength yields:

N Jui - N Jui - 1

I S/At  S-% Z O

tmeT;;

(A5)

3. Final particle density estimator
and implementation

Dividing Eq. (AS) by the cell volume V; and using
Eq. (A2), we obtain the particle density estimator normal-
ized to the source strength (72 ;):

. 1
n.. — ‘]’127 . A
M= =5y, 2 (46)

! JmeT;;

In Monte Carlo transport codes, Eq. (A6) is implemented
by accumulating track-length contributions during particle
transport. For each particle track segment m in cell j with
velocity in group G, the contribution #,,/V ; is added to the
estimator. Later, the estimator is normalized by the term
1/(S - ;). For neutron transport applications, velocity
groups typically correspond to energy groups, with
v; = +/2E;/m,, where E; is the group’s representative
energy and m,, is the neutron mass. Moreover, 7; represents
the average velocity in group i. The normalization factor
1/S ensures that results are independent of the number of
simulated histories, facilitating comparison between
simulations.
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