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The spectrometry of radionuclides is a key area in nuclear physics, driven by the global quest to discover and
characterize exotic isotopes. We propose a versatile and compact storage ring, the ISOLDE Superconducting
Recoil Separator (ISRS), envisioned as an innovative high-performance spectrometer for HIE-ISOLDE at CERN.
The design incorporates ten iron-free superconducting combined-function Canted Cosine-Theta magnets, taking
as a reference the so-called MAGDEM prototype, which is also being developed as part of the ISRS project. Using
the actual dimensions of MAGDEM, this study explores the beam dynamics possibilities for the ISRS ring, with a
particular focus on its performance as a separator for high rigidity beams, up to 2 T m. Taking 2>*Ra*>3 at 10
MeV/u as the reference ion, the ring operates under isochronous conditions, enabling separation of isotopes
based on their mass-to-charge ratios relative to the reference ion. Time-of-Flight (ToF) detection is proposed after
only ten turns. Alternative beam dynamics configurations are considered, particularly around the isochronicity
condition, which offer greater stability conditions of the circulating beam. These approaches focus on studying
key lattice and beam optics parameters, such as momentum acceptance, and ring tune, while also illustrating a

practical case of isotope separation.

1. Introduction

The investigation and analysis of nuclear isotopes remain a central
focus of scientific inquiry worldwide. Mass spectrometry stands out as a
powerful tool for investigating nuclear structures, owing to its excep-
tional precision in isotope identification [1]. However, the challenge of
analyzing short-lived isotopes requires the development of innovative,
high-precision mass spectrometry techniques [2]. Traditional linear
spectrometers, while effective, require substantial infrastructure and
can be costly to operate. Particle storage rings also involve significant
investment, but they offer major advantages, most notably, the ability to
perform repeated, high-precision measurements on the same ions,
greatly enhancing mass accuracy and resolution [3]. Ion trapping pro-
vides another storage-based approach; however, its efficiency is limited
when dealing with low-energy ion beams [4]. Storage rings, powered by
strong electromagnetic fields, provide an advanced and efficient method
for confining and detecting particles. In this approach, particles follow
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circular trajectories, passing through various electric and magnetic
fields that influence their orbits. These controlled interactions allow the
particles to circulate repeatedly within the ring, significantly enhancing
the system's analytical capabilities. As a result, storage rings are valuable
tools for high-precision experiments and measurements.

A limited number of facilities worldwide utilize storage rings as
spectrometers, yet they enable cutting-edge research across multiple
disciplines. However, new methods for particle detection are continu-
ously developed. One of the most widely used technique is the Schottky
mass spectrometry (SMS), extensively applied at facilities such as the
FRS-ESR at GSI [5,6]. Specifically developed for storage ring environ-
ments, SMS offers highly accurate mass measurements. However, the
technique presents key limitations: it requires long ion cooling times,
making it unsuitable for very short-lived isotopes that may decay before
cooling is completed. Additionally, the setup demands significant space
to accommodate the cooling infrastructure.

To address such limitations, Isochronous Mass Spectrometry (IMS)

Received 4 December 2025; Received in revised form 12 February 2026; Accepted 15 February 2026

Available online 16 February 2026

1738-5733/© 2026 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0002-2856-2668
https://orcid.org/0000-0002-2856-2668
https://orcid.org/0000-0002-4895-2305
https://orcid.org/0000-0002-4895-2305
https://orcid.org/0000-0002-1178-5136
https://orcid.org/0000-0002-1178-5136
mailto:fazel.taft@uv.es
www.sciencedirect.com/science/journal/17385733
https://www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2026.104203
https://doi.org/10.1016/j.net.2026.104203
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2026.104203&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Taft et al.

has emerged as a groundbreaking technique, capable of delivering rapid
and precise mass measurements for isotopes with lifetimes as short as a
few microseconds. This approach has also been successfully imple-
mented in CSRe storage ring at the Institute of Modern Physics (IMP) in
Lanzhou [7], and further advanced through innovations at the RIKEN
Rare RI Ring [3].

The IMS approach is now being considered for a new experiment, the
ISOLDE Superconducting Recoil Separator (ISRS) [8], which is planned
for implementation at the High Intensity and Energy ISOLDE (HIE-I-
SOLDE) linear accelerator at CERN [9]. This linac is capable of accel-
erating radioactive isotopes to energies between 0.5 and 10 MeV/u,
producing over 1300 isotopes spanning more than 70 elements, from He
to Ra. As part of this work, several design configurations have been
proposed and developed for the ISRS ring spectrometer to support a
range of experimental activities within the ISOLDE program [8,10,11].

The ISRS ring would be a high-precision spectrometer for advanced
ion analysis, supporting a wide range of investigations in nuclear
physics, astrophysics, and fundamental science. Its ability to store and
probe rare isotopes can enable detailed studies of nuclear interactions
and structural dynamics. Beyond basic research, ISRS has also the po-
tential to contribute to medical physics through isotope development
and ion beam characterization for clinical applications. In principle,
with a 5 x 5 m? footprint, the ISRS ring offers a compact solution. For
performance evaluation in this work, 2>*Ra at 10 MeV/u is selected as
the reference radionuclide.

The initial proposal [12] introduced a Fixed-Field Alternating
Gradient (FFAG) [13,14] design featuring compact 90-degree, strongly
curved bending magnets operating in a combined-function mode. In this
configuration, a dipolar magnetic field bends the beam trajectory, while
an alternating-gradient quadrupole triplet provides transverse focu-
sing/defocusing. The magnet technology adopted for this purpose is
based on superconducting Canted Cosine-Theta (CCT) designs, incor-
porating two inner coils for dipole fields and two nested outer trim coils
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for quadrupole fields. However, the technical challenges in fabricating
such magnets prompted the development of an alternative design: a
straight, superconducting CCT magnet that integrates the dipole field
and a single quadrupole mode within a unified structure.

We present a new design of the ring that makes use of such magnets,
as shown schematically in Fig. 1. The spectrometer operates under
isochronous conditions, enabling separation of isotopes based on their
mass-to-charge ratios relative to the reference ion and providing high-
precision measurements. Time-of-Flight (ToF) detection is inserted
after ten turns; however, the system is designed to support extended
measurements beyond this baseline, offering flexibility for diverse
experimental applications. As alternative beam dynamics, quasi-
isochronous configurations are also considered in this article, which
offer greater stability conditions of the circulating beam, particularly
around the isochronous condition. These approaches focus on studying
key lattice and beam optics parameters, such as momentum acceptance,
and ring tune, while also illustrating a practical case of heavy-mass ion
separation. This analysis provides detailed insights into the performance
and capabilities of the ring, paving the way for advanced applications in
isotopes separation and relevant studies.

The outline of this article is as follows. Section 2 introduces the
operating principle of the isochronous mode in the ISRS spectrometer
ring. Section 3 describes the specifications of the CCT magnets that
compose the ring. In Section 4, we present the lattice and optical design
that enable isochronous operation, along with an alternative quasi-
isochronous configuration. Section 5 presents the optical characteriza-
tion, focusing primarily on the analysis of the beam's betatron tunes, its
chromaticity, and their relation to lattice resonances. Section 6 evalu-
ates the ring's performance through tracking simulations, focusing on
ToF separation of various radium isotopes with different charge states.
Finally, Section 7 discusses the proposed concept and presents the
conclusions.
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Fig. 1. Schematic of the ring with CCT dimensions. QF: Focusing Gradient, QD: Defocusing Gradient.
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2. Principle of the ISRS ring

The principle of the spectrometer ring is based on ToF techniques of
particles stored in the ring. Considering an ion with a certain difference
in mass-to-charge ratio A(m /q) and a velocity deviation Av with respect
to the reference ion circulating in the storage ring, the revolution period
deviation is given by the following expression [15]:

AT 1 A(m/q) (1—ﬁ> Av ATy

T y? m/q )v T

(€Y

where y is the Lorentz factor, and y, = 1/,/a. is the transition energy
factor of the ring, with a. the momentum compaction factor, which
relates the path length deviation from the reference orbit (AC/ C) with
the magnetic rigidity deviation (A(Bp) /(Bp)):

1 AC/C 1 ?{Dx(s) ds

=3 = a6 cf s

where C is the length of the reference orbit, Dy(s) the first order
dispersion function and p the local bending radius.

From Eq. (1), one can see that the second term on the right-hand side
depends on the velocity deviation, thus limiting the precise mass
measurements.

To ensure a constant revolution time in a storage ring that depends
only on the mass-to-charge ratio of the particles, it is essential to elim-
inate the momentum-dependent variations introduced by the second
term in Eq. (1). This can be addressed through two methods. The first is
ion cooling [16], where faster ions reduce their velocity when passing
through a cooled environment. This process allows all ions in the ring to
achieve the same velocity, thereby significantly minimizing velocity
spread. so, the term Av/v would approach zero. The second approach is
to match the ring to operate in isochronous mode [17,18], where the
transition gamma is approximately equal to the Lorentz factor, y ~ y,, so
the term known as phase slip factor, #, would approach to zero:

TETe”

At this point, it is necessary to remark that although this isochronous
condition is generally valid, the resolution of the measurement of the
mass-to-charge ratio also depends on higher-order contributions, which
are included in the term ATyo/T of Eq. (1). For instance, higher-order
contributions can arise from optical non-linearities and aberrations,
magnetic field errors, and fringe-field effects. In future studies, we plan
to investigate in detail the performance of the ISRS lattice under the
presence of magnetic high-order harmonics and imperfections as well as
correction methods to counteract their effects.

In isochronous rings, faster particles, which travel along longer or-
bits, and slower particles, which follow shorter orbits, naturally adjust
their paths to ensure that the revolution time depends solely on the
mass-to-charge ratio (m/q). This method not only facilitates mass mea-
surements with a relative precision on the order of 10~ within a brief
measurement time of approximately 1 ms, covering nearly all relevant
nuclear species, but also offers a more effective solution for compact
storage rings compared to ion cooling by enabling efficient particle
identification and velocity determination directly within the system
[19]. In this way, the mass resolving power R of the isochronous ring
spectrometer depends directly on the revolution time differences among
the isotopes.

~-m 1T

CAm p2 AT

Although an ideal isochronous ring theoretically cancels all
momentum-dependent effects—both linear and higher-order—practical

limitations such as imperfections and nonlinearities restrict this perfect
cancellation to particles with momentum very close to that of the
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reference bunch. For particles with greater momentum deviations,
chromaticity and resonance effects become significant, often requiring
the application of corrective elements like sextupole magnets [20].
The present design of the ISRS ring utilizes a quadrupole gradient in
each dipole magnet, following the FFAG configuration. This is highly
effective in achieving high momentum acceptance, as the beam orbit is
controlled within the ring by the gradient. Eventually, the ISRS ring is
designed as a versatile system capable of operating under both iso-
chronicity and quasi-isochronicity conditions for a broad range of ions.

3. Magnets

The optical configurations addressed in this work are based on the
dimensions and field specifications of the MAGDEM prototype, devel-
oped for the ISRS project, a state-of-the-art Nb-Ti superconducting CCT
magnet [21]. As one of the most advanced magnets of its kind to be
manufactured, MAGDEM features a groundbreaking design that in-
tegrates dipole and quadrupole coils into a single, compact, tapered
structure. This dual-functionality enhances field quality and operational
efficiency while optimizing space utilization, addressing in this way the
stringent demands of modern accelerator systems. A view of the me-
chanical design of the MAGDEM system, along with the coil geometry, is
shown in Fig. 2.

The MAGDEM's specifications are summarized in Table 1. The
magnet has a total length of 720 mm and an effective magnetic length of
580 mm, and is designed to bend beams by 36°. Field errors are mini-
mized to below 1/10,000 along the tightly curved trajectory, even at
peak magnetic fields approaching 4 T. To illustrate the combined dipole
and quadrupole field distributions, a field map of the MAGDEM design is
shown in Fig. 3. The use of tapered straight tubes simplifies assembly
and allows for the application of radial pre-stress, which significantly
enhances mechanical stability. Operating at approximately 100 A, the
MAGDEM design minimizes heat leakage while maintaining a cryogenic
temperature of 4.5 K with a single cryocooler, thereby ensuring high
energy efficiency.

The nested CCT layers in MAGDEM are wound at opposing skew
angles, enabling the simultaneous generation of dipole and quadrupole
fields with exceptional field quality and minimal higher-order har-
monics. This innovative configuration ensures precise control over
radioactive ion beams, highly suitable for effectively guiding and
bending them within the ISRS storage ring. MAGDEM represents an
example of cutting-edge magnet technology, combining high perfor-
mance with a compact design to meet the technological challenges in
nuclear physics experiments and beyond.

For beam injection and extraction, the ISRS ring is expected to
incorporate dedicated magnetic systems, including septum and kicker
magnets. However, within the mechanical layout envisioned for MAG-
DEM, and given the very limited space available between consecutive
bending magnets, the integration of an injection system capable of
handling beams with high magnetic rigidity presents several challenges
and is currently under investigation.

In our case, Superconducting Shield (SuShi) septum magnets [22]
are being considered, as they can provide efficient beam deflection
within highly compact geometries. Other alternatives based on compact,
high-field septum magnets are also under evaluation [23]. Conse-
quently, a joint development effort between the main ring magnet and
the set of auxiliary magnets required to guide the beam along a strongly
curved trajectory from the exterior into the ring becomes necessary. On
the other hand, high-speed RF kickers are required to enable precise
beam injection [24]. The preliminary design under consideration aims
to initiate injection (and, symmetrically, extraction) through one or two
of the ring magnets, taking advantage of the quadrupolar field compo-
nent present in their design. This approach allows the correction angle
required from the RF kicker to be significantly reduced, to below 50
mrad. Nevertheless, the trajectories followed by the injected beam
remain constrained by the physical apertures of the magnets involved.
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Fig. 2. View of the MAGDEM fully integrated system (left) and the CCT coils (right).

Table 1
Key specifications of the MAGDEM magnet [21].

Parameter Value

Magnet type Nested dipole and quadrupole CCT

Total length [mm] 720
Effective magnetic length [mm] 580
Bore aperture diameter [mm] 200
Mechanical diameter [mm] 900
Dipole field strength [T] <2.3
Beam bending capacity [degrees] 36
Quadrupole field gradient [T/m] <9.8
Operating current [A] ~ 100
Cryogenic temperature [K] 4.5
Field error [ppm] <100

For this reason, both the magnetic and mechanical design of these ele-
ments must be appropriately adapted to meet the beam-dynamics re-
quirements of injection and extraction systems beyond the currently
developed MAGDEM technological demonstrator.

The beam dynamics analyses presented in this article are therefore
limited to the tracking of ion beams already injected into the machine, as
they provide valuable insight into the separation power of the spec-
trometer and its main acceptance limitations. Further development of
the complete ring design through more realistic simulations will depend
on the ongoing development of new demonstrators featuring magnetic
systems capable of integrating beam injection and extraction.

4. Ion optics of the ISRS ring

The general layout of the ISRS ring is shown in Fig. 1. The lattice
consists of two symmetric arcs, each comprising five MAGDEM-type CCT
magnets arranged in an alternating FDFDF quadrupole pattern, where
"F" and "D" denote horizontal focusing and defocusing modes, respec-
tively. Additionally, two 1-m-long drift sections have been incorporated
to ensure mechanical clearance between magnets and to accommodate
critical subsystems. The first long drift section is reserved for injection
and extraction components, including the RF kicker, while the opposite
drift section hosts ToF detectors. This location benefits from the large
horizontal off-momentum dispersion in the region, optimizing the ac-
curacy of magnetic rigidity measurements while performing simulta-
neous ToF measurements [25].

Beam dynamics studies for the ISRS ring are conducted using the
Xsuite code [26], which models the reference lattice using dipole and
quadrupole elements. The combined dipole-quadrupole function mag-
nets are implemented in this code as rectangular bending magnets
(RBEND) incorporating a quadrupole-mode field gradient. The analysis
is restricted to first-order calculations, focusing on the characterization
of the ring tuning and resonances.

The lattice configurations for the isochronous and quasi-isochronous
operation modes of the ring are structurally similar, with the key dif-
ference being the adjustments to the quadrupole gradients of the mag-
nets. Following the same symmetry used in the ring layout for the beam
lattice, the five magnets share identical quadrupole field configurations
in both arcs. Additionally, each arc exhibits mirror symmetry with
respect to the central magnet. Therefore, we denote the horizontal
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Fig. 3. Vertical component of the MAGDEM magnetic-field map, showing the combination of a 2.3 T dipole field and a quadrupole field with a gradient of 10 T/m.
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focusing strength of the outer magnets as QF1, the defocusing strength of
the inner magnets as QD, and the focusing strength of the central magnet
as QF2 (see Fig. 1).

4.1. Isochronous mode

The core study of the ring focuses on achieving an isochronous mode,
where the transition gamma (y,) aligns with the Lorentz gamma factor,
7 = 1.01054 for 2>*Ra™>2 jons at 10 MeV/u. This condition is attained
through precise adjustments of the quadrupole magnet gradients. The
central magnet in each arc plays a key role, acting as the effective
combined magnet to ensure the desired isochronicity. The nominal
gradient values for both isochronous and quasi-isochronous conditions
are presented in Table 2 and the designed optical functions for the
isochronous optics are represented in Fig. 4. With these settings, the
betatron tunes of the ring are adjusted to (Qy, Q,) = (1.04,1.27). A
maximum first order horizontal dispersion of DI*®* ~ 2.1 m is achieved,
with a focal point at the center of the long drift section, which would
make it an ideal location for placing ToF detectors with enhanced spatial
measurement resolution. This dispersion upper bound defines the range
of off-momentum orbits that the ring can accommodate within the
aperture limits of its elements, primarily the 200 mm bore aperture
diameter of the magnets (d,p), corresponding to a maximum momentum
acceptance (AP/P ). ~ 4.76%, calculated from the maximum disper-
sion of the ring:

(AP/P )4 [%)] = 2g*)j?l’“.loo . 2

The corresponding momentum acceptance contours based on Eq. (2)
are shown in Fig. 5. However, it is important to note that these mo-
mentum acceptance estimates, based on the physical apertures of the
elements, tend to overestimate the actual value. In the momentum
acceptance analysis, optical resonance effects must also be taken into
account as a limiting condition, as we will see in Section 5.

4.2. Quasi-isochronous mode

The second configuration of the ring, featuring a transition gamma of
7 = 1.16268, is tailored to achieve a higher momentum acceptance. By
reducing the maximum horizontal dispersion, this setup enables the
inclusion of a broader momentum range of particles, thereby increasing
overall beam intensity. However, this comes at the cost of mass-to-
charge (m/q) separation, as the beam distribution becomes tilted in
longitudinal phase space, that is, with a degree of correlation between
time and momentum (or velocity). This correlation results from the
significant mismatch between the transition gamma and the Lorentz
gamma of the reference beam, y = 1.01054, compromising iso-
chronicity.

Table 2

Beam dynamics properties of the reference 234Ra"> beam, and dipole field and
quadrupole normalized gradients of operation of the magnets for the isochro-
nous and quasi-isochronous modes.

Isochronous Quasi-isochronous
Ring path length [m] 11.54 11.54
Beam energy [MeV/u] 10 10
Magnetic rigidity, Bp [T-m] 2 2
Beam Lorentz factor, y 1.01054 1.01054
Transition factor, y, 1.01054 1.16268
Max Dispersion, D7®* [cm/%)] 2.1 1.9
Betatron tune, Q, 1.04 1.15
Betatron tune, Qy 1.27 1.21
Dipole field [T] 2.1266

Quadrupole field, QF1 [T/m] 2.273 2.331
Quadrupole field, QD [T/m] —2.007 —1.932
Quadrupole field, QF2 [T/m] 3.691 4.740
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Fig. 4 illustrates the betatron functions and dispersion curve for this
lattice. The maximum horizontal dispersion reaches DJ** ~ 2.0, which
is slightly lower than in the isochronous mode. In this case, considering
Eq. (2), the maximum momentum acceptance is approximately 5%. The
betatron amplitudes remain close to their minimum values, ensuring
beam stability. Furthermore, the higher s-function at the injection point
significantly boosts the acceptance of injected particles, thereby
improving overall beam performance.

Sharing the same layout as the isochronous setup and just adjusting
the quadrupole gradients at the MAGDEM-type magnets, this configu-
ration achieves not only a larger momentum acceptance but, as we will
see in the following section, also offers a more robust stability by shifting
the betatron tunes away from resonances.

5. Betatron tunes and resonances

Particles with varied momenta within the reference bunch traverse
different trajectories in the ring. This phenomenon results in the changes
of the tuning conditions for the main bunch m/q due to the chromatic
effects introduced by the magnetic elements in the beamline. The res-
olution power of the spectrometer is influenced by these chromatic ef-
fects.

Fig. 6 illustrates the deviation of the vertical and horizontal tunes
due to momentum differences. From these data, the chromaticity ¢ of the
ring is calculated, representing the variation in the betatron tune as a
function of the momentum change, expressed as:

by = g
" d(AP/P) *

This calculation is performed for relative momentum deviations
ranging from —5 to 5%, as the orbit is not closed for larger deviations in
the isochronous mode. The calculated chromaticity (horizontal and
vertical) around the reference momentum for the isochronous and quasi-
isochronous configurations are (£,,&,) = (3.826,-0.351) and (&,,&,) =
(3.213, — 0.435), respectively.

Chromaticity can broaden the energy spread and make the beam
distorted, thus hindering isochronous operation for particles with mo-
mentum deviation different from that of the reference beam. A suffi-
ciently small chromaticity helps maintain tune stability associated with
the isochronous condition over a large number of revolutions within a
specific energy range, preferably within 1¢ of the momentum spread. In
the case of non-isochronous rings, this chromaticity becomes signifi-
cantly large even with linear lattice elements, leading to alterations in
particle trajectories and timing. The discontinuities in Fig. 6 indicate
critical resonance line crossing. This can be observed more clearly in the
tune diagram in Fig. 7, where we show the working points of the two
proposed configurations along with resonance lines up to the fourth
order. The resonance condition is determined by:

an+be =,

with a, b, and ¢ being arbitrary integers, and |a| + |b| gives the order of
the resonance.

The position of the reference beams relative to the resonances de-
termines the beam's stability range in momentum against magnetic
imperfections in the ring's lattice elements. This is the case for the
isochronous mode, where particles with a momentum deviation of —1%
produce betatron tunes at the edge of a first-order resonance line, which
limits its operational capability. In contrast, the quasi-isochronous
operating mode benefits from a working point farther away from low-
order resonance lines, ensuring greater stability over a wider energy
range. The first-order resonance is encountered at a momentum devia-
tion close to —3%.

The momentum acceptance of the ring is therefore constrained by
stability criteria associated with the tune resonances. As shown in Fig. 7,
the momentum acceptance is approximately 1%, which is about five
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Fig. 4. Betatron functions f, ,(s) and first order dispersion Dy(s) for the ISRS isochronous (top) and quasi-isochronous (bottom) optical operation modes.
times lower than the value obtained by considering only the dispersion
250 and the geometric bore aperture using Eq. (2).
To mitigate chromatic effects and maintain stable beam tuning
E 200 across momentum deviations, corrections with nonlinear magnetic ele-
E ments, such as sextupoles, are required. However, the ability of quasi-
s isochronous rings to accommodate higher-momentum particles
g 150 without the need for additional corrector elements, underscores their
E advantage in applications requiring broader momentum acceptance.
2
100 6. Time-of-Flight calculations
()
o)
m 50 ToF techniques are essential tools for the separation and identifica-
tion of particles based on their mass and charge. This principle underlies
the operation of isochronous spectrometers such as the ISRS. Unlike

1.5 2
Dmaxx [m]

Fig. 5. Momentum acceptance contours as a function of the physical aperture
of the lattice elements and the maximum horizontal dispersion within the ring.

conventional linear spectrometers, where time resolution is strongly
dependent on the total system length, an isochronous ring can achieve
effective mass and charge ion separation after only a few revolutions of
the beam, enabling a more compact setup without compromising
precision.

Detectors are adaptable to experimental requirements, being either
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1.4
1.3{
1.2
S 1.1
1.0
0.9'—Orderl
Order 2
—— Order 3
Order 4
088 o090 10 11 12 13 14

Qx

Fig. 7. Tune working points on the tune-resonance diagram for different mo-
mentum deviations, ranging from —5 to +5%, for the reference beam of
isochronous and quasi-isochronous configurations. Circular markers indicate
the tune working points for the reference ion, while cross markers correspond to
momentum deviations of —1% and +1%.

integrated inside the ring or positioned externally after particle extrac-
tion. The application of this system is further refined through the Xsuite
code framework, which provides particle tracking calculations over time
and manages bunches with diverse mass and charge ratios. This
framework ensures precise simulations and optimization of experi-
mental setups involving quasi-isochronous or isochronous systems.

An example involving nine bunches of Ra isotopes with different
masses (233-235) and charges (+52 to +54) is presented. Simulations
have been performed using a set of 5000 macroparticles for each bunch
type, and the ToF separation has been evaluated for both the isochro-
nous and quasi-isochronous configurations of the same ring. The
bunches are initialized at the midpoint between the two symmetric arcs,
where the injection kicker is expected to be located. The corresponding
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beam parameters are summarized in Table 3. All bunches are initialized
with identical beta and dispersion values, matched to the ring optics for
each configuration, and the Twiss a,, parameter is set to zero to ensure a
balanced phase-space distribution. The assumed transverse emittance of
12.5 mm mrad reflects a realistic phase-space profile for nuclear reac-
tion products in an ISOLDE-type experiment. All bunches also share the
same distribution in longitudinal phase space, with an average kinetic
energy of 10 MeV per nucleon. Time and relative momentum deviation
have been varied according to a Gaussian distribution with RMS spreads
of 1 ns and 1%, respectively.

The bending and focusing strengths of the ring magnets are tuned so
that the reference ion, 2>*Ra*>3, follows the reference orbit. The other
ions traverse their trajectories in the different orbits depending on their
specific mass and charge, due to the differences in magnetic rigidity.

In isochronous mode, the reference ion describes an 11.542-m orbit
in 267.5 ns per revolution, completing 10 revolutions in a total time of
2675 ns. Analysis of the arrival times, shown in Fig. 8, reveals that ions
with a higher charge state (+54) arrived earlier than those with the
reference charge state (+53). Among the isotopes that have been stud-
ied, 2*®*Ra*®3 with a lower mass, arrived 11.5 ns earlier than the
reference ion, while 235Ra+53, with a higher mass, arrived 11 ns later.

For particles with momentum deviations beyond +1%, bunches
exhibited slight nonlinear effects, leading to short tails in the histogram
plot. Particles with magnetic rigidities significantly different from that
of the reference beam suffered greater losses, up to 30% for 2>*Ra™>%,
due to the aperture limitations of the CCT magnets. These particles also
exhibited stronger nonlinearities, resulting in a broader full-width at
half-maximum (FWHM) in the detector signal, ultimately degrading the
resolution.

Nonetheless, due to the isochronous nature of the ring, the bunches
effectively preserve a much narrower temporal structure than the
observed separations. This highlights the ring's strong mass-separation
capability, even for very heavy ion species with extremely small mass
differences.

In the quasi-isochronous ring, particles with bigger momentum were
effectively accepted, shown in Fig. 9, with losses remaining below 10%
for 2%*Ra™>*. No significant nonlinear effects were observed in the
bunches. Since the beam mean energy and velocity is away from the
transition gamma, the bunches experienced longitudinal spread, thus
leading to a reduction in time-resolving power. Under these conditions,
the time separation between bunches with the same charge state was
approximately 8.5 ns, still sufficient to separate and identify the species
in the ToF diagnostic signal. Despite the loss in temporal resolution,
detection systems at a given focal plane would combine the ToF signals
with beam kinetic energy measurements, enabling a more precise sep-
aration of different isotopes within this diagnostic map, as shown in
Fig. 10.

7. Conclusions

The development of the ISRS ring represents a significant advance-
ment in the separation of short-lived radionuclides. Its highly compact
design, fitting within a 5x 5 m? footprint, and the integration of
specialized, strong-bending, large-aperture CCT magnets demonstrate

Table 3
Initial beam parameters at the kicker location used for tracking simulations of
time-of-flight separation.

Parameter Isochronous Quasi-isochronous
Horizontal beta function, 4, [m] 1.79 4.10

Vertical beta function, f, [m] 1.90 2.01

Horizontal dispersion, Dy [cm/%)] 2.03 1.26

Horizontal emittance, ¢, [mm-mrad] 12.5 12.5

Vertical emittance, ¢, [mm-mrad] 12.5 12.5

Relative momentum spread, cap/p [%] 1 1

Bunch length in time, o; [ns] 1 1
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excellent performance, comparable to that of other separation rings. A
key strength of the system is its ability to efficiently handle particles
with high magnetic rigidity.

Although chromaticity effects in isochronous mode present certain
challenges, the FFAG-inspired design of the ring enables quasi-
isochronous operation, effectively mitigating these issues. In isochro-
nous mode, the bunches preserve their temporal structure on the
nanosecond scale, thereby achieving outstanding charge-to-mass sepa-
ration. For very short storage times, as few as 10 revolutions, the

resulting ToF resolution corresponds to a charge-to-mass resolving
power better than 1,/2,600, significantly superior to that attainable with
conventional linear spectrometers. By further increasing the beam
storage time in the ring to the scale of several hundred microseconds, the
spectrometer's resolving power could be greatly enhanced, thereby
extending its capability to distinguish isomeric states of interest with
decay times longer than the storage duration. Beam dynamics limita-
tions for a large number of turns in the ring, such as the effects of dy-
namic aperture and slight deviations from isochronicity, will be studied
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in detail to enable potential nuclear physics experiments requiring ultra-
high mass resolution.

Quasi-isochronous operation enhances momentum acceptance and
provides greater stability against magnetic imperfections by shifting the
tune working point away from resonance lines, allowing the ring to
accommodate momentum spreads of up to +1% without sextupole
correction. This dual-mode capability extends the ring's applicability to
higher-rigidity beams while maintaining overall beam stability.

Through precise beam dynamic calculations, the ISRS demonstrates
effective isotope separation, particularly for very heavy ion beams, such
as 2%*Ra™>3, The separation precision is well displayed in isochronous
mode with 11 ns, and quasi-isochronous mode with 8 ns, after 10 rev-
olutions. With a maximum energy of 10 MeV per nucleon, as achieved at
HIE-ISOLDE, the ring is ideally suited for integration into this facility.

As part of the ISRS collaboration within the ISOLDE program, mag-
netic field measurements on the MAGDEM prototype currently under
development will provide valuable input for the fine-tuning of the ring
lattice. Future work will focus on incorporating realistic field maps into
beam dynamics calculations and evaluating higher-order chromatic and
nonlinear effects, with the aim of implementing corrections using sex-
tupole magnets. In parallel, efforts are underway to fully implement the
beam injection and extraction systems, which present a significant
challenge for high-rigidity beams in such an extremely compact design.
This will likely require the integration of high-field septum subsystems
embedded within the main ring magnets.

The ISRS ring's ability to operate in both isochronous and quasi-
isochronous modes makes it a versatile and powerful tool for the
study of nuclear astrophysics and exotic isotopes. This enables high-
resolution ToF measurements and broad momentum acceptance,
providing critical insights into rare and short-lived nuclear species.
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