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Selection of machine layouts and lattices
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12 straight 350 mm 
effective magnetic length 
CCT magnets (30 deg. bend)

ISRS ring design. Different candidates

Magnet models (based on the software Rat GUI) revealed that the effective CCT magnetic length must be higher than 500 mm to 
safety operate the magnet in terms of thermo-mechanical parameters obtaining the required dipolar and quadrupolar strengths

4 curved CCT magnets (90 deg. bend)

10 straight 580 mm 
effective magnetic  length 
CCT magnets (36 deg. bend)



Baseline ISRS layout 

ISRS Workshop, 19th June 2025

Based on 580 mm effecBve magneBc length CCT magnets

MAGDEM
(See progress report of WP2)

Parameter Value
Total length 720 mm
Effective magnetic length 580 mm
bore aperture diameter 200 mm
Mechanical diameter 900 mm
Dipole field strength < 2.3 T
Beam bending capacity 36 degrees
Quadrupole field gradient < 9.8 T/m
Operating current 100 A
Cryogenic temperature 4.5 K
Field error Below 1 unit
Magnet type Nested dipole and quadrupole CCT

TABLE 1: Key specifications of the MAGDEM magnet [29].

FIGURE 2: View of the MAGDEM system and CCT coils.

critical subsystems. The first long drift section is reserved for
injection and extraction components, including the RF kicker,
while the opposite drift section hosts Time-Of-Flight (TOF)
detectors. This location benefits from the large horizontal off-
momentum dispersion in the region, optimizing the accuracy
of magnetic rigidity measurements while performing simul-
taneous TOF measurements. type of dectectors? interceptive?

Beam dynamics studies for the ISRS ring are conducted
using the XSuite code [31], which models the reference
lattice using dipole and quadrupole elements. The combined
dipole-quadrupole function magnets are implemented in this
code as rectangular bending magnets (RBEND) incorporat-
ing a quadrupole-mode field gradient. The analysis is re-
stricted to first-order calculations, focusing on the character-
ization 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 difference being the adjustments to the
quadrupole gradients of the magnets. 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 focusing strength of the outer magnets as QF1, the

defocusing strength of the inner magnets as QD1, and the
focusing strength of the central magnet as QF2.

Isochronous Quasi-Isochronous
Ring circumference 11.54 m
Beam energy 10 MeV/u
Magnetic rigidity 2.05 T·m
Beam � 1.01054
Transition �t 1.01054 1.16268
Max Dispersion 2.03 cm/% 1.7 cm/%
Betatron tune Qx 1.03 1.15
Betatron tune Qy 1.30 1.21
Dipole field 2.1266 T
Quadrupole field QF1 2.273 T/m 2.520 T/m
Quadrupole field QD �2.001 T/m �1.744 T/m
Quadrupole field QF2 3.696 T/m 3.770 T/m

TABLE 2: Beam dynamics properties of the reference
234Ra+53 beam, and dipole field and quadrupole normalized
gradients of operation of the magnets for the isochronous and
quasi-isochronous modes.

A. ISOCHRONOUS RING
The core study of the ring focuses on achieving an
isochronous mode, where the transition gamma (�t) aligns
with the Lorentz gamma factor, � = 1.01054 for 234Ra+53

ions at 10 MeV/u. This condition is attained through precise
adjustments to the quadrupole gradients of the magnets. The
central magnet in each arc plays a key role, acting as the
effective combined magnet to ensure the desired isochronic-
ity. The nominal gradient values for both isochronous and
quasi-isochronous conditions are presented in Table 2 and
the resulting optical functions are represented in Fig. 3. With
these settings, the betatron tunes of the ring are adjusted to
(Qx = 1.03, Qy = 1.30). A maximum dispersion of 2.03 m
is achieved, with a focal point at the center of the long drift
section, which makes it an ideal location for placing TOF
detectors with enhanced spatial measurement resolution.

B. QUASI-ISOCHRONOUS RING
The second configuration of the ring, featuring a transition
gamma of �t = 1.16268, is tailored to achieve a higher
momentum acceptance. By reducing the maximum horizon-
tal 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, � = 1.01054, compromising isochronicity. Neverthe-
less, the ring is still capable of operating in the isochronous
condition for radionuclides with � = 1.16268.

Figure 3 illustrates the betatron functions and dispersion
profile for this lattice. The maximum horizontal disper-
sion reaches 1.75 m, which is notably lower than in the
isochronous mode. The betatron amplitudes remain close to
their minimum values, ensuring beam stability. Furthermore,
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Matched for a reference ion 234Ra53+ at 10 MeV kinetic energy

ticle detection are continuously emerging. One of the most
widely used technique is the Schottky mass spectrometry
(SMS), extensively applied at facilities such as FRS-ESR
(GSI) [?]. 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 complete.
Additionally, the setup demands significant space to accom-
modate the cooling infrastructure. To address such limita-
tions, Isochronous Mass Spectrometry (IMS) has emerged
in GSI facilities as a groundbreaking technique, capable of
delivering rapid and precise mass measurements for isotopes
with lifetimes as brief as a few microseconds. This approach
has also been successfully implemented in CSRe storage ring
at IMP, and further advanced through innovations at the Rare
RI Ring cyclotron [5]–[7].

IMS approach is now being considered for a new ex-
periment, the ISOLDE Superconducting Recoil Separator
(ISRS), which is planned for implementation at the High
Intensity and Energy ISOLDE (HIE-ISOLDE) linear accel-
erator at CERN [13]. This linac is capable of accelerating
radioactive isotopes to energies between 0.5 and 10 MeV/u,
producing over 1300 isotopes spanning more than 70 ele-
ments, from 6He to 234Ra. As part of this work, several de-
sign configurations have been proposed and developed for the
ISRS ring spectrometer to support a range of experimental
activities within the ISOLDE programme [9], [10], [14].

The initial proposal [11] introduced a Fixed-Field Alter-
nating Gradient (FFAG) 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 focusing. The magnet
technology adopted for this purpose is based on supercon-
ducting Canted Cosine-Theta (CCT) designs, incorporating
an outer coil for dipole fields and three nested inner trim coils
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.

With a compact 5 ⇥ 5 m2 footprint, the ISRS ring of-
fers a cost-effective and space-efficient solution [12]. For
performance evaluation, 234Ra at 10 MeV/u is selected as
the reference radionuclide. The ISRS ring is specifically
designed to analyze fission fragments generated in beam-
target interactions within the ISOLDE beamline.

The outline of this article is as follows. Section II outlines
the operating principles of the isochronous mode in the ISRS
spectrometer ring. Section III describes the specifications of
the CCT magnets that compose the ring. In Section IV, we
present the lattice and optical design that enable isochronous
operation, along with an alternative quasi-isochronous con-
figuration. Section V analyzes the beam’s betatron tunes, its
chromaticity, and their relation to lattice resonances. Sec-

FIGURE 1: Schematic of the ring with CCT dimensions. F:
Focusing Gradient, D: Defocusing Gradient.

tion VI evaluates the ring’s performance through tracking
simulations, focusing on time-of-flight separation of various
radium isotopes with different charge states. Finally, Sec-
tion VII discusses the proposed concept and presents the
conclusions.

II. PRINCIPLE OF THE ISRS RING
The principle of the spectrometer ring is based on time of
flight techniques of particles stored in the ring. Consider-
ing an ion with a certain difference in mass-to-charge ratio
�(m/q) and a velocity deviation �v with respect to the
reference ion circulating in the storage ring, the revolution
period deviation is given by the following expression [?], [?]:
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transition energy factor of the ring, with ↵c the momentum
compaction factor, which relates the path length deviation
from the reference orbit (�C/C) with the magnetic rigidity
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where C is the length of the reference orbit, Dx(s) the first
order dispersion function and ⇢ 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 eliminate the momentum-dependent variations
introduced by the second term in Equation (1). This can
be addressed through two methods. The first is ion cooling
[23], where faster ions reduce their velocity upon passing
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Parameter Value
Total length 720 mm
Effective magnetic length 580 mm
bore aperture diameter 200 mm
Mechanical diameter 900 mm
Dipole field strength < 2.3 T
Beam bending capacity 36 degrees
Quadrupole field gradient < 9.8 T/m
Operating current 100 A
Cryogenic temperature 4.5 K
Field error Below 1 unit
Magnet type Nested dipole and quadrupole CCT

TABLE 1: Key specifications of the MAGDEM magnet [29].

FIGURE 2: View of the MAGDEM system and CCT coils.

critical subsystems. The first long drift section is reserved for
injection and extraction components, including the RF kicker,
while the opposite drift section hosts Time-Of-Flight (TOF)
detectors. This location benefits from the large horizontal off-
momentum dispersion in the region, optimizing the accuracy
of magnetic rigidity measurements while performing simul-
taneous TOF measurements. type of dectectors? interceptive?

Beam dynamics studies for the ISRS ring are conducted
using the XSuite code [31], which models the reference
lattice using dipole and quadrupole elements. The combined
dipole-quadrupole function magnets are implemented in this
code as rectangular bending magnets (RBEND) incorporat-
ing a quadrupole-mode field gradient. The analysis is re-
stricted to first-order calculations, focusing on the character-
ization 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 difference being the adjustments to the
quadrupole gradients of the magnets. 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 focusing strength of the outer magnets as QF1, the

defocusing strength of the inner magnets as QD1, and the
focusing strength of the central magnet as QF2.

Isochronous Quasi-Isochronous
Ring circumference 11.54 m
Beam energy 10 MeV/u
Magnetic rigidity 2.05 T·m
Beam � 1.01054
Transition �t 1.01054 1.16268
Max Dispersion 2.03 cm/% 1.7 cm/%
Betatron tune Qx 1.03 1.15
Betatron tune Qy 1.30 1.21
Dipole field 2.1266 T
Quadrupole field QF1 2.273 T/m 2.520 T/m
Quadrupole field QD �2.001 T/m �1.744 T/m
Quadrupole field QF2 3.696 T/m 3.770 T/m

TABLE 2: Beam dynamics properties of the reference
234Ra+53 beam, and dipole field and quadrupole normalized
gradients of operation of the magnets for the isochronous and
quasi-isochronous modes.

A. ISOCHRONOUS RING
The core study of the ring focuses on achieving an
isochronous mode, where the transition gamma (�t) aligns
with the Lorentz gamma factor, � = 1.01054 for 234Ra+53

ions at 10 MeV/u. This condition is attained through precise
adjustments to the quadrupole gradients of the magnets. The
central magnet in each arc plays a key role, acting as the
effective combined magnet to ensure the desired isochronic-
ity. The nominal gradient values for both isochronous and
quasi-isochronous conditions are presented in Table 2 and
the resulting optical functions are represented in Fig. 3. With
these settings, the betatron tunes of the ring are adjusted to
(Qx = 1.03, Qy = 1.30). A maximum dispersion of 2.03 m
is achieved, with a focal point at the center of the long drift
section, which makes it an ideal location for placing TOF
detectors with enhanced spatial measurement resolution.

B. QUASI-ISOCHRONOUS RING
The second configuration of the ring, featuring a transition
gamma of �t = 1.16268, is tailored to achieve a higher
momentum acceptance. By reducing the maximum horizon-
tal 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, � = 1.01054, compromising isochronicity. Neverthe-
less, the ring is still capable of operating in the isochronous
condition for radionuclides with � = 1.16268.

Figure 3 illustrates the betatron functions and dispersion
profile for this lattice. The maximum horizontal disper-
sion reaches 1.75 m, which is notably lower than in the
isochronous mode. The betatron amplitudes remain close to
their minimum values, ensuring beam stability. Furthermore,
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Simulation code benchmarking and non-linear optics analysis 
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Figure 14. Beam lattice calculation of ISRS ring at third order using GICOSY. 
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Figure 14. Beam lattice calculation of ISRS ring at third order using GICOSY. 

 

  

GICOSY code. Nonlinear effects studied up to 3rd order

T. Kutukian-Nieto et al.  
Code benchmarking has also been performed in the context
of the Ion Test Bench (IONTB): T2.3 (WP2)
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Isochronous configuration vs quasi-isochronous 

𝛥p/p=+5%

𝛥p/p=-5%

Considering potential orbit instabilities  due to resonance effects, momentum acceptance ≈ 1%
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Isochronous configuraIon vs quasi-isochronous 

To increase momentum acceptance, 
avoiding critical resonances, 
chromaticity correction with sextupoles
will be necessary

FIGURE 3: Betatron functions and off-momentum disper-
sion of the beam optics for isochronous (top) and quasi-
isochronous (bottom) operation modes.

the higher �-function at the injection point significantly
boosts the acceptance of injected particles, thereby improv-
ing overall beam performance.

Sharing the same layout as the isochronous setup and
just adjusting the quadrupole gradients at the MAGDEM-
type magnets, this configuration 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.

V. BETATRON TUNES AND RESONANCES
Particles with varying momenta within the reference bunch
traverse distinct trajectories in the ring. This phenomenon
results in changes to the tuning conditions for the main
bunch (m/q) due to the chromatic effects introduced by the
magnetic elements in the beamline. The resolution power
of the spectrometer is influenced by these chromatic effects.
Figure 4 illustrates the deviation of the vertical and horizontal
tunes due to momentum differences. From this data, the
chromaticity ⇠ of the ring is calculated, representing the
variation in betatron tune as a function of momentum change,
expressed as:

FIGURE 4: Horizontal and vertical betatron tune dependence
on the momentum deviation with respect to reference beam,
for both isochronous and quasi-isochronous configurations.

⇠x,y =
dQx,y

d(�P/P )
(5)

This calculation is performed for relative momentum de-
viations ranging from �1% to 1%, as the orbit is not closed
for larger deviations in the isochronous mode. The calculated
chromaticity (horizontal and vertical) for the isochronous and
quasi-isochronous configurations are (3.3884,�0.9465) and
(2.8585,�1.0636), respectively. Chromaticity can broaden
the energy spread and distort the beam, thus hindering
isochronous operation for particles with momenta deviating
from that of the reference beam. A sufficiently small chro-
maticity 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 significantly large even with linear
lattice elements, leading to alterations in particle trajectories
and timing. To mitigate chromatic effects and maintain sta-
ble beam tuning across momentum deviations, corrections
beyond first-order elements, such as sextupoles, are required.

Figure 5 shows the working points of the two proposed
configurations on the tune diagram, along with resonance
lines up to fourth order. The position of the reference beams
relative to the resonances determines 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 ability of
quasi-isochronous rings to accommodate higher-momentum
particles without the need for additional corrective elements,
such as sextuple, underscores their advantage in applications
requiring broader momentum acceptance.
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Isochronous configuration

Isotopes separation by ToF after 10 turns

Gaussian distribuPon
5 isotopes of radium: 232-236Ra
5000 macroparPcles per isotope 
234Ra in reference orbit
KinePc energy = 10 MeV/u
Transverse emiXance (x,y) = 5 mm-mrad
RMS longitudinal size 𝛔z = 0.01 m
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Input particle distribution:

Ideal condiBons. MonochromaBc beams

BMAD simulation code
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Isochronous configuration Isotopes separation by ToF after 10 turns

1% RMS momentum spread

Different charge states

Xsuite code 

F. Taft et al, Proc. of IPAC25, Taipei, Taiwan, 2025, paper MOPS092
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Quasi-isochronous configuration Isotopes separation by ToF after 10 turns

1% RMS momentum spread

Different charge states

FIGURE 6: Time and relative momentum deviation distri-
bution with respect to the reference ion 234Ra+53 (top) for
the simulated species in the isochronous configuration of
the ISRS ring after ten revolutions. Projected time-of-flight
signals for each species (bottom).

FIGURE 7: Time and relative momentum deviation distribu-
tion with respect to the reference ion 234Ra+53 (top) for the
simulated species in the quasi-isochronous configuration of
the ISRS ring after ten revolutions. Projected time-of-flight
signals for each species (bottom).

VII. CONCLUSIONS
The development of the ISRS ring represents a significant
advancement in the separation of short-lived radionuclides.
Its highly compact design, fitting within a 5⇥5 m2 footprint,
and the integration of specialized, strong-bending, large-
aperture CCT magnets demonstrate 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 mitigat-

ing these issues. In isochronous mode, the bunches maintain
sub-nanosecond temporal structure, thus achieving outstand-
ing charge-to-mass separation. Quasi-isochronous operation
enhances momentum acceptance and provides greater sta-
bility against magnetic imperfections by shifting the tune
working point away from resonance lines, allowing the ring
to accommodate momentum spreads of up to ±2% without
the need for 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
a very heavy ion case, 234Ra53+. Separations of 11 ns
in isochronous mode and 8 ns in quasi-isochronous mode,
after only 10 revolutions, underscore its precision. 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, magnetic 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 dynam-
ics calculations and evaluating higher-order chromatic and
nonlinear effects, with the aim of implementing corrections
using sextupole 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 time-of-flight measurements
and broad momentum acceptance, providing critical insights
into rare and short-lived nuclear species.

REFERENCES
[1] K. Blaum, J. Dilling, and W. Nörtershäuser, “Precision atomic physics

techniques for nuclear physics with radioactive beams,” Physica Scripta,
vol. 2013, no. T152, p. 014017, Jan. 2013. DOI: 10.1088/0031-
8949/2013/T152/014017.

[2] B. Franzke, H. Geissel, G. Münzenberg, “Mass and Lifetime Measure-
ments of Exotic Nuclei in Storage Rings,” Wiley InterScience, Published
online: 17 July 2008, 2007.

[3] Z. Meisel, S. George, S. Ahn, D. Bazin, B. A. Brown, J. Browne,
J. F. Carpino, H. Chung, R. H. Cyburt, et al., “Nuclear mass mea-
surements map the structure of atomic nuclei and accreting neu-
tron stars,” Physical Review C, vol. 101, no. 5, pp. 052801, 2020.
doi:10.1103/PhysRevC.101.052801.

[4] K. Blaum, “High-accuracy mass spectrometry with stored ions,” Physica
Scripta, vol. T118, pp. 44–54, 2005.

[5] M. Steck, Y. A. Litvinov, “Heavy-ion storage rings and their use in
precision experiments with highly charged ions,” arXiv preprint, 2020.

[6] M. Zhang, X. Zhou, M. Wang, Y. H. Zhang, Yu. A. Litvinov, H. S. Xu, R.
J. Chen, H. Y. Deng, C. Y. Fu, W. W. Ge, H. F. Li, T. Liao, S. A. Litvinov,
P. Shuai, J. Y. Shi, R. S. Sidhu, Y. N. Song, M. Z. Sun, S. Suzuki, Q.
Wang, Y. M. Xing, X. Xu, T. Yamaguchi, X. L. Yan, J. C. Yang, Y. J. Yuan,
Q. Zeng, X. H. Zhou, “ defined isochronous mass spectrometry and mass

7

F. TaF et al, Proc. of IPAC25, Taipei, Taiwan, 2025, paper MOPS092

Xsuite code 



Tracking simulations. Reaction chamber + ISRS 

ISRS Workshop, 19th June 2025

8 Y. Fontenla et al. / 00 (2025) 1–17

Table 1. XT03 HIE-ISOLDE Beam parameters at 10.20 MeV/u.

Twiss parameters

("x, "x) (↵x, ↵y) (�x, �y) (�x, �y) �p/p
⇡ (mm mrad) (m/rad) (rad/m) (%)

(0.60, 0.60) (0.290, 0.002) (1.54, 1.21) (0.71, 0.83) 0.5

Figure 3 illustrates the phase space distributions in the x-y axes (mm) (x0–y0 axes in mrad) for 10k simu-
lated events representing the initial state of the beam (before the target) at 10 MeV/u of kinetic energy. The
color map shows the event density, highlighting the angular and spatial dispersion introduced by the inter-
action beam. The simulation is initialized using the XT03 beamline parameters presented in Table 1, and
the random sampling of beam particles in position and momentum space is carried out using a multivariate
normal distribution, based on the covariance matrix defined in Equation (1), as described in Section 4.1. The
beam spot sizes for both phase space of x-y axes are: 2.200 mm and 1.953 mm for �x and �y respectively;
and, 1.475 mrad and 1.622 mrad for �x0 and �y0 respectively.

(a) Phase space (x, x0) distribution. (b) Phase space (y, y0) distribution.

Fig. 3. Initial-States of Phase Space distributions on x-y axes for the XT03 HIE-ISOLDE beamline, before the plastic
target. Units used for the x-y axes are mm and x0-y0 axes are mrad.

5.2. Final-State Results
The study of two heavy-ion beams, 68Ni and 185Hg, interacting with the C2D4 target (98% purity) at an

initial kinetic energy of 10 MeV/u was carried out.
To characterize the kinematic parameters of the ion beam after the target, using both the nuclear products
from the compound and direct reaction mechanisms, is the goal of this section. To quantify the di↵erences
of the reaction products in terms of energy and angular distributions o↵ers relevant aspects for the transport
and separation of beams in the ring.

5.2.1. Nickel-68 beam
The final-state results of compound nuclear reactions for the Nickel-68 ions with a charge state of 16+

on a deuterium target are presented below. The resulting reaction products and their respective probabilities
are: 68Ni (31.9%), 67Cu (27.6%), 68Cu (18.7%), 67Ni (9.6%), and 65Co (> 6.7%). The analyzed data were
obtained using the simulation framework described in Section 4.1, which models particle transport and
energy loss through the target. The initial beam conditions were defined using the parameters listed in
Table 1.

Figure 4 shows the final-state of phase-space distributions in the horizontal and vertical planes (x–x0
and y–y0) for all ion species resulting from the 68Ni + d interaction. The data correspond to 10k simulated
events per reaction channel. The density phase-space plots display the spatial positions in millimeters (mm)
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versus the angular projections in milliradians (mrad). Figures 4a and 4b show the reaction products of 68Ni,
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(a) 68Ni (x, x0) (b) 68Ni (y, y0) (c) 67Cu (x, x0) (d) 67Cu (y, y0)

(e) 68Cu (x, x0) (f) 68Cu (y, y0) (g) 67Ni (x, x0) (h) 67Ni (y, y0)

(i) 65Co (x, x0) (j) 65Co (y, y0)

Fig. 4. Final-state of phase-space distributions for reaction products from 68Ni on deuterium at 10 MeV/u.

Table 2 presents the final-state transverse beam parameters obtained after the interaction of 68 Ni on
the deuterium target, for each of the main nuclear reaction channels. The transverse spot sizes (�x,�y) are
given in mm, and the angular spreads (�x0 ,�y0 ) in mrad. The transverse spatial distributions are consistent
across all reaction channels, with spot sizes ranging from 2.18–2.21 mm in x and 1.95–1.98 mm in y,
indicating similar lateral confinement for all nuclear reaction products. The 65Co channel exhibits a larger
angular proyection, with x0 and y0 values around 15.3 mrad, more than twice those of the other products,
suggesting a stronger recoil or a more energetic fragmentation process. However, the remaining nuclear
reaction products (67Ni, 67Cu, 68Cu, and 68Ni) present more moderate angular dispersion (from 7.3 to 8.3
mrad) resulting in a relatively well-collimated final beam after the target.
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Table 1. XT03 HIE-ISOLDE Beam parameters at 10.20 MeV/u.

Twiss parameters

("x, "x) (↵x, ↵y) (�x, �y) (�x, �y) �p/p
⇡ (mm mrad) (m/rad) (rad/m) (%)

(0.60, 0.60) (0.290, 0.002) (1.54, 1.21) (0.71, 0.83) 0.5

Figure 3 illustrates the phase space distributions in the x-y axes (mm) (x0–y0 axes in mrad) for 10k simu-
lated events representing the initial state of the beam (before the target) at 10 MeV/u of kinetic energy. The
color map shows the event density, highlighting the angular and spatial dispersion introduced by the inter-
action beam. The simulation is initialized using the XT03 beamline parameters presented in Table 1, and
the random sampling of beam particles in position and momentum space is carried out using a multivariate
normal distribution, based on the covariance matrix defined in Equation (1), as described in Section 4.1. The
beam spot sizes for both phase space of x-y axes are: 2.200 mm and 1.953 mm for �x and �y respectively;
and, 1.475 mrad and 1.622 mrad for �x0 and �y0 respectively.

(a) Phase space (x, x0) distribution. (b) Phase space (y, y0) distribution.

Fig. 3. Initial-States of Phase Space distributions on x-y axes for the XT03 HIE-ISOLDE beamline, before the plastic
target. Units used for the x-y axes are mm and x0-y0 axes are mrad.
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The study of two heavy-ion beams, 68Ni and 185Hg, interacting with the C2D4 target (98% purity) at an

initial kinetic energy of 10 MeV/u was carried out.
To characterize the kinematic parameters of the ion beam after the target, using both the nuclear products
from the compound and direct reaction mechanisms, is the goal of this section. To quantify the di↵erences
of the reaction products in terms of energy and angular distributions o↵ers relevant aspects for the transport
and separation of beams in the ring.

5.2.1. Nickel-68 beam
The final-state results of compound nuclear reactions for the Nickel-68 ions with a charge state of 16+

on a deuterium target are presented below. The resulting reaction products and their respective probabilities
are: 68Ni (31.9%), 67Cu (27.6%), 68Cu (18.7%), 67Ni (9.6%), and 65Co (> 6.7%). The analyzed data were
obtained using the simulation framework described in Section 4.1, which models particle transport and
energy loss through the target. The initial beam conditions were defined using the parameters listed in
Table 1.

Figure 4 shows the final-state of phase-space distributions in the horizontal and vertical planes (x–x0
and y–y0) for all ion species resulting from the 68Ni + d interaction. The data correspond to 10k simulated
events per reaction channel. The density phase-space plots display the spatial positions in millimeters (mm)

Input XT03 HIE-ISOLDE 68Ni beam parameters at 10 MeV/u

SEC chamber with
C2D4 target (98% purity)

MC simulaIon tool (developed in collaboraBon with UHU)
• Cross-secWon calculated using the codes 

EMPIRE (compound reacWons ) and FRESCO (direct reacWons)
• Energy-loss effects evaluated using the code SRIM

Phase-space distributions of reaction products
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65Co angular dispersion ⇡ 15.3 mrad

(65Co,67 Cu,68 Cu,68 Ni) angular dispersion ⇡ 7.3� 8.3 mrad

RelaWvely well-collimated final beam aFer the target



Tracking simulations. Reaction chamber + ISRS

ISRS Workshop, 19th June 2025

ToF isotope separation in ISRS after 10 turns operating in isochronous mode. RF-Track simulations

Case 68Ni16+ + C2D4 target Case 185Hg44+ + C2D4 target

Frequency of normalised distribuBons in increasing order of atomic number (Z)

ToF resolution ~ 1.1 ns – 1.6 ns ToF resoluPon ~ 0.49 ns – 1.43 ns 

High sensitivity of the system, enabling separation of ions with nearly identical m/q



Injection/Extraction system

ISRS Workshop, 19th June 2025

Truncated Septum Magnet

Bending angle 40      degrees

Effective length 370    mm

Magnetic field 3.77     T

Conductor material NbTi

Septum wall+ coil 20      mm

RF Kicker
Type Magnetic RF kicker
Kick angle 50     mrad
Length 600   mm
Magnetic field 0.16  T
Integrated Field 0.10  T 
Pulse Time 260    ns

Conceptual design

ISRS

Tracking simulaWon: injecWon



Summary

ISRS Workshop, 19th June 2025

WP1: 75% completed

§ Baseline ISRS design selected

§ Full (linear and non-linear) characterisation of the ISRS optics

§ Tracking simulations in isochronous and quasi-isochronous operation mode

§ MC model of beam-target interaction. Integrated simulations of ToF isotope separation in ISRS considering 
realistic reaction cases

§ Study of Injection/Extraction: preliminary conceptual design based on SuShi type septum and RF-kicker.

Next steps:
Optimisation of the ISRS injection/extraction system
Optimisation of the ISRS ring to effectively integrate beam diagnostic and injection/extraction systems
Start-to-end simulation: beam-target + injection + ISRS + extraction
Complete a list of error tolerances
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