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12 straight 350 mm 
effec2ve magne2c 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)
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By Colin Wargo, systems engineer,  
LongPath Technologies.
 
Methane is one of the most potent 
greenhouse gases, with a warming 
potential many times that of carbon 
dioxide. Reducing methane emissions 
is therefore a priority for industry 
and regulators alike. Yet tracking 
leaks across oil and gas infrastructure 
VIQEMRW�E�WMKRM½GERX�XIGLRMGEP�
challenge, with existing methods 
such as point sensors and satellites 
struggling to provide the necessary 
combination of resolution, reliability 
and scalability.

Researchers at LongPath 
Technologies are addressing this 
gap using dual-frequency comb 
spectroscopy – a laser-based 
technique that can measure multiple 
gases with high resolution over  
long distances. In their approach,  
a centrally located laser tower sends 
light across a network of passive 
mirrors positioned near equipment 
under observation. These eye-safe 
laser paths create invisible  
“fencelines” that detect and quantify 
emissions over areas as large as 
50 km² per node.

While the optical core of the system 
is based on Nobel Prize-winning 
physics, the transition from laboratory 
TVSXSX]TI�XS�½IPH�WGEPI�HITPS]QIRX�
has depended equally on advances in 
instrumentation. A key step was the 
adoption of a compact data-acquisition 
and signal-processing platform capable 
of meeting the real-time demands 
of precision spectroscopy in harsh 
outdoor conditions.

LongPath’s current systems use 
the Red Pitaya STEMlab 125-14 PRO 
Gen 2, which integrates high-speed 
analogue front-ends with FPGA-based 
processing. Improvements in signal 

Scaling up laser-based 
methane monitoring

clarity, frequency stability and isolation 
between analogue and digital domains 
have proved essential for long-term 
WXEFMPMX]�MR�XLI�½IPH��*IEXYVIW�WYGL�
as onboard storage and power 
QEREKIQIRX�LEZI�JYVXLIV�WMQTPM½IH�
deployment by reducing the need for 
additional external devices.

With these tools, the network 
LEW�WGEPIH�JVSQ�IEVP]�½IPH�XVMEPW�
to commercial operation across 
hundreds of monitoring sites. The 

system can detect leaks as small as 
3 SCFH (standard cubic feet per hour), 
providing operators and regulators 
with timely, actionable data.

Bringing this technology out of the 
laboratory has required more than 
VI½RIH�STXMGW��MX�LEW�HITIRHIH�SR�
robust engineering choices at every 
PIZIP��'SQTEGX��¾I\MFPI�TPEXJSVQW�
such as the STEMlab 125-14 PRO 
Gen 2 have allowed precision laser 
spectroscopy to leave the research 
bench and play a practical role in 
reducing methane emissions at scale.

Red Pitaya
Velika pot 21, 5250 Solkan, Slovenia
8IP�����������������
)�QEMP��WYTTP]$VIHTMXE]E�GSQ
www.redpitaya.com

The STEMlab 125-14 PRO Gen 2 from Red Pitaya integrates high-speed analogue front-ends with  
FPGA-based processing.
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such as the STEMlab 
125-14 PRO Gen 2 have 
allowed precision laser 
spectroscopy to leave the 
research bench and play a 
practical role in reducing 
methane emissions at scale
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Fusillo, the 
world’s first 
CCT magnet. 
Credit: CERN
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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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to enhance the overall performance and realibility of the
system.

Parameter Value
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
Magnet type Nested dipole and quadrupole CCT

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

FIGURE 2: View of the MAGDEM fully integrated system
(left) and the CCT coils (right).

IV. ION OPTICS OF 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 alternat-
ing FDFDF quadrupole pattern, where "F" and "D" denote
horizontal focusing and defocusing modes, respectively. Ad-
ditionally, two 1-m-long drift sections have been incorporated
to ensure mechanical clearance between magnets and to ac-
commodate 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 accuracy
of magnetic rigidity measurements while performing simul-
taneous ToF measurements [24].

Beam dynamics studies for the ISRS ring are conducted
using the XSuite code [25], whichmodels the reference lattice
using dipole and quadrupole elements. The combined dipole-
quadrupole function magnets 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 sim-
ilar, 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 QD, and the
focusing strength of the central magnet as QF2 (see Fig. 1).

Isochronous Quasi-Isochronous
Ring circumference [m] 11.54
Beam energy [MeV/u] 10
Magnetic rigidity, B⇢ [T·m] 2
Beam lorentz factor, � 1.01054
Transition factor, �t 1.01054 1.16268
Max Dispersion, Dmax

x [cm/%] 2.1 1.9
Betatron tune, Qx 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

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 MODE
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 for the isochronous optics are
represented in Fig. 3.With these settings, the betatron tunes of
the ring are adjusted to (Qx ,Qy) = (1.04, 1.27). A maximum
first order horizontal dispersion ofDmax

x ' 2.1m 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 (dap), corresponding to a maximum momentum
acceptance h�P/PiMA ' 4.76%, calculated from the maxi-
mum dispersion of the ring:

h�P/PiMA[%] =
dap

2Dmax
x

· 100 . (5)

The corresponding momentum acceptance contours based
on Eq. (5) are shown in Fig. 4. However, it is important to
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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 [?], [?]:

�T

T
=

1

�2
t

�(m/q)

m/q
�

✓
1� �2

�2
t

◆
�v

v
+

�THO

T
, (1)

where � is the Lorentz factor, and �t = 1/
p
↵c is the

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
deviation (�B⇢/B⇢):

↵p =
�C/C

�(B⇢)/(B⇢)
=

1

C

I
Dx(s)

⇢
ds, (2)

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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Isochronous Quasi-isochronous
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Isochronicity condition �t ⇡ �

BMAD and Xsuite codes
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note that these momentum 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
factor, as we will see in Section V.

FIGURE 3: Betatron functions �x,y(s) and first order dis-
persion Dx(s) for the ISRS isochronous (top) and quasi-
isochronous (bottom) optical operation modes.

FIGURE 4: Momentum acceptance contours as a function of
the physical aperture of the lattice elements and the maximum
horizontal dispersion within the ring.

B. QUASI-ISOCHRONOUS MODE
The second configuration of the ring, featuring a transition
gamma of �t = 1.16268, is tailored to achieve a higher
momentum acceptance. By reducing themaximum horizontal
dispersion, this setup enables the inclusion of a broader mo-
mentum 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. Nevertheless, the ring
is still capable of operating in the isochronous condition for
radionuclides with � = 1.16268.
Figure 3 illustrates the betatron functions and dispersion

curve for this lattice. The maximum horizontal dispersion
reaches Dmax

x ' 2 m, which is slightly lower than in the
isochronous mode. In this case, considering Eq. (5), the
maximum momentum acceptance is approximately 5%. The
betatron amplitudes remain close to their minimum values,
ensuring beam stability. Furthermore, the higher �-function
at the injection point significantly boosts the acceptance of
injected particles, thereby improving overall beam perfor-
mance.
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.

FIGURE 5: Horizontal and vertical betatron tune dependence
on the momentum deviation with respect to reference beam,
for both isochronous and quasi-isochronous configurations.

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
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note that these momentum 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
factor, as we will see in Section V.

FIGURE 3: Betatron functions �x,y(s) and first order dis-
persion Dx(s) for the ISRS isochronous (top) and quasi-
isochronous (bottom) optical operation modes.

FIGURE 4: Momentum acceptance contours as a function of
the physical aperture of the lattice elements and the maximum
horizontal dispersion within the ring.

B. QUASI-ISOCHRONOUS MODE
The second configuration of the ring, featuring a transition
gamma of �t = 1.16268, is tailored to achieve a higher
momentum acceptance. By reducing themaximum horizontal
dispersion, this setup enables the inclusion of a broader mo-
mentum 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. Nevertheless, the ring
is still capable of operating in the isochronous condition for
radionuclides with � = 1.16268.
Figure 3 illustrates the betatron functions and dispersion

curve for this lattice. The maximum horizontal dispersion
reaches Dmax

x ' 2 m, which is slightly lower than in the
isochronous mode. In this case, considering Eq. (5), the
maximum momentum acceptance is approximately 5%. The
betatron amplitudes remain close to their minimum values,
ensuring beam stability. Furthermore, the higher �-function
at the injection point significantly boosts the acceptance of
injected particles, thereby improving overall beam perfor-
mance.
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.

FIGURE 5: Horizontal and vertical betatron tune dependence
on the momentum deviation with respect to reference beam,
for both isochronous and quasi-isochronous configurations.

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
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to enhance the overall performance and realibility of the
system.

Parameter Value
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
Magnet type Nested dipole and quadrupole CCT

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

FIGURE 2: View of the MAGDEM fully integrated system
(left) and the CCT coils (right).

IV. ION OPTICS OF 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 alternat-
ing FDFDF quadrupole pattern, where "F" and "D" denote
horizontal focusing and defocusing modes, respectively. Ad-
ditionally, two 1-m-long drift sections have been incorporated
to ensure mechanical clearance between magnets and to ac-
commodate 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 accuracy
of magnetic rigidity measurements while performing simul-
taneous ToF measurements [24].

Beam dynamics studies for the ISRS ring are conducted
using the XSuite code [25], whichmodels the reference lattice
using dipole and quadrupole elements. The combined dipole-
quadrupole function magnets 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 sim-
ilar, 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 QD, and the
focusing strength of the central magnet as QF2 (see Fig. 1).

Isochronous Quasi-Isochronous
Ring circumference [m] 11.54
Beam energy [MeV/u] 10
Magnetic rigidity, B⇢ [T·m] 2
Beam lorentz factor, � 1.01054
Transition factor, �t 1.01054 1.16268
Max Dispersion, Dmax

x [cm/%] 2.1 1.9
Betatron tune, Qx 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

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 MODE
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 for the isochronous optics are
represented in Fig. 3.With these settings, the betatron tunes of
the ring are adjusted to (Qx ,Qy) = (1.04, 1.27). A maximum
first order horizontal dispersion ofDmax

x ' 2.1m 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 (dap), corresponding to a maximum momentum
acceptance h�P/PiMA ' 4.76%, calculated from the maxi-
mum dispersion of the ring:

h�P/PiMA[%] =
dap

2Dmax
x

· 100 . (5)

The corresponding momentum acceptance contours based
on Eq. (5) are shown in Fig. 4. However, it is important to
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OpBmisaBon to integrate the injecBon/extracBon 
system  

DriR length (to place RF-kicker) ≃ 1 m

Magnet separaBon ≃ 0.6 m

Mean ring diameter ≃ 4 m
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Betatron funcBons and first order dispersion

CCT
F1 1.92 T/m
D -2.33 T/m
F2 3.55 T/m

Bending angle 36 degree
Aperture radius 100 mm

150 mm (at 
injection/extraction)

Magnetic effective 
length

580 mm

Isochronous matching
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Simulation code benchmarking and non-linear optics analysis up to 3rd order  
GYCOSY

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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Figure 19. Beam lattice calculation of ISRS ring at third order using GICOSY. 
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Isochronous configuration 

Considering potential orbit instabilities  due to resonance effects, momentum acceptance ≈ 1%

Author et al.: Preparation of Papers for IEEE TRANSACTIONS and JOURNALS

(m/q) due to the chromatic effects introduced by themagnetic
elements in the beamline. The resolution power of the spec-
trometer is influenced by these chromatic effects. Figure 5
illustrates the deviation of the vertical and horizontal tunes
due to momentum differences. From these data, the chro-
maticity ⇠ of the ring is calculated, representing the variation
in the betatron tune as a function of the momentum change,
expressed as:

⇠x,y =
dQx,y

d(�P/P)
(6)

This calculation is performed for relative momentum de-
viations 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 (⇠x , ⇠y) = (3.826,�0.351)
and (⇠x , ⇠y) = (3.213,�0.435), 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
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 significantly large even with linear
lattice elements, leading to alterations in particle trajectories
and timing. The discontinuities in Fig. 5 indicate critical
resonance line crossing. This can be observed more clearly in
the tune diagram in Fig. 6, where we show the working points
of the two proposed configurations alongwith resonance lines
up to the fourth order. The resonance condition is determined
by

aQx + bQy = c , (7)

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

The position of the reference beams relative to the reso-
nances 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 amomentum deviation of�1% produce betatron tunes at
the edge of a first-order resonance line, which limits its opera-
tional 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 deviation close to �3%.

The momentum acceptance of the ring is therefore con-
strained by stability criteria associated with the tune reso-
nances. As shown in Fig. 6, the resulting momentum accep-
tance is approximately 1%, which is about five times lower
than the value obtained by considering only the dispersion
and the geometric bore aperture using Eq. (5).

FIGURE 6: Tune working points on the tune-resonance dia-
gram for different momentum deviations, ranging from�5%
to +5%, with respect to the reference beam for isochronous
and quasi-isochronous configurations. Circular markers in-
dicate the tune working points for the reference ion, while
cross markers correspond to momentum deviations of �1%
and +1%.

To mitigate chromatic effects and maintain stable beam
tuning across momentum deviations, corrections with nonlin-
ear magnetic elements, such as sextupoles, are required. How-
ever, the ability of quasi-isochronous rings to accommodate
higher-momentum particles without the need for additional
corrective elements, underscores their advantage in applica-
tions requiring broader momentum acceptance.

VI. TIME-OF-FLIGHT CALCULATION
ToF techniques are essential tools for the separation and iden-
tification of particles based on their mass and charge. This
principle underlies the operation of isochronous spectrome-
ters such as the ISRS. Unlike conventional linear spectrome-
ters, 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, be-

ing either integrated inside the ring or positioned externally
after particle extraction. The application of this system is
further refined through the Xsuite code framework, which
provides particle tracking calculations over time andmanages
bunches with diverse mass and charge ratios. This framework
ensures precise simulations and optimization of experimental
setups involving quasi-isochronous or isochronous systems.
An example involving nine bunches of Ra isotopes with
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Resonance condi2on:

Working point (Qx, Qy)=(1.084, 1.720) !p/p=-4%
!p/p=+3%

!p/p=-1%
!p/p=+2%
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Isochronous configuraPon
Isotopes separation by ToF after 10 turns

1% RMS momentum spread

Different charge states

Xsuite code 

FWHM ≈ 2 ns

Comparison with other facilities:

VAMOS (GANIL): R≈220
MAGNEX (INFN-LNS, Catania): R≈160
PRISMA (LNL, Legnaro): R≈300
S800 (NSCL / FRIB, Michigan State University): R≈2000
FRS / Super-FRS (GSI / FAIR): R~1000
SHARAQ  (RIKEN): R ~15000
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- A standard-design septum magnet 

- Two of the CCT magnets that are part of the ring 

- A high-speed magnetic kicker 

Table 2 describes the required specifications and parameters of these elements for proper system performance. 
The magnetic-type kicker must achieve a fast pulse rise time to limit its pulse length to below one revolution 
period in the ring (430 ns). The kick angle provided is sufficient when assisted by the two preceding CCT 
magnets that form part of the ring, thus achieving a smoother beam incidence adapted to the spatial limitations 
between elements. 

 
Table 2. Kicker-septum parameters for the ISRS injection/extraction systems 

 Truncated septum 
magnet 

Standard septum 
magnet 

  RF Kicker 

Bending angle 40 deg. 10 deg.  Type Magnetic RF 

Effective length 310 mm 200 mm  Kick angle 45 mrad 

Magnetic field 3.77 T 1.70 T  Length 600 mm 

Wire material NbTi NbTi  Magnetic field 0.16 T 

Septum wall+coil 20 mm 3-5 mm  Integrated field 0.10 T 

Aperture 40 mm 40 mm  Pulse length 350 ns 
 

 

 

 
Figure 15.  (Left) Injection/extraction beam trajectory with respect to the main orbit. (Right) Matching optics, 

represented by the beta functions and horizontal dispersion, of the injection/extraction line together with the ring lattice 
joining at the RF kicker location. 

 

In Figure 15, the beam trajectory with respect to the main ring orbit is shown, suitably adjusted for mechanical 
integration. The 600 mm extended space between CCT bending magnets in the new ring configuration would 
allow the mechanical integration of the two septum magnets. The first one can deflect the trajectory by 40 
degrees, and the second by an additional 10 degrees. With the focusing and defocusing effects of the following 
CCT magnets, the final incidence of only 45 mrad with respect to the orbit is corrected by the kicker. 
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field strength there decreases and thus, the current density to
shield the field must be decrease (see equation (3)) as well
by changing the distance of the line currents. As one can
see, all flux lines are captured in the right part in case of the
truncated cosine theta configuration.

Figure 2: Flux line calculated by line currents and image
currents. Left: complete cosine theta model, right: truncated
cosine theta model.

A calculation code have been developed to quickly esti-
mate magnet design parameters and crosscheck results of
finite element simulations. Input parameters are

• Magnetic field strength in the half-circular aperture,
• Radius of the cosine theta coil,
• Iron yoke radius or peak field at the iron yoke,
• Number of the line currents (turn/pole),

and from this
• Necessary current, ampere⇥turns,
• Position of the line currents (and image currents),
• Magnetic field distribution in the aperture and the other

side of the septum.
are delivered.

MAGNET DESIGN
In the following section, several studies are presented and

discussed.

Cross Section Design

For high field septum magnets, magnetic length of several
meters (e.g. 4 m for FCC and FAIR) would be needed. There-
fore a design starts from the cross section in a 2-dimensional
design. From experience on several design trials, the follow-
ing design procedure is proposed.

1. A cross section of a complete cosine theta magnet with
iron yoke is designed taking into account the geometri-
cal requirements for the injected/extracted beam area,
septum width, vacuum chamber etc. Field quality must
be optimized to an extent which depends on the require-
ment (at a reference radius, which include the extracted
beam area).

2. The complete cosine theta is truncated by the y-axis
and a block coil is introduced. The cable center of the
block coil would be on the y-axis. The cable vertical
position in the block coil should follow the estimation
with an analytical model of the line current. Especially

amount of the cables in the cosine theta coil radius is
important to shield the magnetic field properly.

3. Field quality in the aperture and the leak field for the
circulating beam area is optimized by adjusting the
cable positions.

One can note that the beam is exposed to the magnetic
field of septum magnet only one time during injection or
extraction. Therefore, the demand for the magnetic field
quality is not as high as that of magnets in an accelerator
ring. On the other hand, the stray field has to be controlled,
because the circulating beam sees many times.

Figure 3 shows the conceptual preliminary cross section
design for the FCC and FAIR septum magnets. FCC sep-
tum coil is designed with a one layer coil with the LHC
superconducting cable [8] of 31 turns with 6.3 kA. For FAIR
septum, small Rutherford cable similarly to Super-KEKB
QCS magnets [9] are selected to two layers coil design of
100 turns with 2.1 kA. In the half-circular aperture, the mag-
netic field strength is 4 T for FCC and 3.65 T for FAIR and
stray magnetic field have been suppressed around a few tens
of milli-Tesla.
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Figure 3: Conceptual cross section design for FCC (left) and
FAIR (right).

Coil Head Design

One of di�culties of the coil manufacturing according to
the concept given above is the coil head design so that one
can wind a cable in designed positions in the cross section.
The combination of a typical saddle coil head and subsequent
vertical cable bending in the block coil would be a solution
for a Rutherford cable coil. In this case, by introducing
inclined cable in the block coil, one can avoid additional
twists of the cable. Figure 4 shows the design adjustment
of the cross section and the cross section just after the coil
head for the FCC septum design. By introducing such cable
arrangement in the cross section, conventional cosine theta
coil winding technique would be applicable. Besides special
3-dimensional shape winding mandrel and spacers, support
structures, and winding tools and so on have to be developed.
Stray field and field quality in the half-circular aperture can
be optimized in the same way as the original cross section
design case. Figure 5 shows a conceptual model of the coil
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head winding. The vertical bending of the cables in the
block coil has to be integrated.
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Figure 4: Improvement of the cross section design for the
coil winding. Only upper half part is shown.

Block coil

Cosine theta coil

Figure 5: Conceptual coil head design consists of saddle
coil head.

The other solution would be a single strand coil winding.
Figure 6 shows a conceptual design with a single layer coil.
Such a magnet can be operated with a low current. However,
due to high inductance, quench protection would be an issue.
For the medical therapy accelerators, such a magnet would be
favorable to shorten the length of the injection and extraction
lines in order to reduce the size and cost of the accelerator
building.

FUTURE WORK
Mechanical design studies are already started. Prelimi-

nary study shows that the Lorentz forces on the cosine theta
part is very similar to that of a complete cosine theta magnet
because the magnetic field on the cable is almost identical.
At the block coil side, the magnetic forces, which is horizon-
tal, are almost equally distributed. A mechanical structure
to support this force have to be properly designed. As usual,
series of mechanical analyses from the manufacturing (at
room temperature, with pre-stress) to the excitation phase (at
cryogenic temperature, with Lorentz forces) has to be done.
Cooling design has to be worked out to keep the magnet at

Figure 6: Conceptual coil head design for a single strand
winding technique.

stable temperature with requested current ramping condition.
Cooling channels must be designed both in the cosine theta
and block coil. Comprehensive engineering design by iter-
ation of electromagnetic, mechanical, and cooling studies
will be continued.

SUMMARY
A novel concept of a septum magnet for high magnetic

field application with superconducting technology is pre-
sented. Theoretical and analytical calculations prove attrac-
tive magnetic feature of the truncated cosine theta configu-
ration for applications for septum magnets. Electromagnetic
cross section design shows su�ciently good field quality
in the half-circular aperture and well suppressed stray field
at the circulating beam area. A conceptual design of the
coil head was developed. The proposed winding techniques
with Rutherford cable and single strand would be applicable.
Further design study will be continued.
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Superconducting cosine theta magnet
based on the design by K. Sugita et al. (GSI), 

Proc. IPAC2018, WEPML036 

Injected/extracted 
beam trajectory 

Main orbit 

• Magnetic-type kicker: fast pulse rise time (pulse 
length < revolution period in the ring (430 ns). 

• The kick angle provided is sufficient when assisted by 
the two CCT magnets of the ring, thus achieving a 
smoother beam incidence adapted to the spatial 
limitations between elements.
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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.

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

SEC chamber with
C2D4 target (98% purity)

MC simulation tool (developed in collaboration with UHU)
• Cross-section calculated using the codes 

EMPIRE (compound reactions ) and FRESCO (direct reactions)
• Energy-loss effects evaluated using the code SRIM Phase-space distributions of reaction products for 68Ni + d at 10 MeV/u. 
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using both the residual nuclei products from both EMPIRE and FRESCO calculation 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.

4.2.1. Nickel-68 to deuterium residual beams
The final-state yields of residual nuclei resulting from the interaction of a 68Ni beam with a deuterium tar-

get are as follows, expressed as percentages of the total reaction cross-section: 68Ni (31.9%), 67Cu (27.6%),
68Cu (18.7%), 67Ni (9.6%), and 65Co (less than 6.7%).

Fig. 5 displays the phase-space distributions in the horizontal (x–x0) planes for all residual ion species
resulting from the beam interaction. These distributions represent the spatial positions and angular diver-
gences of the emitted particles. The data are based on 10,000 simulated events per reaction channel. Due
to the circular and symmetric shape of the incident beam, the distributions in the vertical phase-space plane
(y–y0) are nearly identical to those in the horizontal plane. Therefore, they were not considered relevant for
display in the figure. The transverse positions (x–y) extends from -3 to 3 mm, while the angular projections
(x0–y0) ranges -16 to 16 mrad. The density distribution reveals a higher concentration of ions at the center
of the spot, indicating trajectories with small angular deviations. For 65Co, the angular projection extends
over a wider interval (-32 to 32 mrad), compared to the distribution from the primary 68Ni beam. The direct
reaction products 69Cu and 69Ni exhibit angular spreads extending up to ±20 mrad.

(a) 68Cu (b) 67Cu (c) 68Ni (d) 67Ni

(e) 65Co (f) 69Cu (g) 69Ni

Fig. 5. (x, x0) Phase-space distributions for all reaction products from 68Ni + d at 10 MeV/u.

For a proper characterization of these distributions, Table 3 summarizes the relevant parameters of the
beam sizes and angular divergences, as well as the corresponding geometric emittances in the transverse
plane. The resulting emittances are approximately one order of magnitude larger than those of the incident
beam, reflecting the wider angular spread of the reaction products. Among the species considered, 65Co
exhibits the largest transverse emittance, indicating a particularly wide distribution in angular coordinates.

For 65Co, the angular projection extends over a wider interval (-32 to 
32 mrad), compared to the distribution from the primary 68Ni beam. 
The direct reaction products 69Cu and 69Ni exhibit angular spreads 
extending up to ±20 mrad. 



Tracking simula)ons. Reac)on chamber + ISRS
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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 distributions in increasing order of atomic number (Z)

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

Pulse separations ~ 40 ns Pulse separaBons ~ 15 ns



Summary

ISRS Workshop, 20th Nov 2025

WP1: 90% completed

§ Frozen ISRS design. 

§ Full (linear and non-linear) characterisaBon of the ISRS opBcs

§ Tracking simulaBons in isochronous and quasi-isochronous operaBon mode

§ MC model of beam-target interacBon. Integrated simulaBons of ToF isotope separaBon in ISRS considering 
realisBc reacBon cases

§ InjecBon/ExtracBon: conceptual design based on truncated septum + standard septum and RF-kicker.

§ Start-to-end simulaBon: beam-target + injecBon + ISRS + extracBon 

Next steps:
Further opBmisaBon of the ISRS injecBon/extracBon system
IntegraBon of beam diagnosBcs
Complete a list of error tolerances
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