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Introduction
The HIE-ISOLDE facility at CERN
• Very large range of radioactive beams from 6He – 234Ra 
• 1000 isotopes, > 70 elements
• Wide energy range 0.45 – 10 MeV/u   (depending on A/Q) 

A compact recoil separator can bring new and exciJng possibiliJes to the HIE-ISOLDE
physics program 

The ISOLDE Superconduc2ng Recoil Separator (ISRS) – new iniJaJve since 2019

ISRS CCT, 6th January 2021

populate the closed-shell region # = 126, which is crucial for both studying shell-quenching and
the r-process, being its last “waiting-point” before the production of trans-bismuth elements and
the fission cycling. Depending on the physics case, direct or inverse kinematics with light or heavy
targets will be used, and the spectrometer should be able to rotate to cover the grazing angle (⇠ 50
– 70 degrees).

Fusion evaporation reactions in inverse kinematics. The recent intensity upgrade of HIE-
ISOLDE has made possible the use of fusion-evaporation reactions for nuclear spectroscopy. Se-
lection of fusion evaporation residues using magnetic devices has been done in many experiments
with stable beams in the past [? ]. Consequently, a versatile device may be used also in such a
program with radioactive beams. One example here is the opening up of a variety of possibilities
for lifetime measurements, e.g. using standard and triple foil plungers [? ].

Low energy transfer, breakup and fusion reactions. The studies of exotic nuclei are mainly
based on reactions induced by radioactive beams at di�erent energies [? ]. High energies ⇠ 100
MeV/A are more suitable to probe single particle aspects, whereas low energies ⇠ 5 MeV/A will
emphasize collective behaviour associated with nucleon correlations. Beam-like fragments are
emitted at very small angles close to the beam axis whereas neutrons and gammas must be recorded
in coincidence to tackle the dynamics of the reaction process.

The low intensity of the radioactive beams demands large momentum and solid angle accep-
tance, while the physics program requires excellent mass, charge, energy, time and good angular
resolution at the focal plane for Doppler corrections and kinematical reconstruction of the reaction.
A preliminary list of minimum physics requirements obtained from existing proposals is summa-
rized in table 1. As discussed in section 1, the expected performance of the ISRS spectrometer
should be superior.

2.2 Physics requirements

The low intensity of the radioactive beams demands large momentum and solid angle acceptance,
while the physics program requires excellent mass, charge, energy, time and good angular resolution
at the focal plane for Doppler corrections and kinematical reconstruction of the reaction. A
preliminary list of minimum physics requirements obtained from existing proposals is summarized
in table 1. As discussed in section 1, the expected performance of the ISRS spectrometer should be
superior.

Table 1. Minimum spectrometer requirements
Parameters Values
Momentum acceptance ±10%
Resolving power ?/� ? 2000
Angular acceptance ±10�

Angular resolution 0.1�

Solid angle 100 msr
Charge resolution �&/& 1/70 (FWHM)
Mass resolution �"/" 1/250 (FWHM)
Rotation 0 – 70�

– 4 –

Minimum spectrometer requirements 
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Conceptual design 3D G4beamline model
(20 multifunction magnets)

First optimization
(10 multifunction magnets)

Example – Ring concept

SEC

R [m] 0.5 - 1 m
B [T] 2 - 6

f0 [MHz] 10 - 40
fk [kHz] 100 - 3000

Storage t [μs] 0.5 - 10

• Remove only primary 
beam

Focal plane 
detector

I. Martel. 84th ICC mee7ng.
CERN, March 2019. C. Bontoiu et al., NIMA 969 (2020) 164048

Based on combined function magnets: dipolar and quadrupolar components
Maximum magnetic field ~ 6 T 

C=4.7 m
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Fig. 1. Conceptual FFAG ring layout for a compact recoil separator.

Fig. 2. (a) Layout of HIE-ISOLDE and its experimental beam lines, integrating the compact recoil separator (RS) connected to the Scattering Experiments Chamber (SEC) and to
the focal plane detector. (b) A more detailed zoomed conceptual layout of the RS.

The term Q is given by Q = max(0, ln(Ek_Mi)), with Ek the kinetic
energy and Mi the mass of the ion. The term ⇤ takes into account the
screening effect:

⇤ = 10
vF
v0

(1 * q)2_3

Z1_3
i (6 + q)

. (6)

Both v0 and vF have the same order of magnitude, and their value
depend on the electronic structure of the medium.

The above parametrisation of the effective charge of the ion is
implemented in the code GEANT4 [24] and applies if Ek is below the
following limit:

Ek < 10qi
Mi
Mp

[MeV], (7)

where Mp is the proton mass.
To understand the impact of the medium and qeff for different

ions, a preliminary study has been performed using a GEANT4 based
simulation with a kinetic energy of 10 MeV/u and vacuum as the
default beam propagation environment. Thereafter the rigidity B⇢ has
been adjusted according to the obtained qeff values for each ion. Table 1
shows the main magnet specifications to operate with 4 types of ions
in a reference particle mode: 11Li, 118Ag, 226Ra and 234Ra. In all
the cases, a maximum beam kinetic energy of 10 MeV/u has been
considered. An example of stable orbit for a 234Ra beam modelled

Fig. 3. Layout of a configuration design of the FFAG for a superconducting recoil
separator. The orbit for a beam of 234Ra injected at 10 MeV/u kinetic energy is shown
in orange. The magnets are shown in different colour depending on the polarity of the
quadrupolar component: focusing (defocusing) in red and defocusing (focusing) in blue
for the horizontal (vertical) plane.
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Table 1
Summary of magnet parameters for operation mode with light isotopes (e.g.11Li) and heavy isotopes
(e.g.118Ag and 226,234Ra nuclides).
Parameters 11Li 118Ag 226Ra 234Ra

Effective charge qeff 2.999 35.457 52.883 52.879
Rigidity B⇢ [T m] 1.67 1.52 1.94 2.02
Deflection angle [deg] 36 36 36 36
Dipolar magnetic field By [T] 5.26 4.77 6.13 6.35
Quadrupolar strength KL [m*1] 5 5 5 5
Quadrupolar gradient G [T/m] 41.86 37.98 48.77 50.5

Table 2
Summary of optical parameters of the lattice.
Optical Parameters

Ring circumference, [m] 3.533
Injection energy up to, [MeV/u] 10
Upper limit of magnetic rigidity, B⇢ [T m] 2.02
Tunes, Qx, Qy 1.317, 2.17
Chromaticity, ⇠x,y *6.608, *11.491
Maximum beta functions, �x,y [m] 1.2, 1.8
Maximum dispersion, Dx [m] 0.57
Revolution period, T [ns] 81

Fig. 8. Schematic transverse view of the cryostat system for the combined function
magnets.

A complete analysis of magnetic field harmonics is out of the scope of
this paper, and must be included in future technical designs.

Fig. 7(c) shows the complete magnet assembly. In principle, all
magnets in the ring will share a common cryostat chamber. A schematic
layout of the channels for the coolant and vacuum insulations is shown
in Fig. 8. The cold liquid helium enters at 4 K through a coaxial pipe
and fills the channel near the collars at hydrostatic pressure. The inner
aperture of the magnet is optimised in Section 3 to maximise both the
peak magnetic field and the momentum acceptance.

2.4. RF system and radioisotope injection/extraction

One of the critical elements of the machine will be a flexible RF
system capable of working in a frequency range 12.5–25 MHz for
heavy radioactive ions (e.g., 234Ra) and light ions (e.g., 11Li) for the
corresponding harmonic numbers h = 1, 2. A potential solution for this
system is the use of normal conducting pillbox cavities similar to those

designed for the PS at CERN [28]. This RF system would allow us to
keep a compact ring structure.

A duty cycle of the recoil separator in the range of 500–1000 ns
would be ideal to analyse the heaviest reaction fragments, like the case
of 234Ra. However, the operation is limited by the time structure of
the beam delivered by the radioactive facility. The case of HIE-ISOLDE
is discussed in [29]. A typical beam will consist of macro-bunches
delivered by a dedicated Electron Beam Ion Source (EBIS) [30,31] at
about 10–50 kHz and approximately 800 �s width, depending on the
isotope and extraction mode. After acceleration by the REX-ISOLDE and
HIE-ISOLDE linac (see layout in Fig. 2), the beam is further subdivided
in bunches of 0.3–6.3 ns (depends on the beam energy) at the linac
frequency of 101 MHz, which gives a maximum bunch spacing of 10 ns.
In order to insert the beam in the ring, the bunch separation should be
much higher (in the order of 100 ns). This can be achieved by using
a multi-harmonic buncher (MHB),1 which would allow the extension
of the gap up to 200 ns, thus improving the ToF capabilities. For the
present case, the duty cycle is therefore limited by this value. This value
could be extended by implementing a multi-bunch injection system.

The extraction process is very challenging and has not been explored
in detail yet. For extraction, two possible routes are currently being
considered: (i) isotope separation employing the in-ring cavity system
and extraction with a RF helical strip line chopper [32]; and (ii)
slow controlled acceleration of isotopes over a maximal momentum
acceptance limit via the main RF system [33].

Further studies are required to consider the necessary insertion drift
for injection/extraction, and, as a consequence, the conceptual ring
design described in this article must be updated accordingly.

3. Beam dynamics

3.1. Momentum acceptance

To estimate the momentum acceptance, we have used the simu-
lation code BMAD. Concretely, single-particle tracking for 300 turns
inside the ring has been performed for different momentum spread
values � í �P_P0, with P0 the reference momentum. Simulation results
show that a beam of heavy ions with large momentum spread up to
� ˘ ±15% might be stable in the ring depending on the combined
function magnet aperture, Fig. 9. Two different curves are obtained
in Fig. 9 for positive and negative momentum deviation due to an

1 In the context of HIE-ISOLDE, the MHB might be installed in the line
before the RFQ in the REX-ISOLDE accelerator sector (see Fig. 2).
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Fig. 4. Beta functions �x,y(s) and horizontal dispersion Dx(s) for a beam of 226Ra injected at 10 MeV/u kinetic energy.

Fig. 5. Layout of the SC dipole coils.

with the program G4beamline [25] is depicted in Fig. 3 for a layout
configuration with a total magnetic element aperture of 100 mm. In this
case, a monochromatic elliptical beam distribution has been tracked
with transverse size �x,y = 1 mm, A_q Ù 4.5 and Ek = 10 MeV. More
specific beam dynamics simulation results are discussed in Section 3.

A beam rigidity range (1.67–2.02 T m) would allow light and heavy
ions to be stored with momentum boundary up to 32 GeV/c.

The corresponding Twiss parameters and the first order dispersion
have been calculated for the optical lattice. Fig. 4 shows the transverse
betatron functions and the dispersion. In order to increase the flexi-
bility in the stored species of ions, a constant low beta operation has
been considered. Fig. 4 also shows the effect of an extra horizontal
focusing by the dipoles when the strengths of both, focusing and
defocusing quadrupoles are equal. The main properties of the lattice
are summarised in Table 2.

2.3. Superconducting combined function magnets

As mentioned before, after optimisation, the recoil separator FFAG
ring is formed of 10 SC combined function magnets including both
dipole and quadrupole components. These magnets are relatively com-
pact with a length of 20 cm. Their design has been inspired by those
designed for a SC gantry for protons [5,6], scaling the magnetic field
components (dipole and quadrupole) to fulfil the new requirements in
the recoil separator lattice.

Following the techniques shown in Refs. [26,27], a combined func-
tion magnet can be designed with high purity of dipole and quadrupole
magnetic field using one layer of superconductor distributed in a few
coil blocks around the magnet bore.

On the one hand, the dipole coils (Fig. 5) have been designed using
three 1 cm thick blocks whose azimuthal arrangement minimises the
following multipolar field harmonics: b3, b5, b9 and b11, where bj í
104Bj_B1 from the expansion of the magnetic field at the position
z = x + iy,

B(z) = B1 + B3

0

z
Rd

12
+ B5

0

z
Rd

14
+5 , (8)

where Rd is the bore radius of the dipole.
On the other hand, the quadrupole coils (Fig. 6) consist of two

blocks whose particular azimuthal distribution was chosen in order to
minimise the b6 and b10 multipoles, where bj í 104Bj_B2, taking into

Fig. 6. Layout of the SC quadrupole coils.

Fig. 7. Layout of the SC coils (a), their clamps (b) and the complete assembly (c).

account that for a quadrupole with a usual fourfold symmetry the first
non-zero terms of the magnetic field expansion are B2, B6 and B10, i.e.,

B(z) = B2
z
Rq

+ B6

0

z
Rq

15
+ B10

0

z
Rq

19
+5 , (9)

with Rq the radius of the quadrupole.
The one-layer of quadrupole coils are assembled on the top of the

one layer dipole coils (Fig. 7). The magnet system has been optimised
to achieve a maximum magnetic field of 6 T.

If magnets are required to have a larger bore than the original
design from [5,6] in order to increase both the momentum and angular
acceptance of the ring (see Section 3), a second and maybe a third
layer for both the dipole and quadrupole need to be added, such as
it is done in [26,27]. They would thus minimise unwanted high-order
effects. Another consequence of a large bore would be the enhancement
of the fringe fields for the horizontal dipole components and this would
be corrected by tuning lattice parameters, such as quadrupole strengths.

4
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Fig. 1. Conceptual FFAG ring layout for a compact recoil separator.

Fig. 2. (a) Layout of HIE-ISOLDE and its experimental beam lines, integrating the compact recoil separator (RS) connected to the Scattering Experiments Chamber (SEC) and to
the focal plane detector. (b) A more detailed zoomed conceptual layout of the RS.

The term Q is given by Q = max(0, ln(Ek_Mi)), with Ek the kinetic
energy and Mi the mass of the ion. The term ⇤ takes into account the
screening effect:

⇤ = 10
vF
v0

(1 * q)2_3

Z1_3
i (6 + q)

. (6)

Both v0 and vF have the same order of magnitude, and their value
depend on the electronic structure of the medium.

The above parametrisation of the effective charge of the ion is
implemented in the code GEANT4 [24] and applies if Ek is below the
following limit:

Ek < 10qi
Mi
Mp

[MeV], (7)

where Mp is the proton mass.
To understand the impact of the medium and qeff for different

ions, a preliminary study has been performed using a GEANT4 based
simulation with a kinetic energy of 10 MeV/u and vacuum as the
default beam propagation environment. Thereafter the rigidity B⇢ has
been adjusted according to the obtained qeff values for each ion. Table 1
shows the main magnet specifications to operate with 4 types of ions
in a reference particle mode: 11Li, 118Ag, 226Ra and 234Ra. In all
the cases, a maximum beam kinetic energy of 10 MeV/u has been
considered. An example of stable orbit for a 234Ra beam modelled

Fig. 3. Layout of a configuration design of the FFAG for a superconducting recoil
separator. The orbit for a beam of 234Ra injected at 10 MeV/u kinetic energy is shown
in orange. The magnets are shown in different colour depending on the polarity of the
quadrupolar component: focusing (defocusing) in red and defocusing (focusing) in blue
for the horizontal (vertical) plane.
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Beam dynamics. 

Momentum acceptance
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Fig. 9. Dependence of the particle maximum positive (blue dots) and negative (red
dots) momentum deviation � on the element aperture for a 234Ra beam stored inside
the ring. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 10. (a) Orbits for isotope beams for different momentum ranges. (b) Zooming in
for more details. Colorbar ranges: 0–29 GeV_c (red); 29–30.5 GeV_c (yellow); 30.5–32.1
GeV_c (green); 32.1–50 GeV_c (blue). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

asymmetric dynamic aperture between both cases. Additionally, the
list of stored isotopes ranges from light (e.g., 11Li) to very heavy
(e.g., 234Ra) isotopes. These isotopes, including 118Ag, were simulated
using G4Beamline with a reference kinetic energy of 10 MeV/u. An
elliptical beam distribution has been considered with transverse beam
size �x,y = 1 mm. The aperture radius of the combined function cylin-
drical magnet is 100 mm. The beam size widening might be decreased
even further with the right tune and optimised initial beam parameters.
Fig. 10 shows the beam storage for different momentum ranges.

3.2. Angular acceptance

For charged particles the canonical 6D trace space coordinates can
be defined by the following vector: r(s) = (x, x®, y, y®, z, �) with the
longitudinal position s acting as the independent parameter. Here x
and y are the transverse coordinates and x® = Px_P0 and y® = Py_P0
their corresponding momenta normalised to the reference momentum
P0. In a similar way, the longitudinal phase space is characterised by
the longitudinal coordinate z = s * �ct, with � the relativistic velocity
factor, c the speed of light and t the time parameter, and � the relative
momentum offset introduced earlier.

Using trigonometric relations for the full momentum in r, the an-
gular divergence limit can be estimated in a similar way as for the
momentum spread tolerance using non-zero x® and y® deviations. The
study has been performed for a ring with 100 mm element aperture
radius assuming the reference momentum at injection. The largest
angular horizontal divergence of the particle that can be stored is

Fig. 11. Tracking of 226Ra for 300 turns with a solid angle 150 mrad inside the
aperture. The beam envelope is represented in orange. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 12. The normalised peak intensity for two Radium isotopes (233Ra and 234Ra)
injected with the same momentum and detected turn after turn. The ToF separation is
shown after 9 turns.

± 115 mrad and, due to the absence of vertical bending, it increases
to approximately 160 mrad for the y component. For instance, Fig. 11
shows the rays for the isotope 226Ra tracked using the code G4Beamline
considering an initial vertical angular divergence of 150 mrad.

3.3. Mass resolving power

To investigate the mass spectrometer capabilities of the ring, the
reaction 2H(233Ra, 234Ra)H has been considered for the simulations.
Particle tracking has been performed in G4Beamline for the two Ra-
dium isotopes, injecting both 233Ra and 234Ra simultaneously into the
ring with the same momentum. Fig. 12 shows the detection time for the
two Radium isotopes turn after turn. This situation is the final outcome
when two isotopes experience an increasing time separation after pass-
ing through the RF cavity for several turns due to a small difference
in effective charge. Then one of these beam species can be selected
for further extraction. The detected intensity peaks of both 233Ra and
234Ra separate longitudinally as the number of turns increases. This
time separation between isotopes increases linearly with the storage
time as illustrated in Fig. 13. Operating with an energy difference of
only 0.5% per nucleon, after 10 turns (storage time of ⌧ ˘ 810 ns), the
ToF separation, in such conditions, is estimated to be approximately
3.5 ns, similar to the typical 2 ns bunch width expected from HIE-
ISOLDE. Therefore, in this scenario, for obtaining ToF separations of
the order of 100 ns the reaction fragments must circulate typically for
˘ 23 �s.

It is worth to point out that the beam current is usually many orders
of magnitudes larger compared to the products, thus requiring a large
separation (time difference in the case of recoil separator) for clean
separation from the beam tail. This poses a challenge to the design
of any beam separator. In the present study we have considered an
ideal perfect bunch structure of 2 ns width. Given a Gaussian tail
of, for example, 25% (Ì 0.5 ns), there should not be any resulting
contamination from the primary beam as we achieve 3.5 ns between
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Fig. 9. Dependence of the particle maximum positive (blue dots) and negative (red
dots) momentum deviation � on the element aperture for a 234Ra beam stored inside
the ring. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 10. (a) Orbits for isotope beams for different momentum ranges. (b) Zooming in
for more details. Colorbar ranges: 0–29 GeV_c (red); 29–30.5 GeV_c (yellow); 30.5–32.1
GeV_c (green); 32.1–50 GeV_c (blue). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

asymmetric dynamic aperture between both cases. Additionally, the
list of stored isotopes ranges from light (e.g., 11Li) to very heavy
(e.g., 234Ra) isotopes. These isotopes, including 118Ag, were simulated
using G4Beamline with a reference kinetic energy of 10 MeV/u. An
elliptical beam distribution has been considered with transverse beam
size �x,y = 1 mm. The aperture radius of the combined function cylin-
drical magnet is 100 mm. The beam size widening might be decreased
even further with the right tune and optimised initial beam parameters.
Fig. 10 shows the beam storage for different momentum ranges.

3.2. Angular acceptance

For charged particles the canonical 6D trace space coordinates can
be defined by the following vector: r(s) = (x, x®, y, y®, z, �) with the
longitudinal position s acting as the independent parameter. Here x
and y are the transverse coordinates and x® = Px_P0 and y® = Py_P0
their corresponding momenta normalised to the reference momentum
P0. In a similar way, the longitudinal phase space is characterised by
the longitudinal coordinate z = s * �ct, with � the relativistic velocity
factor, c the speed of light and t the time parameter, and � the relative
momentum offset introduced earlier.

Using trigonometric relations for the full momentum in r, the an-
gular divergence limit can be estimated in a similar way as for the
momentum spread tolerance using non-zero x® and y® deviations. The
study has been performed for a ring with 100 mm element aperture
radius assuming the reference momentum at injection. The largest
angular horizontal divergence of the particle that can be stored is

Fig. 11. Tracking of 226Ra for 300 turns with a solid angle 150 mrad inside the
aperture. The beam envelope is represented in orange. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 12. The normalised peak intensity for two Radium isotopes (233Ra and 234Ra)
injected with the same momentum and detected turn after turn. The ToF separation is
shown after 9 turns.

± 115 mrad and, due to the absence of vertical bending, it increases
to approximately 160 mrad for the y component. For instance, Fig. 11
shows the rays for the isotope 226Ra tracked using the code G4Beamline
considering an initial vertical angular divergence of 150 mrad.

3.3. Mass resolving power

To investigate the mass spectrometer capabilities of the ring, the
reaction 2H(233Ra, 234Ra)H has been considered for the simulations.
Particle tracking has been performed in G4Beamline for the two Ra-
dium isotopes, injecting both 233Ra and 234Ra simultaneously into the
ring with the same momentum. Fig. 12 shows the detection time for the
two Radium isotopes turn after turn. This situation is the final outcome
when two isotopes experience an increasing time separation after pass-
ing through the RF cavity for several turns due to a small difference
in effective charge. Then one of these beam species can be selected
for further extraction. The detected intensity peaks of both 233Ra and
234Ra separate longitudinally as the number of turns increases. This
time separation between isotopes increases linearly with the storage
time as illustrated in Fig. 13. Operating with an energy difference of
only 0.5% per nucleon, after 10 turns (storage time of ⌧ ˘ 810 ns), the
ToF separation, in such conditions, is estimated to be approximately
3.5 ns, similar to the typical 2 ns bunch width expected from HIE-
ISOLDE. Therefore, in this scenario, for obtaining ToF separations of
the order of 100 ns the reaction fragments must circulate typically for
˘ 23 �s.

It is worth to point out that the beam current is usually many orders
of magnitudes larger compared to the products, thus requiring a large
separation (time difference in the case of recoil separator) for clean
separation from the beam tail. This poses a challenge to the design
of any beam separator. In the present study we have considered an
ideal perfect bunch structure of 2 ns width. Given a Gaussian tail
of, for example, 25% (Ì 0.5 ns), there should not be any resulting
contamination from the primary beam as we achieve 3.5 ns between
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Fig. 9. Dependence of the particle maximum positive (blue dots) and negative (red
dots) momentum deviation � on the element aperture for a 234Ra beam stored inside
the ring. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 10. (a) Orbits for isotope beams for different momentum ranges. (b) Zooming in
for more details. Colorbar ranges: 0–29 GeV_c (red); 29–30.5 GeV_c (yellow); 30.5–32.1
GeV_c (green); 32.1–50 GeV_c (blue). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

asymmetric dynamic aperture between both cases. Additionally, the
list of stored isotopes ranges from light (e.g., 11Li) to very heavy
(e.g., 234Ra) isotopes. These isotopes, including 118Ag, were simulated
using G4Beamline with a reference kinetic energy of 10 MeV/u. An
elliptical beam distribution has been considered with transverse beam
size �x,y = 1 mm. The aperture radius of the combined function cylin-
drical magnet is 100 mm. The beam size widening might be decreased
even further with the right tune and optimised initial beam parameters.
Fig. 10 shows the beam storage for different momentum ranges.

3.2. Angular acceptance

For charged particles the canonical 6D trace space coordinates can
be defined by the following vector: r(s) = (x, x®, y, y®, z, �) with the
longitudinal position s acting as the independent parameter. Here x
and y are the transverse coordinates and x® = Px_P0 and y® = Py_P0
their corresponding momenta normalised to the reference momentum
P0. In a similar way, the longitudinal phase space is characterised by
the longitudinal coordinate z = s * �ct, with � the relativistic velocity
factor, c the speed of light and t the time parameter, and � the relative
momentum offset introduced earlier.

Using trigonometric relations for the full momentum in r, the an-
gular divergence limit can be estimated in a similar way as for the
momentum spread tolerance using non-zero x® and y® deviations. The
study has been performed for a ring with 100 mm element aperture
radius assuming the reference momentum at injection. The largest
angular horizontal divergence of the particle that can be stored is

Fig. 11. Tracking of 226Ra for 300 turns with a solid angle 150 mrad inside the
aperture. The beam envelope is represented in orange. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 12. The normalised peak intensity for two Radium isotopes (233Ra and 234Ra)
injected with the same momentum and detected turn after turn. The ToF separation is
shown after 9 turns.

± 115 mrad and, due to the absence of vertical bending, it increases
to approximately 160 mrad for the y component. For instance, Fig. 11
shows the rays for the isotope 226Ra tracked using the code G4Beamline
considering an initial vertical angular divergence of 150 mrad.

3.3. Mass resolving power

To investigate the mass spectrometer capabilities of the ring, the
reaction 2H(233Ra, 234Ra)H has been considered for the simulations.
Particle tracking has been performed in G4Beamline for the two Ra-
dium isotopes, injecting both 233Ra and 234Ra simultaneously into the
ring with the same momentum. Fig. 12 shows the detection time for the
two Radium isotopes turn after turn. This situation is the final outcome
when two isotopes experience an increasing time separation after pass-
ing through the RF cavity for several turns due to a small difference
in effective charge. Then one of these beam species can be selected
for further extraction. The detected intensity peaks of both 233Ra and
234Ra separate longitudinally as the number of turns increases. This
time separation between isotopes increases linearly with the storage
time as illustrated in Fig. 13. Operating with an energy difference of
only 0.5% per nucleon, after 10 turns (storage time of ⌧ ˘ 810 ns), the
ToF separation, in such conditions, is estimated to be approximately
3.5 ns, similar to the typical 2 ns bunch width expected from HIE-
ISOLDE. Therefore, in this scenario, for obtaining ToF separations of
the order of 100 ns the reaction fragments must circulate typically for
˘ 23 �s.

It is worth to point out that the beam current is usually many orders
of magnitudes larger compared to the products, thus requiring a large
separation (time difference in the case of recoil separator) for clean
separation from the beam tail. This poses a challenge to the design
of any beam separator. In the present study we have considered an
ideal perfect bunch structure of 2 ns width. Given a Gaussian tail
of, for example, 25% (Ì 0.5 ns), there should not be any resulting
contamination from the primary beam as we achieve 3.5 ns between
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Fig. 9. Dependence of the particle maximum positive (blue dots) and negative (red
dots) momentum deviation � on the element aperture for a 234Ra beam stored inside
the ring. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 10. (a) Orbits for isotope beams for different momentum ranges. (b) Zooming in
for more details. Colorbar ranges: 0–29 GeV_c (red); 29–30.5 GeV_c (yellow); 30.5–32.1
GeV_c (green); 32.1–50 GeV_c (blue). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

asymmetric dynamic aperture between both cases. Additionally, the
list of stored isotopes ranges from light (e.g., 11Li) to very heavy
(e.g., 234Ra) isotopes. These isotopes, including 118Ag, were simulated
using G4Beamline with a reference kinetic energy of 10 MeV/u. An
elliptical beam distribution has been considered with transverse beam
size �x,y = 1 mm. The aperture radius of the combined function cylin-
drical magnet is 100 mm. The beam size widening might be decreased
even further with the right tune and optimised initial beam parameters.
Fig. 10 shows the beam storage for different momentum ranges.

3.2. Angular acceptance

For charged particles the canonical 6D trace space coordinates can
be defined by the following vector: r(s) = (x, x®, y, y®, z, �) with the
longitudinal position s acting as the independent parameter. Here x
and y are the transverse coordinates and x® = Px_P0 and y® = Py_P0
their corresponding momenta normalised to the reference momentum
P0. In a similar way, the longitudinal phase space is characterised by
the longitudinal coordinate z = s * �ct, with � the relativistic velocity
factor, c the speed of light and t the time parameter, and � the relative
momentum offset introduced earlier.

Using trigonometric relations for the full momentum in r, the an-
gular divergence limit can be estimated in a similar way as for the
momentum spread tolerance using non-zero x® and y® deviations. The
study has been performed for a ring with 100 mm element aperture
radius assuming the reference momentum at injection. The largest
angular horizontal divergence of the particle that can be stored is

Fig. 11. Tracking of 226Ra for 300 turns with a solid angle 150 mrad inside the
aperture. The beam envelope is represented in orange. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 12. The normalised peak intensity for two Radium isotopes (233Ra and 234Ra)
injected with the same momentum and detected turn after turn. The ToF separation is
shown after 9 turns.

± 115 mrad and, due to the absence of vertical bending, it increases
to approximately 160 mrad for the y component. For instance, Fig. 11
shows the rays for the isotope 226Ra tracked using the code G4Beamline
considering an initial vertical angular divergence of 150 mrad.

3.3. Mass resolving power

To investigate the mass spectrometer capabilities of the ring, the
reaction 2H(233Ra, 234Ra)H has been considered for the simulations.
Particle tracking has been performed in G4Beamline for the two Ra-
dium isotopes, injecting both 233Ra and 234Ra simultaneously into the
ring with the same momentum. Fig. 12 shows the detection time for the
two Radium isotopes turn after turn. This situation is the final outcome
when two isotopes experience an increasing time separation after pass-
ing through the RF cavity for several turns due to a small difference
in effective charge. Then one of these beam species can be selected
for further extraction. The detected intensity peaks of both 233Ra and
234Ra separate longitudinally as the number of turns increases. This
time separation between isotopes increases linearly with the storage
time as illustrated in Fig. 13. Operating with an energy difference of
only 0.5% per nucleon, after 10 turns (storage time of ⌧ ˘ 810 ns), the
ToF separation, in such conditions, is estimated to be approximately
3.5 ns, similar to the typical 2 ns bunch width expected from HIE-
ISOLDE. Therefore, in this scenario, for obtaining ToF separations of
the order of 100 ns the reaction fragments must circulate typically for
˘ 23 �s.

It is worth to point out that the beam current is usually many orders
of magnitudes larger compared to the products, thus requiring a large
separation (time difference in the case of recoil separator) for clean
separation from the beam tail. This poses a challenge to the design
of any beam separator. In the present study we have considered an
ideal perfect bunch structure of 2 ns width. Given a Gaussian tail
of, for example, 25% (Ì 0.5 ns), there should not be any resulting
contamination from the primary beam as we achieve 3.5 ns between
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This article is mainly focused on the description of the compact
FFAG ring based recoil separator. Necessary beam optics parameters
and magnet parameters are calculated in Section 2. Technical require-
ments for key subsystems, such as the RF system and the injection
and extraction system, are only discussed briefly. The beam dynamics
performance of the ring is studied in Section 3. Finally, a summary is
given in Section 4.

2. Recoil separator non-scaling FFAG ring

2.1. Conceptual design

The recoil separator is foreseen to be used in radioactive beams,
where intensities are typically Ì105 particles per second (pps) at a
target position and the reaction fragments typically account for less
than 1% of the primary beam. The main purpose is to separate heavy
fragments above mass AÌ100 produced in nuclear reactions with targets
of thicknesses less than 1 mg/cm2, differing by a mass < 5% of the
primary beam. This is an important challenge in nuclear reaction
studies.

The working principle is basically as follows: after striking a target,
the main beam and its reaction products are injected into a compact
FFAG ring, where they circulate typically for a time range ⌧Ì 1–
10 �s. In the ring the orbit of the reaction fragments is differentiated
by their cyclotron frequency. A RF system in the ring will dephase
the different reaction products in order to increase the Time-of-Flight
(ToF) separation between them and with respect to the main beam and
allow an efficient extraction. After extraction, the ions are eventually
identified and quantified in a focal plane detector composed of a gas
detector and a backing Si detector, to obtain the mass-to-charge ratio
(A_q) and kinetic energy. The time separation achieved in the recoil
separator will provide the needed ToF information for mass selectivity,
allowing unique identification of the recoils. The RF system can be
tuned to suppress the primary beam, delivering only the reaction
fragments to the focal plane detector after cycling long enough to
achieve the required ToF separation. In addition, Digital Pulse Shape
Analysis (DPSA) techniques can help to deal with the most challenging
cases [13].

The system works similar to more conventional spectrometers like
PRISMA at LNL [14], but with replacement of the linear flight path by
a number of turns inside the ring. On the other hand, the RF can also be
tuned to extract only a given fragment, according to its characteristic
cyclotron frequency. The required RF frequency for extracting the
relevant isotopes will obviously depend also on the storage time needed
to achieve the required time separation.

The charge distribution involving the passage of heavy ions A > 100
through the reaction target can be estimated to be below 5% of the
nominal beam charge [15]. For each isotope, the spread in charge will
produce a time microstructure during the cycling period. However, A
and Z identification can be achieved using the A_q resolving power
(by energy loss) of the focal plane detector as the net effect will be a
repetitive pattern for each charge. Despite having a different working
principle, this effect was shown in the simulations carried out for the
isochronous ISLA spectrometer [16] which uses a Ì20 m ‘‘linear’’ flight
path. In our work we give an alternative approach based on combining
the energy loss at the focal plane with the long flight path obtained by
cycling inside a compact SC ring.

The recoil separator FFAG ring has been designed with a diameter
of approximately 1 m. The optical lattice consists of 10 SC combined
function magnets, whose original design is based on compact SC com-
bined function magnets from [5,6]. The conceptual layout is shown in
Fig. 1. Each magnet has a total length of 20 cm. The inner aperture
of the magnet has been determined by acceptance studies to maximise
momentum and angular acceptances (see Section 3), while keeping a
technically feasible magnetic strength. The magnet strength is matched
to guarantee orbit stability for different operation modes with a variety

of ions. In this case, a maximum magnetic peak strength of 6 T is
considered. The maximum design rigidity of the beam is approximately
2 T m for beams with kinetic energy 10 MeV_u and A_q = 4.5, and 10%
of margin (2.2 T m).

One of the main advantages of this proposed recoil separator is its
compactness. It would solve possible space constraints issues in the
experimental area. For instance, there are certain constraints at the HIE-
ISOLDE Hall, where traditional ToF systems based on warm magnets
need to be fixed in a space limited to approximately 6 m. This limitation
translates into a poor mass resolution for masses higher than 50 u.
Therefore, a more compact option is desirable. Besides, the compact
ring solution proposed in this paper would offer more flexibility in
terms of equipment mobility.

Fig. 2 illustrates a possible experimental configuration with the
recoil separator connected to the Scattering Experiments Chamber
(SEC) and the focal plane detector. At the focal plane detector, decay
studies of the reaction products arising from multi-nucleon transfer
reactions will extend nuclear structure studies beyond existing HIE-
ISOLDE beams [17,18]. As indicated in Fig. 2(b), the recoil separator
can be rotated by a maximum angle of 45 degrees about a vertical axis
through the centre of the SEC. This will allow changes to the injection
angle for angular distribution measurements to study, for example,
multi-nucleon transfer or fusion-evaporation reactions. Alternatively,
the recoil separator could also be coupled with the Miniball spectrome-
ter [19] and the ISOLDE Solenoidal Spectrometer (ISS) [20] to enlarge
the reach of the running physics programmes.

2.2. Optics parameters

Beam optics studies have been carried out by means of the simula-
tion code BMAD [21], a Fortran based subroutine library for relativistic
charged particle simulations in high energy accelerators and storage
rings. This library includes a list of elements with the capability to
provide combined dipole and quadrupole fields. A rectangular bending
magnet, together with a quadrupole component, has been chosen as the
main building block for our ring. The separator consists of 5 periodic
FODO cells.

For ion beams the magnetic rigidity B⇢ in units [T m] can be
calculated using the following expression:

B⇢[Tm] =
0

3.3356
qeff

1

� A � P [GeV_c], (1)

where A is the atomic number, P the momentum per nucleon in units
of [GeV_c], and qeff is the effective electric charge of the ion (in units
of the electron charge) defined as [22]:

qeff = �iqi, (2)
where qi is the ion charge and �i is the effective charge fraction.

For light ions with atomic number Zi < 3, �i ˘ 1. For heavier ions with
Zi g 3, the following semi-empirical expression is applied [23]:

�i =
H

q + 1 * q
2

0 v0
vF

12
ln(1 + ⇤2)

IH
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,

(3)

where Zi is the ion atomic number, v0 is the Bohr velocity, vF is the
Fermi velocity of the electrons in the target or propagation medium
with atomic number Z, and q is the fractional average charge of the
ion:

q = 1 * exp
�

0.803y0.3 * 1.3167y0.6 * 0.38157y * 0.008983y2
�

, (4)
with y as a parameter that depends on the ion velocity vi:

y =
vi

v0Z2_3

H
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I
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Table 1
Summary of magnet parameters for operation mode with light isotopes (e.g.11Li) and heavy isotopes
(e.g.118Ag and 226,234Ra nuclides).
Parameters 11Li 118Ag 226Ra 234Ra

Effective charge qeff 2.999 35.457 52.883 52.879
Rigidity B⇢ [T m] 1.67 1.52 1.94 2.02
Deflection angle [deg] 36 36 36 36
Dipolar magnetic field By [T] 5.26 4.77 6.13 6.35
Quadrupolar strength KL [m*1] 5 5 5 5
Quadrupolar gradient G [T/m] 41.86 37.98 48.77 50.5

Table 2
Summary of optical parameters of the lattice.
Optical Parameters

Ring circumference, [m] 3.533
Injection energy up to, [MeV/u] 10
Upper limit of magnetic rigidity, B⇢ [T m] 2.02
Tunes, Qx, Qy 1.317, 2.17
Chromaticity, ⇠x,y *6.608, *11.491
Maximum beta functions, �x,y [m] 1.2, 1.8
Maximum dispersion, Dx [m] 0.57
Revolution period, T [ns] 81

Fig. 8. Schematic transverse view of the cryostat system for the combined function
magnets.

A complete analysis of magnetic field harmonics is out of the scope of
this paper, and must be included in future technical designs.

Fig. 7(c) shows the complete magnet assembly. In principle, all
magnets in the ring will share a common cryostat chamber. A schematic
layout of the channels for the coolant and vacuum insulations is shown
in Fig. 8. The cold liquid helium enters at 4 K through a coaxial pipe
and fills the channel near the collars at hydrostatic pressure. The inner
aperture of the magnet is optimised in Section 3 to maximise both the
peak magnetic field and the momentum acceptance.

2.4. RF system and radioisotope injection/extraction

One of the critical elements of the machine will be a flexible RF
system capable of working in a frequency range 12.5–25 MHz for
heavy radioactive ions (e.g., 234Ra) and light ions (e.g., 11Li) for the
corresponding harmonic numbers h = 1, 2. A potential solution for this
system is the use of normal conducting pillbox cavities similar to those

designed for the PS at CERN [28]. This RF system would allow us to
keep a compact ring structure.

A duty cycle of the recoil separator in the range of 500–1000 ns
would be ideal to analyse the heaviest reaction fragments, like the case
of 234Ra. However, the operation is limited by the time structure of
the beam delivered by the radioactive facility. The case of HIE-ISOLDE
is discussed in [29]. A typical beam will consist of macro-bunches
delivered by a dedicated Electron Beam Ion Source (EBIS) [30,31] at
about 10–50 kHz and approximately 800 �s width, depending on the
isotope and extraction mode. After acceleration by the REX-ISOLDE and
HIE-ISOLDE linac (see layout in Fig. 2), the beam is further subdivided
in bunches of 0.3–6.3 ns (depends on the beam energy) at the linac
frequency of 101 MHz, which gives a maximum bunch spacing of 10 ns.
In order to insert the beam in the ring, the bunch separation should be
much higher (in the order of 100 ns). This can be achieved by using
a multi-harmonic buncher (MHB),1 which would allow the extension
of the gap up to 200 ns, thus improving the ToF capabilities. For the
present case, the duty cycle is therefore limited by this value. This value
could be extended by implementing a multi-bunch injection system.

The extraction process is very challenging and has not been explored
in detail yet. For extraction, two possible routes are currently being
considered: (i) isotope separation employing the in-ring cavity system
and extraction with a RF helical strip line chopper [32]; and (ii)
slow controlled acceleration of isotopes over a maximal momentum
acceptance limit via the main RF system [33].

Further studies are required to consider the necessary insertion drift
for injection/extraction, and, as a consequence, the conceptual ring
design described in this article must be updated accordingly.

3. Beam dynamics

3.1. Momentum acceptance

To estimate the momentum acceptance, we have used the simu-
lation code BMAD. Concretely, single-particle tracking for 300 turns
inside the ring has been performed for different momentum spread
values � í �P_P0, with P0 the reference momentum. Simulation results
show that a beam of heavy ions with large momentum spread up to
� ˘ ±15% might be stable in the ring depending on the combined
function magnet aperture, Fig. 9. Two different curves are obtained
in Fig. 9 for positive and negative momentum deviation due to an

1 In the context of HIE-ISOLDE, the MHB might be installed in the line
before the RFQ in the REX-ISOLDE accelerator sector (see Fig. 2).
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Example for different ions at 10 MeV/u
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High momentum acceptance mode
• FDF optics for non-scaling FFAG
• Lattice with sbend magnets. BMAD code

Beam 234Ra 

Kinetic energy 10 MeV/u 

Rigidity, Bρ [T m] 2 

Maximum beta functions, βx,y [m] 7.8, 13.5 

Maximum dispersion, Dx [m] 0.32 

F magnet 

Effective length [m] 0.497 

Dipole field [T] 2.0 

Quadrupole gradient [T/m] 12.3 

D magnet 

Effective length [m] 0.55 

Dipole field [T] 2.11 

Quadrupole gradient [T/m] -13.1 
 

Expected max. momentum acceptance: Δp/p=+/-31.25 %

ISRS CCT, 6th January 2021
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Isochronous condition 
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Isochronous mode
• DFD opNcs for non-scaling FFAG
• Matching with two addiNonal quads. (Q). BMAD

Expected max. momentum acceptance: Δp/p=+/-5.5 %

Beam 234Ra 

Kinetic energy 10 MeV/u 

Rigidity, Br [T m] 2 

Maximum beta functions, bx,y [m] 2.85, 2.72 

Maximum dispersion, Dx [m] 1.8 

F magnet 

Effective length [m] 0.55 

Dipole field [T] 2.45 

Quadrupole gradient [T/m] 2.531 

D magnet 

Effective length [m] 0.497 

Dipole field [T] 2.133 

Quadrupole gradient [T/m] -2.967 

Additional quads. Q 

Quadrupole gradient [T/m] 0.423 
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Magnets

200 mm

Magne4c shielding 

• Bent  CCT nested dipole and 
quad. magnet

• Synergy with CCT magnets for 
gantries

• 200 mm beam aperture 

• Curvature of 1 m

• 90 deg. bend

• Two layer coil has both 2.2 T 
dipole and ~ 14 T/m 
(maximum) quad. in a single 
conductor pack

• The quad. consists of three sections rotated 
by +/- 45 deg. to make a FDF (DFD) triplet 
focusing/defocusing configuration

• Stray field shield that replaces the classic 
iron yoke

ISRS CCT, 6th January 2021
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10e-4 level with 0.025 T spikes close to the coil ends. Beam 
tracking using in the curved aperture is a hot subject as the clas-
sical multipoles are not equivalent to field derivatives in the 
curved case. As the ratio between the dipole and quadrupole 
fields will need fine tuning in the final storage ring assembly, 
due to alignment, magnet deflections and the environment.  For 
this purpose, we have introduced a set of three low gradient trim 

quadrupole coils.   We place the trim coil set on the inside of 
the main coil to minimise the peak fields, as the quadrupole 
field increases with radius.  In Fig. 1 you can see one of the end 
quads inside the main coil.  In Fig. 1 & 4 we see the three trim 
quadrupole coils nested longitudinally together at their ends as 
the 90° field rotation allows the coil ends to perfectly fit into 
each other with a small gap for powering leads to enter and exit. 

The set of coils can produce an additional max 2.27 T/m in ad-
dition or subtraction to the main combined function quadrupole. 
This permits max range of B2 to reach 15.54 T/m in the central 
section and 16.1 T/m in the end trim coils. Three independent 

circuits allow fine tuning of the three zones independently, and 
with respect to the quadrupole relative to the main dipole field. 

Fig. 4 presents one configuration of the standalone set of trims 
quadrupole fields that can be produced. See Table I for the Peak 
fields in the magnet for the different powering configurations at 
about 4T. This gives an operating point at 80% of short sample. 
For the main dipole-quad at 355 A, and the trims at ±300 A.  
The fields drop off at the ends, is to fine tune the beam trajectory 
and reduce the peak field that is at the coil ends between layers. 
See Fig. 1 dipole coil, the max field location is indicated be-
tween layers. This reduction in field at the ends is achieved by 
increasing the pitch of the coils at the ends. This technique of 
diluting turns density at the ends is a standard solution and used 
in most of the CERN LHC [5] accelerator magnets and has now 
been applied to this CCT coil.  The maximum field in the coils 
is a combination of all the element dipole and quadrupole see 
the map on the surface of the coil image in Fig. 1.  Fig. 5 pre-
sents the set of harmonics and plots through the axis as pre-
sented by the Rat program [6].    

E. Stray magnetic field  

As the stray field is low, we are considering having no shield-
ing. This will give a significant cost & weight saving. Such a 
design produces 30 Gauss at 2 m and 5 Gauss at 3 m from the 
center of the magnet. If shielding is needed, we are considering 

 
Fig. 6.  Right, two images of the novel active stray field shield concept, using 
a straight CCT coil. Left, stray field map inner red line 30 Gauss, outer line 5 
Gauss at 2.5 m from magnet center.  

 
Fig. 3. On axis, set of field plots in curved CCT combined-function Dipole + 
Quadrupole triple.  Each Quadrupole is rotated on axis by 90 deg to its adjacent 
Quadrupole and are at 45 deg to the dipole Main field vector. With the other 
higher order harmonics B3 to B10 suppressed.  Calculated on a set of rings with 
132 mm diameter spaced 2 mm through the curved magnet. The rings are seen in 
the imbedded image of this figure.  
 

 
Fig. 4.  Fields when the three trim quadrupole coils are powered at + 300 A, 
-300 A, and +300 A. field at 66 mm radii generating   

 
Fig. 5.  Output from RAT-GUI of the Normal harmonics B1 to B10 & A1 and 
a1 to a10 skew harmonics.  

G. Kirby, MT27 Conference, 2021
G. Kirby, This Workshop

600 mm

200 mm



Outlook

• A new concept of compact recoil separator is proposed: The Isolde Superconduc8ng 
Recoil Separator (ISRS)

• It will significantly increase the number of accessible exo8c nuclei for cri8cal studies 
with sufficient precision using the beam intensi8es and energies available at the HIE-
ISOLDE 

• Op8cs layout based on innova8ve CCT curved magnets (strong synergies with medical 
gantries); non-scaling FFAG ring 

• Versa8le op8cs, different opera8on modes: isochronous, high momentum acceptance, 
etc.

• Fine tuning of the magnets and the FFAG op8cs will provide very large solid angles > 
100 msr and momentum acceptances Δp/p > 20% (high momentum acceptance mode).

• Ongoing studies to get a beXer balance between isochronicity and momentum 
acceptance.

• Injec8on/extrac8on are very challenging for heavy isotopes in such a compact laZce. 
Under inves8ga8on.

ISRS CCT, 6th January 2021


