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Abstract Precision experiments with thermalized exotic nuclei will be possible at the super-conducting
fragment separator Super-FRS at the Facility for Antiproton and Ion Research (FAIR). In the Early Sci-
ence/First Science programs of FAIR, they will be performed at the focal plane FHF1 of the Super-FRS
(in front of the High-Energy Branch) and, at a later stage during First Science++, also at the Low-
Energy Branch. Exotic nuclei will be produced in flight and separated in the Super-FRS and their momen-
tum spread will be reduced by energy-bunching. The ions will be further slowed down in a homogeneous
degrader, thermalized in a gas-filled stopping cell, and extracted and transferred to the experimental setups.
The stopping cell is, thus, a key device for experiments with thermalized exotic nuclei, and its performance
characteristics will have a strong impact on the range of nuclides available and their yields, since its stop-
ping and extraction efficiencies and extraction times strongly influence the rate of the extracted nuclei and
put a limit on their lifetimes.In combination with a multiple-reflection time-of-flight mass spectrometer,
the stopping cell will enable the measurement of masses, branching ratios, e.g., S-delayed (multi-)neutron
emission probabilities, and lifetimes, as well as the in-cell production of exotic nuclei by multi-nucleon
transfer with primary and secondary beams. Moreover, it will be a tool for the absolute calibration of the
particle identification in the Super-FRS. Furthermore, using the combination of accurate mass determina-
tion with the PID of the Super-FRS on an event-by-event basis, completely new experimental possibilities
will become available, such as the identification of millisecond isomers at the Super-FRS and the measure-
ment of the dependence of the isomer-to-ground-state ratios on the production mechanism. These studies
will be pursued in the context of the Super-FRS Experiment Collaboration.At the Low-Energy Branch,
high-accuracy mass measurements, in-trap conversion electron and alpha spectroscopy, and trap-assisted
spectroscopy will be performed with MATS (Precision Measurements of very short-lived nuclei using an
Advanced Trapping System for highly charged ions). Measurements of nuclear spins, magnetic dipole and
electric quadrupole moments, and root-mean-square charge radii will be carried out using collinear laser
spectroscopy on ions and atoms and beta-NMR experiments with LaSpec (Laser Spectroscopy of short-
lived nuclei). These experiments will address a wide scientific field ranging from nuclear structure and
nuclear astrophysics to tests of the weak interaction and of the Standard Model.For the Super-FRS, a
stopping cell with an areal density of 20 mg/ cm? is required, with a cross-section of the stopping volume of
200 cm?, a high extraction efficiency that is element-independent, an extraction time on the order of 10 ms,
and a rate capability of 107 ions/s up to a nuclear charge of Z=92. Furthermore, the stopping cell needs to
deliver bunches of ions with high purity. No existing stopping cell is capable of reaching these performance
characteristics simultaneously. To fulfill these requirements, a novel concept for gas-filled stopping cells
has been developed. It is based on the cryogenic stopping cell of the FRS Ion Catcher, and, in addition,
it implements the two-stage extraction of the thermalized ions in a direction orthogonal to the incoming
ion beam (high-areal-density orthogonal-extraction cryogenic stopping cell, HADO-CSC). This will boost
all performance characteristics of the stopping cell and thus remove the performance bottleneck of present
stopping cells for the thermalization of exotic nuclei produced at relativistic energies.

1 Introduction and scientific case

The in-flight production of exotic nuclei and their subsequent slowing-down and thermalization combines the
advantages of the in-flight and ISOL techniques of universal, element-independent and fast production, high
selectivity, and low-emittance secondary beams. It enables high-precision experiments at in-flight facilities, such
as trap experiments and collinear laser spectroscopy, that so far have only been available at ISOL and IGISOL
facilities. At the Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany, such experiments will be
possible at the super-conducting fragment separator Super-FRS in Early Science/First Science at the focal plane
FHF1 in front of the High-Energy Branch, and at a later stage during First Science++ also at the Low-Energy
Branch (LEB) [1-3].

In combination with a high-resolution broadband mass spectrometer, such as a multiple-reflection time of-
flight mass spectrometer (MR-TOF-MS) [4], the stopping cell will enable the measurement of masses, branching
ratios, e.g., §-delayed (multi-)neutron emission probabilities [5], and lifetimes, as well as the in-cell production
of exotic nuclei by multi-nucleon transfer (MNT) with primary and secondary beams [6-8]. These studies will be
pursued in the context of the Super-FRS Experiment Collaboration [9], starting in Early Science/First Science.
Moreover, the stopping cell can be a tool for the absolute calibration of the particle identification (PID) in the
Super-FRS or, alternatively, for a PID that exclusively relies on the mass excess value only [10]. Furthermore,
using the combination of accurate mass determination with the PID of the Super-FRS on an event-by-event basis,
completely new experimental possibilities will become available, such as the identification of millisecond isomers
at the Super-FRS and the measurement of the dependence of the isomer-to-ground-state ratios on the production
mechanism [11, 12].

At a later stage during First Science++ at the Low-Energy Branch of the Super-FRS, high-accuracy mass mea-
surements, in-trap conversion electron and alpha spectroscopy, and trap-assisted spectroscopy will be performed
with MATS (Precision Measurements of very short-lived nuclei using an Advanced Trapping System for highly
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Fig. 1 Schematic figure illustrating the principle of operation of gas-filled stopping cells. A beam of high-energy ions is
injected into the stopping cell through a window, slowed down and thermalized by interaction with the buffer gas (typically
helium). The ions are then transported to the exit side of the stopping cell using electric DC fields (blue), focused to the
center of the exit side of the stopping cell using a combination of electric DC fields and repulsive electric RF fields (red)
and extracted with the gas flow through a nozzle

charged ions) [13, 14]. Measurements of nuclear spins, magnetic dipole and electric quadrupole moments, and root-
mean-square charge radii will be carried out using collinear laser spectroscopy on ions and atoms and beta-NMR,
experiments with LaSpec (Laser Spectroscopy of short-lived nuclei) [13, 15]. These experiments will address a wide
scientific field ranging from nuclear structure and nuclear astrophysics to tests of the weak interaction and of the
Standard Model.

The key requirement for these experiments is the conversion of the secondary beams, which are produced at
relativistic energies (up to 1.5 GeV/u) with momentum spreads of a few percent, corresponding to tens of MeV /u,
to cooled ions with kinetic energies of a few eV. This will be achieved using the compression of the momentum
spread of the beam in the Super-FRS with a monoenergetic degrader system [16-18], further slowing down in a
homogeneous degrader and thermalization in a gas-filled stopping cell [19]. Figure 1 illustrates the principle of
operation of such a stopping cell. The high-energy ion beam is injected into the stopping cell through a window,
slowed down and thermalized by interaction with the stopping gas (typically helium). The ions are then transported
to the exit side of the stopping cell using electric DC fields, focused to its center using a combination of electric
DC fields and repulsive electric RF fields and extracted with the gas flow through a nozzle. The ions can then be
separated from the gas and cooled in an RF quadrupole (RFQ). Here, the transport energy of the ions is about 1
eV. After extraction from the RFQ, the ions can be transferred to experiments downstream of the stopping cell.

The origin of this method is based on the IGISOL technique, which was pioneered at the University of Jyvaskyla
(Finland) [20, 21]. Stopping cells for short-lived nuclides, which use electric fields for extraction of the ions, were
first developed at RIKEN (Tokyo, Japan) [22] and at Argonne National Laboratory (USA) [23, 24]. Further
stopping cells of this type have been built at Michigan State University/FRIB (East Lansing, USA) [25, 26], GSI
(Darmstadt, Germany) [27, 28], and Maier-Leibnitz-Laboratory (Garching, Germany) [29]. Most of these stopping
cells use discrete stainless steel electrodes in the form of a funnel to provide the repelling RF field at the exit
side of the stopping cell. The drawback of such RF funnels is that it is extremely challenging to reliably produce
large RF funnels with a high density of electrodes, i.e., thin electrodes and fine spacing, as is required to obtain
high effective RF fields. Alternatively, an RF structure based on printed circuit boards (PCBs) can be used. Such
structures are referred to as RF carpets and can provide ion focusing at higher gas densities than RF funnels [19].
A similar development is RF wire carpets [26]. Stopping cells have been successfully used to thermalize fusion-
evaporation and MNT products as well as projectile and fission fragments. They have also been used to stop recoils
from fission [30] and « sources [31]. They have enabled impressive experiments, including laser spectroscopy of
halo nuclei [32], mass measurements of rp-process nuclei [33] and nuclei at the N = Z line [34], proton-unbound
nuclei [35] and super-heavy elements [36, 37], measurements for neutrino physics and tests of standard model [38,
39], and the direct detection of the nuclear clock transition in 229Th [40].

A first step toward the stopping cell for the Super-FRS was taken in 2005 with a large stopping cell with
an RF funnel, which was developed at Argonne National Laboratory [23] and tested at the projectile fragment
separator FRS [41] at GSI. It demonstrated the capability to thermalize projectile fragments produced at the FRS
at relativistic energies, but also suffered from (i) low stopping efficiencies, because the areal density was limited
to 2mg/ cm?, and (ii) intense contamination due to ionization of impurities in the stopping cell [42]. As a result of
these tests, a prototype stopping cell for the Super-FRS was developed, which features a much larger areal density
due to the use of an RF carpet and a much improved cleanliness due to operation at cryogenic temperatures [43-47].
This stopping cell was commissioned at the FRS as part of the FRS Ton Catcher [5, 45, 47-57] and employed for
a large variety of experiments, both, with off-line ion sources [58-62] and on-line in FAIR Phase-0 [8, 53, 63-65].

The performance characteristics of the stopping cell of the Super-FRS will have a strong impact on the range
of nuclides available and their yields, since the stopping and extraction efficiencies and extraction times strongly
influence the rate of the extracted nuclei and put a limit to their lifetime. Because of the very high kinetic energy
of the ions at the Super-FRS and its large acceptance, the demands on the stopping cell of the Super-FRS are
particularly challenging: A stopping cell with an areal density of tens of mg/ cm? is required with a transverse cross-
section of the stopping volume of 200 cm?, a high extraction efficiency that is element-independent, an extraction
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time on the order of 10 ms, and a rate capability of 107 ions/s up to an atomic number of Z = 92. These
requirements are not fulfilled by any existing stopping cell worldwide. They also preclude the use of alternative
approaches such as a cyclotron gas stopper [66, 67] or a stopping cell that relies on the neutralization of the stopped
ions and a selective re-ionization using a laser [68, 69]. Therefore, a novel concept for gas-filled stopping cells has
been developed for the Super-FRS [11, 70] based on experience with the two prototype stopping cells that have
been tested and operated at the FRS. This concept implements the two-stage extraction of the thermalized ions in
a direction orthogonal to the incoming ion beam (high-areal-density orthogonal-extraction cryogenic stopping cell,
HADO-CSC). This will boost all performance characteristics of the stopping cell and thus remove the performance
bottleneck of present stopping cells for the thermalization of exotic nuclei produced at relativistic energies.

2 Requirements and design goals

2.1 Physical-technical requirements

To determine the design parameters for the stopping cell of the Super-FRS, simulations have been performed
using the Monte Carlo simulation program MOCADI [71]. These simulations have focused on the LEB as the most
important location of the stopping cell after Early/First Science; however, the results are also indicative for the
requirements at the focal plane FHF'1 in front of the High-Energy Branch. The ion optical layout of the LEB used
in these simulations is shown in Fig. 2. The ions are produced at the entrance of the Super-FRS, separated in the
pre-separator and in the main separator. In the LEB, they are dispersed according to their momenta in the three
dipole stages at an energy of about 300 MeV /u and energy-bunched using a monoenergetic degrader at the focal
plane FLF5. Then, they are re-focused onto the stopping cell located at the focal plane FLF6. Three representative
nuclides, "®Ni, 132Sn and 22OPb, were chosen for the simulations. The nuclides "®Ni and '32Sn were produced

by projectile fission of 238U on a 0.6g/ cm? and a 4g/cm2 graphite target and at energies of 700 MeV /u and

1000 MeV /u, respectively, and the nuclide 22°Pb was produced by projectile fragmentation of 23®U on a 4g/ cm?
target at an energy of 1000 MeV /u. A beam spot on the target was assumed with standard deviations for position
and angle in the dispersive direction of 0, = 1mm and o, = 4mrad, respectively, and position and angle in
the non-dispersive direction of ¢, = 2mm and o, = 2mrad, respectively. All slits were open to their maximum
position (£200mm in the dispersive direction).

Figure 3 shows the range distributions in the helium gas of a stopping cell at FLF6. The full width at half
maximum (FWHM) of the distribution amounts to 7mg/cm® for 229Pb, 17mg/cm® for '32Sn and 29 mg/cm?
for "Ni. The width of the distribution decreases with increasing atomic number of the fragment. Matter inho-
mogeneities and energy-loss straggling due to atomic charge exchange [17] were not taken into account in the
simulations. They are expected to amount to about 5mg/ cm? in helium (standard deviation), which is in agree-
ment with a recent measurement of the minimum range distribution of 238U ions performed at the FRS [72].
This will significantly increase the expected width of the range distribution for 22°Pb, but will have only a minor
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Fig. 3 Simulated range distributions in helium for the nuclides “®Ni, '32Sn and 22°Pb in the stopping cell at FLF6

influence on the width for "®Ni. Because of the inevitable matter inhomogeneities, for heavy and medium-heavy
fragments operation with a lower primary beam energy will not significantly reduce the overall range straggling.
Rather, the advantages of the high primary beam energy at FAIR, such as larger yields due to thick targets, high
transmission efficiency, and clean separation far outweigh the small gains in stopping efficiency due to slightly
smaller range straggling. Therefore, the stopping cell needs to be designed for these high primary beam energies.
Overall, an areal density of the stopping cell of at least 20 mg/ cm? is required for efficient stopping. Considering
a length of 2 m to be the maximum length of a stopping volume that is practically feasible and can be built and
operated with reasonable effort, a stopping gas density of 100 ug/ cm® is thus required.

Figure 4 shows the size of the beam spot at the position of the stopping cell at FLF6 averaged over the length of
the stopping volume of 2 m. The FWHM of the beam spots amounts to about 150 mm in the horizontal direction
for all three nuclides and from 55 mm for 22Pb to 118 mm for "8Ni in the vertical direction. A stopping volume
with a cross-section (active area) of 200mm x 100 mm will thus allow most of the fragments to be contained
transversally in the stopping cell.

Furthermore, it is desirable that the extraction efficiency of the ions from the stopping cell is high. This efficiency
includes the survival probability of the ions during the thermalization process and their transport through the
stopping cell in a charged state (i.e., neutralization in the stopping gas must be avoided) as well as the transport
efficiency along the focusing RF structure at the exit side of the stopping cell and out of the stopping cell. From
experiments with the prototype of the stopping cell of the Super-FRS, an extraction efficiency of at least 50% seems
to be feasible [45, 47]. To retain the advantage of the universality of the in-flight isotope production technique, this
efficiency should be achievable for ions of most elements. While the interaction of the thermalized fragments with
the stopping gas will always depend on the chemical properties of the ions, such a dependence should be reduced as
much as possible by choice of the buffer gas and its cleanliness. The ions of interest should be extracted preferably
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as atomic ions without adducts. The beam of ions extracted from the stopping cell should also be sufficiently pure
(see also Sect. 2.3).

The rates required for the different experiments, which will employ the stopping cell, cover a large range. While
typical experiments with MATS will only require low rates for the ion of interest on the order of 1 ion/s or less,
rates required for LaSpec are expected to lie in the range from 10/s to 10*/s. Furthermore, for MNT reaction
studies to be performed in the context of the Super-FRS Experiment Collaboration, a rate capability of ions
impinging on the stopping cell as high as possible is desired.

The rate capability of the stopping cell needs to be significantly higher than the rates required at the experimental
stations of MATS and LaSpec. There are several reasons for this. First, the beam delivered from the Super-FRS
may also contain other fragments than the one of interest. Depending on their range, these ions may also fly
through the CSC and create ionization, even if they are not stopped. They therefore have to be included in the
overall rate. In unfavorable cases, such as fission fragments, the ratio of the rate of the ions of interest to the overall
rate can amount to only about 1%. Second, some of the ions of interest fragment in the degrader in front of the
stopping cell; they also pass through the stopping cell and create ionization. Finally, both, the limited stopping,
ion survival and extraction efficiency of the stopping cell and the limited transmission efficiency from the stopping
cell to the experimental stations need to be taken into account, i.e., a higher intensity of the beam entering the
stopping cell is required to compensate the transmission losses downstream of the device. Assuming losses by
fragmentation in the final slowing-down in front of the stopping cell of 30%, a combined stopping and extraction
efficiency of the stopping cell of 50%, and a transport efficiency from the stopping cell to MATS and LaSpec of
50%, this results in an overall rate of ions impinging on the stopping cell of 6 x 103/s to 6 x 10°/s. Therefore,
a maximum rate of about 107 /s is aimed for with the stopping cell. This is compatible with the maximum rate
foreseen for the LEB hall of 107 ions/s for elements up to uranium. Secondary beams with such high rates will be
readily available at the Super-FRS, albeit not for the most exotic species.

An additional requirement is that the extraction time of the ions from the stopping cell is reasonably fast, since
it would otherwise put a limit on the lifetime of the ions that can be measured. Thus, it is desirable that the
extraction time is not much longer than the typical cooling and preparation times for ions in ion traps, which are
on the order of 10 ms, see, e.g., [73, 74]. The Super-FRS will deliver exotic nuclei located at or beyond the drip
lines with shorter lifetimes, but most nuclei produced at the Super-FRS with rates sufficient for experiments with
MATS and LaSpec will have half-lives that are of this order or longer [75].

Further design goals concerning the detectors and the degrader located at the final focal plane FLF6 in front
of the stopping cell and the beamline from the stopping cell to MATS and LaSpec are addressed in Sects. 6.7 and
2.3, respectively. To allow for other experimental setups at FLF6, it must be possible to remove the stopping cell
from its location at FLFG6.

In summary, the design goals for the stopping cell of the Super-FRS can be specified as follows:

Areal density: > 20mg/ cm?

Extraction efficiency: > 50%, preferably for ions of most elements
Extraction time: ~ 10ms

Rate capability: > 107 ions/s up to atomic number of Z = 92
Active area: 200 mm x 100 mm (width x height).

2.2 Discussion of the requirements and challenges

The design of a stopping cell as described in Fig. 1, which can operate at areal densities of 20 mg/ cm? or more,
at rates up to 107 ions/s and with extraction times on the order of 10 ms, is far from trivial. First, the effective
repelling field of the RF structure needs to be strong enough to compensate the DC field (push field), which drives
the ions to the exit side of the stopping cell, and to avoid ion losses at the RF structure. The strength of the
effective field decreases with increasing gas density, such that the achievable gas density is limited. The effective
field of the RF structure is given approximately by [22]

1 (m\ g n0\2VE
ra =5 (5 )R() 3 0

where m/q is the mass-to-charge ratio and Kj the reduced mobility of the ion, n the density of the stopping gas
and ng the gas density at the standard temperature Ty = 273.15 K and standard pressure pp = 1013.25 mbar,
Vit the amplitude of the RF voltage applied to the RF structure and ry half the distance between the centers
of neighboring RF electrodes. The RF amplitude is limited because of discharges at the RF structure. Typically,
this limit lies in the broad minimum of the Paschen curve [76, 77] and is therefore almost independent of the
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structure size and the density. It amounts to about 150 V (peak-to-peak). To achieve a high gas density n for a
given effective field, the structure size rg needs to be reduced. RF structures with discrete metal electrodes are,
however, typically limited to a density of about two electrodes per millimeter or less. An increase in the areal
density of the stopping cell then requires a stopping cell with a length of many meters.

Second, the velocity v of an ion in the stopping gas is determined by the mobility and the electric field strength
FE along the extraction path

v = KO(%>E 2)

A short extraction time therefore requires a short extraction path of the ions in the stopping cell, i.e., typically
a short stopping cell, and a high field strength along this path. For example, a heavier singly or doubly charged
atomic cation in helium gas has a reduced mobility of about 17.5cm?/(Vs) [78]. It thus requires 50 ms to drift
through a distance of 1 m in helium at a pressure of 100 mbar and a temperature of 300 K under the influence
of an electric field with a strength of 10 V/cm. A high field strength, however, needs to be compensated by a
strong effective repelling field at the RF structure, which is limited by the reasons explained above. Furthermore,
in stopping cells with long extraction paths and strong axial fields, high voltages arise, which may also result in
discharges at the electrodes or at the electrical feedthroughs. Here, the situation is, however, more advantageous,
since in contrast to the sub-millimeter distances of RF structures, the conditions for the electrode structures that
create the axial electric field are characterized by distances of several centimeters and thus correspond to the part
of the Paschen curve, where the breakdown voltage increases with density.

Third, the operation of stopping cells with high beam intensities is a challenge [79-85]. Heavy ions that are slowed
down and thermalized in helium lose their energy mainly due to ionization and excitation of the helium atoms.
Each heavy ion stopped in helium with an areal density of 10mg/ cm? creates about 107 He-electron pairs [86].
At 107 ions/s, the overall ionization rate amounts to 104 He-electron pairs/s. Due to their high mobility, the
electrons are quickly removed from the stopping cell by the extraction field, leaving a region with strong positive
charge. Consequently, space-charge effects arise in the stopping cell, which may lead to severe ion losses. At even
higher ionization rates, a region of plasma is created in the stopping cell. The plasma compensates the external
electric fields, such that the ions are trapped and lost due to recombination processes. This loss in efficiency is
particularly harmful if the ions of interest are produced with orders of magnitude lower rates as compared to the
contaminants. To counteract the space-charge and plasma effects and thus to achieve a high rate capability, short
extraction paths and high field strengths are required.

Clearly, these three goals partially contradict each other, and it is very difficult to reconcile these contradicting
requirements. Possible solutions that will be implemented in the design of the stopping cell of the Super-FRS are
discussed in Sect. 4.

The survival efficiency of the ions in the stopping cell and the purity of the extracted ion population are limited
by the cleanliness of the stopping gas [47]. Helium is an ideal stopping gas because of its chemical inertness and
its high ionization potential. In a stopping cell filled with pure helium, the ions are thermalized in a charge state
of 14, 2+, or 3+, depending on their ionization potential, and ion losses due to neutralization are minimized.
Figure 5 shows the charge states, in which ions of a certain element are expected to be extracted from a stopping
cell, if only helium atoms are present in the stopping volume. It shows that about 10% of all elements will be
extracted in a 1+ charge state, 60% in a 2+ charge state, and 30% in a 3+ charge state. Furthermore, in pure
helium, the ions will not form molecules with the stopping gas. The situation changes drastically if contaminants,
e.g., hydrocarbons, which may have much lower ionization potentials, are present in the stopping cell. Then, ions
of many elements will be neutralized during their extraction from the stopping cell. Therefore, ultra-pure stopping
gases are needed for an efficient operation of a stopping cell. Simulations show that in a stopping cell with an
areal density of 10 mg/ cm?® a contamination of at most a few parts-per-billion (ppb, 107?) can be tolerated if ion
survival efficiencies of more than 70% should be achieved [47].

A pure stopping gas is also needed to obtain a good purity of the extracted ion population. Because of the
high ionization potential of helium, stopping gas atoms that have been ionized during the stopping process of the
projectiles will charge exchange with all contaminant gases in the stopping gas. The contaminant ions are extracted
together with the ions of interest, and may hamper the measurement if they are much more abundant than the
ions of interest. The ions of interest and the ionized stopping gas atoms have similar mobilities and trajectories in
the stopping volume. Therefore, similar purity requirements apply for the purity of the extracted ion population
as for the survival of the ions of interest in the stopping cell.

A drawback of using pure helium as stopping gas is a weakening of the effective field of the RF structure due to
the higher charge states of the ions. As can be seen from Eq. (1), the magnitude of the effective field is inversely
proportional to the charge of the ion. For an ion in a 3+ charge state, the attainable stopping gas density is hence
smaller by a factor of v/3 than that of an ion in a 14 charge state. It may therefore be advantageous to operate with
a stopping gas with very high purity, but to allow for a small fraction of an additional gas with a lower ionization
potential, such as argon, krypton, xenon, oxygen, or nitrogen monoxide, which is introduced intentionally to the
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stopping cell as a charge exchange gas to reduce the charge state of the ions to 1+ or 2+. The charge exchange
gas needs to be chosen, such that it does not form molecules with the ions of interest, or that molecules formed
from the gas can readily be broken up again or can otherwise be removed.

Reaching a stopping-gas cleanliness on the ppb level is a challenge, because the stopping volume can be pumped
only during an initial cleaning period. For operation, the stopping cell is filled with the stopping gas and the
vacuum pumps need to be separated from the chamber. No additional pumping can be applied to the stopping
volume and contaminants, evaporating from the walls of the chamber, are no longer removed.

Different solutions are used to reach the required cleanliness goals. The strict usage of UHV materials, such as
stainless steel and ceramics, is one approach [27]. In this case, the stopping cell is baked at high temperatures
before operation and contaminants are removed from the stopping volume before operation. This approach has
the disadvantage that it strongly limits the range of materials that may be used in the stopping cell. In particular,
electronic components may not be used inside the stopping cell, and only ceramics may be used as insulators. This
can lead to complex and sometimes fragile mechanical constructions and poses a strong limitation for the design
of the electronic circuitry in the stopping cell.

A different approach is to clean the stopping gas by cryo-sorption [88, 89]. In this case, the stopping cell is
cooled down to a low temperature and the impurities freeze out on the walls of the stopping cell chamber. Such a
cryogenic stopping cell (CSC) allows a wide choice of materials and can be constructed more easily. When cooling
down the stopping cell, the vapor pressure of impurities is reduced, e.g., for CO5 at 100 K the vapor pressure
amounts to 1073 mbar and can be reduced to below 10~ mbar at 65 K. At about 70 K the vapor pressures of
most impurities are reduced to the level of 10~ mbar [90]. In a cryogenic stopping cell under operating conditions,
cryo-sorption takes place and the helium stopping gas is purified constantly. However, the pumping speed of the
cold surface is reduced once an initial monolayer is absorbed. This means that the residual gas pressure inside
the stopping volume before starting the cooling needs to be sufficiently low, in order not to reach the limit of one
monolayer.

In addition to the cleanliness of the stopping cell, the purity of the stopping gas needs to be considered, which
is introduced to the stopping cell to replenish the stopping gas that flows out from the extraction nozzle. Since
helium gas with a purity at the ppb level is not available commercially, an additional gas purification is required
before feeding the gas to the stopping volume.

2+ 3+ || unknown

2.3 Discussion of the beam transport to MATS and LaSpec

The ion transport from the stopping cell to MATS and LaSpec will be performed with an electrostatic low-
energy beamline. In the MATS-LaSpec hall, the beam will be cooled and bunched in a dedicated RFQ cooler
and buncher [91], before it is delivered to either MATS or LaSpec [13]. The transport energy of the ions and
the electric potentials of the stopping cell, the beamline, and the experimental setups of MATS and LaSpec are
important design choices. Different concepts were considered and discussed [92]. The requirements for the choice
of the transport scheme are to deliver a well-controlled bunch of ions of interest produced in the Super-FRS with
highest efficiency, purity and reliability. There is no priority ordering of the requirements, since it would easily
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compromise measurements proposed by and expected from MATS and LaSpec if one condition were fulfilled and
others are not.

One approach is to place the stopping cell and the experimental stations on a high-voltage platform and to keep
the beamline at ground potential, such that the ions have a transport energy in the beamline equivalent to the high
voltage. Another solution is to keep the stopping cell and the experimental stations at ground potential and to
have the beamline at a (negative) high voltage. Yet, another solution is to keep the stopping cell, the experimental
stations, and the beamline at ground potential and to accelerate the ions behind the stopping cell with the help of
a pulsed drift tube [93-95] and to retard the ions in front of the experimental stations with a second pulsed drift
tube. Furthermore, a mixture of the approaches can be used, placing either the stopping cell or the experimental
stations on a high voltage and keeping the other at ground in combination with a pulsed drift tube.

For such a low-energy beamline, transport energies in the range from several keV /charge to several 10 keV /charge
are used. If a dipole magnet is needed to remove intense contaminants with currents on the order of ~ A from the
beam, a transport energy of several 10 keV /charge is desirable to reduce the emittance of the beam, in particular
under space-charge conditions. However, for the LEB of the Super-FRS, such conditions are not to be expected,
since the Super-FRS will supply secondary beams with high purity and since the formation of strong molecular
contaminants in the stopping cell can be suppressed by adequate cleanliness of the stopping cell (cf. Sects. 2.2 and
3.2.3). In this case, mass separation can be performed in the extraction RFQ system of the stopping cell and for
the ion transport in the beamline an energy of a few keV/charge is sufficient.

In addition, there are some requirements driven by LaSpec. The beam for LaSpec needs to have low emittance,
it must be bunched to a few microseconds, and the energy has to be variable in a certain range of several 10 keV.
Presently, the most successful schemes that deliver those conditions use an RFQ cooler and buncher on a high-
voltage platform with a potential of 40 to 60 kV. The control of the potential on this platform defines the achievable
precision and hence needs a special attention. However, the development of a laser-ion-beam interaction region
raised or lowered not by a few kV only but rather by a few 10 kV would allow in addition the RFQ cooler and
buncher for MATS and LaSpec to be operated close to ground potential. This kind of interaction zone has not been
used or developed yet; however, the LaSpec collaboration is confident that this is possible. The option of having
MATS on HV seems not appropriate because of the central issues with voltage stability and noise for precision
measurements and single-ion detection.

It is difficult to estimate the expected reliability along with the ease of operation and hence the projected
availability of beam from the different possible schemes. This can only be based on experience with present setups,
but projection to future solutions is difficult, since improvements on the known weaknesses are to be sought.
Generally, it is safe to claim that a simpler system will be superior concerning ease of operation and reliability.
The aim should, therefore, be to reduce the technical complexity wherever possible and to avoid technically
challenging solutions. Many technical challenges are connected to a large stopping cell, which needs to be movable
to allow for other experimental setups at FLF6. Operating the stopping cell on a high-voltage platform certainly
adds more complexity and complication. Another technical complication that should be avoided is connected to
the beamline operated completely, with pumps, diagnostics, vacuum controls, on high voltage—the higher the
more complicated.

Pulsed drift tubes with large voltage difference (> 10kV) are known to be challenging for operation at high
transmission efficiency. However, pulsed drift tubes with smaller voltage differences seem to be feasible.

To devise a transport scheme that best reflects the considerations discussed above, the following assumptions
are made:

e The stopping cell produces a microsecond bunch of less than 106 ions in total.

few kv ground
— ground
Pulsed
Drift [—» MATS
Pulsed Tube

; Dipole RFQ Switch
CSC |—»{ Drift |—» Ve —| Buncher

Tube yard \
ground  9round ground few kV ground
— few kV

- few 10 kV

Fig. 6 Schematic figure of the beamline from the stopping cell to MATS and LaSpec. The operating potential of the
individual setups is indicated using different colors: ground potential (green), positive potential of a few kV (orange), and
negative potential of a few 10 kV (blue)
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e The ions of interest should typically be the most abundant component for bunches with more than about 102
ions.

e The laser—ion—beam interaction region and/or the charge-exchange cell used by LaSpec can be operated at a
potential of a few 10 kV.

e An efficient switching of low-energy (keV) ion bunches in pulsed drift tubes is available.

Based on these assumptions, the transport scheme shown in Fig. 6 has been chosen as the most reasonable solution.
It allows for operation of the stopping cell, MATS, and the beamline at ground potential. The transport energy
of about 5 keV /charge in the beamline is achieved using a pulsed drift tube behind the stopping cell. The beam
is retarded in front of MATS using a second pulsed drift tube. A dipole magnet in the beamline is foreseen, but
used mainly as a bending device.

This concept has been discussed within the MATS and LaSpec collaborations, has been agreed upon, and is
reflected in the design choices presented in this document.

3 Prototype results

The feasibility of thermalizing projectile and fission fragments produced at relativistic energies (up to 1000 MeV /u)
in a gas-filled stopping cell was demonstrated with two generations of stopping cells at the projectile fragment
separator FRS [41] at GSI as part of the FRS Ion Catcher [42, 48, 53]. Furthermore, the concepts and technical
developments for the stopping cell of the Super-FRS were tested using these prototypes, and first experiments
targeting mass measurements of exotic nuclei were performed. Based on the results, the technical design of the
stopping cell of the Super-FRS has been developed. These tests and developments are described in the following.

3.1 First generation: room-temperature stopping cell with RF funnel
3.1.1 Stopping cell

The first generation stopping cell was developed at Argonne National Laboratory [23, 96]. It has a stopping volume
with an inner diameter of 250 mm and a length of 1.25 m. Concentric electrodes, which also form the body of
the stopping cell, create an axial electric DC field that guides the ions to the exit side of the stopping cell. An
RF funnel with electrodes with a thickness of 0.43 mm and a spacing of 0.38 mm focuses the ions onto the exit
nozzle that has a diameter of 1.6 mm. The stopping cell has an entrance window with a width of 250 mm and a
height of 30 mm in the vertical direction covered by a 100 pm titanium foil. The stopping cell consists of more
than 7400 components, of which more than 4000 are prepared for ultra-high vacuum conditions. The stopping cell
is operated at room temperature, and indium seals in the stopping cell limit the bake-out temperature to about
340 K. The stopping cell can be pumped out through a port with a diameter of 3 cm. The base pressure reached
inside the cell after bake-out amounts to about 10~ mbar.

3.1.2 Experiment

The stopping cell was tested in 2005 at the FRS [42]. Figure 7 shows the setup. Helium was used as stopping gas.
It was introduced into the stopping cell through a gas purification system consisting of a cold trap to freeze out
contaminants and a commercially available purifier (Mono-Torr). The exit side of the stopping cell was connected
to an RFQ, which was pumped by a large roots-blower pump with a pumping speed of 5000 m?/h. Behind the
extraction RFQ, the ions could be guided to a silicon detector or, alternatively, to a time-of-flight mass spectrometer
with orthogonal acceleration (Ortho-TOF-MS) [97] using an RFQ-based distribution system [98]. The silicon
detector served for counting of the 3 decays of the extracted radioactive ions. The Ortho-TOF-MS is a broadband
mass spectrometer with a mass resolving power of 10* and thus allows for the detection and identification of all
ions, including contaminant ions formed in the stopping cell.

A %8Ni primary beam with an energy of 300 MeV /u was transported through the first half of the FRS and

fragmented in a 2.5g/ cm? aluminum target in the mid-plane of the FRS. The projectile fragments were dispersed
according to their momentum in the second half of the FRS and energy-focused using a monoenergetic degrader
system at the exit of the FRS. The selection of fragments with A/Z = 2 led to almost monoenergetic secondary
beams with almost identical mean velocities (corresponding to about 260 MeV /u) at the exit of the FRS. The
various fragments with N = Z (°°Ni, 5Co, etc.) have different mean ranges. Due to the energy focusing, the range
differences exceed the width of the range straggling. This imposes a longitudinal separation and thus, varying the
degrader thickness, allows to stop an isotopically pure beam in the stopping cell. Ion rates were measured in a
multiple-sampling ionization chamber (MUSIC), while three scintillators in front of the stopping cell determined
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Fig. 7 On-line test of the
first generation stopping
cell at the FRS. Photograph
of the setup consisting of
stopping cell, roots pump,
RFQ ion distribution
system, Ortho-TOF mas
spectrometer, and silicon
detector

the vertical distribution of the ions. In the experiment, the stopping cell was operated successfully at a helium
pressure of up to 100 mbar, corresponding to an areal density of 2.3 mg/ cm?. Extraction field strengths of 3.5 V/cm
up to 7 V/cm were applied and an RF voltage of 145 V (peak-to-peak) at a frequency of 900 kHz was used in the
RF funnel.

3.1.3 Results

Using a variation in the wedge angle of the degrader, a minimum range distribution of the fragments inside the
stopping cell with a standard deviation of 15 mg/cm2 glass equivalent could be achieved. The overall efficiency
as given by the ratio of 54Co ions on the silicon detector to the number of 54Co measured in the MUSIC
detector in front of the stopping cell was (1.8 + 0.3)%. To determine the extraction efficiency of the stopping cell,
the measured overall efficiency can be divided into a stopping efficiency, an extraction efficiency, and a transport
efficiency through the RFQ system. The stopping efficiency was calculated from the measured range distribution
to be (5.0 £1.1)%. The extraction and transport efficiency is given by the ratio of overall efficiency and stopping
efficiency and amounted to (35.8+9.4)%. This value also includes the transport efficiency through the RFQ system
to the detector, which was estimated as (75 £ 25)%. The extraction efficiency thus amounted to about 45%.

A small leakage in the gas cell occurred during the setup of the experiment, which could not be fixed in time.
During the experiment, abundant contamination of ions from water clusters and hydrocarbons formed in the
stopping cell was observed with the Ortho-TOF-MS, which made detection of the radioactive ions in the mass
spectrometer impossible. From extraction time measurements of polyatomic ions formed in the stopping cell,
extraction times of atomic ions in the range of 20 ms to 50 ms could be derived. The potential of the system was
illustrated by the half-life measurement of 3*Co with a short half-life of 193 ms only.

The experiment successfully demonstrated the range bunching of projectile fragments produced at the FRS at
relativistic energies, their thermalization, and efficient extraction. However, two limitations of the stopping cell
also became apparent: (i) Because of the use of an RF funnel with a density of only about 1.2 electrodes/mm,

the areal density was limited to about 2 mg/ cm?. This limits the stopping efficiency for projectile and fission
fragments to a few percent. (ii) The cleanliness of the stopping cell was not high enough to extract a sufficiently
clean ion population from the stopping cell. The residual gas pressure of 10~ mbar in the stopping cell after
bake-out corresponds to a purity of 1 ppb after filling the stopping cell with 100 mbar of helium for operation.
However, during operation, the pumping port must be closed and further pumping of the stopping cell is not
possible. Therefore, during operation of the stopping cell, the purity is much worse (see, e.g., [27]) and would not
have been sufficient even without the small leak in the stopping cell that occurred during the experiment. These
issues were addressed in the second-generation stopping cell at the FRS.
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3.2 Second generation: cryogenic stopping cell with RF carpet
3.2.1 Stopping cell

Based on the experience with the first generation stopping cell, a second-generation stopping cell was developed,
which addresses the shortcomings of the previous device [43-47]. Its key innovative features are operation at high
gas densities and cryogenic temperature [88, 89]. It was the first stopping cell of this type to be constructed, com-
missioned, and used for experiments. The CSC was developed in a collaboration between KVI-CART /University
of Groningen (The Netherlands), Justus Liebig University Gieflen (Germany), and GSI. Its design was guided by
extensive simulations [44, 99]. After the commissioning, the device was improved continuously [47, 48, 53, 100-104].

The CSC is shown schematically in Fig. 8. An outer vacuum chamber provides the insulation vacuum for the
cold inner chamber. A beam of high-energy ions enters the stopping volume in the inner chamber through three
thin windows and is stopped in the helium stopping gas. The stopping volume has a length of 104.5 cm and a
diameter of 25 cm and is formed by a DC electrode structure (DC cage) and an RF carpet at the exit side of the
CSC. The thermalized ions are drawn by the DC field created by the cage to the exit side, focused onto an exit
nozzle in the center of the RF carpet, extracted from the CSC with the gas flow, and separated from the stopping
gas in an extraction RFQ.

Both vacuum chambers are built from stainless steel. The outer chamber has a length of 140 cm and a diameter
of 66 cm and the inner chamber a length of 120 cm and a diameter of 46 cm. The inner chamber is supported
against the inside of the outer chamber by ball bearing supports. Both chambers have a rectangular opening of
250 mm by 100 mm on the entrance side, which is covered by a stainless steel window with a thickness of 100 pm.
The cylindrical part of the inner chamber is covered by a thin stainless steel sheet, which was welded and blown at
high pressure, resulting in cooling channel winding around it. The channels are connected via stainless steel tubes
to cryogenic feedthroughs, where the cooling system is connected. The cooling system consists of a cryo-cooler
(Leybold Coolpower 140 T) with a cooling power of 140 W at 80 K and a cryo-fan. The cryo-fan circulates the
cooling medium (high-pressure helium gas) in a closed circuit from the cold head of the cryo-cooler to the cold
chamber of the CSC. A pre-cooler using liquid nitrogen allows to pre-cool the cooling medium before reaching
the cold head and thus increases the cooling power of the system. Temperature tuning of the CSC can be done
using a line that bypasses the cold head. Radiation heat losses are minimized by wrapping the cold chamber
in super-insulation. Before cool-down, the CSC can be baked to a temperature of 420 K using heating bands
wrapped around the inner chamber. The heating bands also allow for a fast warming-up of the stopping cell for
maintenance. Temperature sensors placed on all important elements of the CSC allow monitoring of the cool-down
and operation of the CSC. After a cool-down time of typically 24 h the CSC is ready for operation. The walls of
the inner chamber reach a lowest temperature of 50 K, the stopping gas about 75 K. If the RF voltage of the RF
carpet is turned on, the RF carpet, in particular the coil of the RF circuit, heats up by several 10 K, depending
on the amplitude of the RF voltage and the stopping gas density.

The outer vacuum chamber of the CSC is pumped by a turbomolecular pump to pressures below 10~7 mbar.
The inner chamber is pumped through a pumping port by a turbomolecular pump. During normal operation of
the CSC with stopping gas, the pump port is closed using a cryogenic valve. At room temperature, the stopping
volume can be evacuated down to a pressure of 6 x 1076 mbar. After cool-down, the pressure in the stopping region
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Fig. 9 Schematic figure
showing the layout of the
RF carpet of the prototype
CSC. The forces acting on
the ions resulting from the
DC field (green), the
effective RF field (red), and RF Electrodes
the gas flow (blue) are 500 Rings

indicated
Insulation
Rogers Ro4003 /
RO4350
Inner Layer 1
10 Rings
Inner Layer 2
b around Nozzle GND
) GND Electric Component

Layer

typically amounts to 4 x 10~8 mbar with the pump port open and to 2 x 10~7 mbar with the pump port closed.
Under these conditions, the residual gas spectrum is dominated by Na. Assuming no impurities are added to the
system by the helium gas supply, this corresponds to a cleanliness at the 5 ppb level at a stopping gas pressure
of 50 mbar. Before the helium stopping gas is introduced into the CSC, it is purified using a purification getter
(SAES MicroTorr MC400-902V) and optionally in a cold trap cooled by liquid nitrogen. Then, it is pre-cooled in
a heat exchanger, which is coupled to the cooling circuit, and fed into the cold chamber of the CSC.

The DC cage consists of 33 overlapping electrodes with alternating inner diameters of 250 mm and 267 mm.
The electrodes are mounted on PEEK rods, insulated from each other using PEEK spacers, and connected with
resistors that form a voltage divider to create a homogeneous voltage gradient toward the exit side of the stopping
cell. Due to the overlap of the electrodes, the insulators are shielded from the charges in the stopping volume. The
electrodes have a distance of 70 mm to the inner chamber walls. The entrance side of the DC cage is formed by a
planar titanium window with a thickness of 25 um. A voltage of up to 3 kV can be applied to the entrance side
of the DC cage at a stopping gas pressure of 100 mbar and a temperature of 100 K, corresponding to an areal
density of 5mg/ cm?, Thus, a DC field of 30 V/cm enables fast extraction of the ions from the CSC. The first DC
ring and the beam window are biased separately and are not part of the resistor chain. This allows measurement
of the electron current on the beam window, which is produced by the ionization of the buffer gas by the beam
particles.

The RF carpet is shown schematically in Fig. 9. It has a diameter of 250 mm and a thickness of 1.3 mm, and
is made using printed circuit board technology with Rogers RO4003/4350 material. The 500 ring electrodes have
a nominal width of 125 pm, a height of 30 wm, and a spacing of 125 wm, corresponding to an electrode density of
4 electrodes/mm. A cylindrical nozzle with a nominal diameter of 0.6 mm is located in the middle of the carpet.
The capacitance formed between the odd and even rings and an external inductance define a parallel LC resonant
circuit. An RF amplifier (KL-500, RM Italy) is used to drive this resonant circuit, generating RF voltages (peak-
to-peak) of up to 120 V at a frequency of about 6.5 MHz. A matching network is included in the RF carpet to
match the impedance of the amplifier. In addition to the RF voltage, a DC voltage gradient can be applied to the
RF carpet to drive the ions toward the exit nozzle. The electronic components for the RF and DC voltages are
placed on the backside of the carpet except for the coil that forms the inductance for the resonant circuit, which
is mounted on the front side to be in direct thermal contact with the cold stopping gas. The DC voltage gradient
is created using a resistor chain. The RF voltage is coupled capacitively onto the DC voltage of each electrode.
Connections between the front side and the backside of the carpet are made by 0.1 mm diameter vias. Two inner
layers between the front electrodes and the backside of the carpet control the field penetration through the ring
electrodes and provide a fine control of the DC field in front of the electrodes. No electronics is placed close to the
extraction nozzle on the backside to reduce the influence on the ions between the nozzle and the extraction RFQ.
An additional layer shields the ion pathway behind the RF carpet. The RF carpet is also equipped with circuits
for a direct measurement of the RF amplitude during operation.

A 223Ra recoil ion source with a half-life of 11.4 days or a 228Th recoil source with a half-life of 1.9 years as
well as a  252Cf fission source can be mounted to the entrance side of the stopping region. The recoils and their
decay products can be used for commissioning, optimization, calibration, and performance characterization of the
CSC. In addition, a discharge ion source is mounted on the DC cage about 30 cm away from the RF carpet; it
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allows testing the operation of the CSC off-line at high ionization densities and investigating the cleanliness of the
stopping gas.

3.2.2 Experiment

The CSC was commissioned in five test experiments in 2011-2016 as part of the FRS Ion Catcher at the FRS at
GSI. The performance parameters of the CSC were determined, and first experiments targeting measurements of
exotic nuclei were performed [5, 45, 47-57]. The results of the commissioning are reported here. Since then, the
stopping cell was employed for a large variety of experiments, both, with off-line ion sources [58-62] and on-line
in FAIR-Phase-0 [8, 53, 63-65].

The FRS Ion Catcher setup at the final focus of the FRS consists of the CSC, an RFQ beamline and the
multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS) for the MATS experiment. The setup used
during the commissioning experiments is shown schematically in Fig. 10 and as photograph in Fig. 11.

Exotic nuclei are produced at relativistic energies by projectile fragmentation or fission on a Be target at the
entrance of the projectile fragment separator FRS and separated in-flight. At the Super-FRS, a pre-separator
and a main separator will be used for the separation of the ions of interest from unwanted contaminants. The
dedicated energy buncher at the Low-Energy-Branch will perform the range compression. In contrast, there is no
dedicated energy buncher stage at the FRS. For experiments with the CSC, the FRS is therefore operated in a
special mode, such that both separation and range compression are performed using the four dipole stages. The
variable degrader system at the central focal plane of the FRS can be tuned to act as an achromatic degrader for
optimum separation performance or as a monoenergetic degrader for optimum range bunching [16]. To achieve this,
the degrader system consists of two counter-rotating wedge-shaped aluminum disks, two aluminum wedges, and
uniform degrader aluminum slabs. A set of scintillator detectors and two time-projection chambers (TPCs) [105]
at the middle and final focal planes and two multiple-sampling ionization chambers (MUSICs) [106, 107] at the
final focal plane are used to provide ion-by-ion identification by measurement of the time-of-flight, the magnetic
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Fig. 10 Schematic figure of the FRS, including its detectors and degraders, and the FRS Ion Catcher setup, as used during
the commissioning experiments
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Fig. 11 Photograph of the
FRS Ion Catcher setup
consisting of the CSC, the
RFQ beamline, and the
MR-TOF-MS
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rigidity, and the energy loss. An additional homogeneous variable degrader at the final focal plane in front of the
stopping cell is used to adjust the range of the ions, such that they come to rest in the stopping volume of the
CSC. The range of the ions is measured using a third MUSIC mounted behind the homogeneous degrader.

After thermalization of the ions in the CSC, the ions are extracted into a low-energy RFQ transport system. This
RFQ beamline is based on a novel concept [42, 47, 73, 98, 108]. This approach allows the beamline to be compact
and it provides for differential pumping in the vicinity of the stopping cell, ion cooling, transport, bunching,
beam monitoring, and mass separation. Although the full length of the RFQ beamline must be covered with RF
structures for ion confinement, solutions have been developed to also implement gate valves, and test ion sources
and various detectors for ion identification and counting. In addition, it is possible to split the ion beam, to guide
it to different directions, and to merge ion beams into the beamline. This functionality can be implemented in a
beamline with a length of about 1 m only. The RFQ beamline is thus ideally suited for the space-restricted area
at the final focus of the FRS.

The RFQs rods are built from resistive carbon-filled PEEK with a rod diameter of 11 mm and a radial distance
of 10 mm. They are operated with RF voltages with amplitudes of a few hundred volts and frequencies of about
1 MHz. A longitudinal electric field can be created by applying a voltage difference of a few volts between both
ends of the RFQ rods [80, 109]. A set of three turbomolecular pumps, with a total pumping speed up to 4000 1/s,
are used to pump the extraction region to a pressure of about 1 x 10~2mbar during operation of the CSC at
100 mbar and 80 K, corresponding to an areal density of 6 mg/ cm?®. The diagnostics unit implemented in the RFQ
beamline behind the extraction RFQ enables detection, identification, and quantification of the ions extracted
from the stopping cell. It consists of three RFQ segments. The middle segment is located in a horizontally movable
sled, which includes, in addition to an RFQ segment, two identical setups of negatively biased aluminum foil and
silicon surface-barrier detectors, a channeltron detector, and a thermal cesium ion source for testing of instruments
downstream of the diagnostics unit. By changing the horizontal position of the detector sled using an in-vacuum
step motor and gear system, the respective function of the diagnostics unit can be selected. The channeltron
detector setup includes a conversion dynode and can be operated in single-ion detection mode at pressures up
to 5 x 1072 mbar without increase of dark counts or loss in performance [110]. A segmented aperture, mounted
between the extraction RFQ and the diagnostics unit, is used as a dipole deflector. It can be used to attenuate
the ion beam for the study of ions of strongly different abundance ratios and to determine the time profile of the
extracted ions. In addition, it can be used to only transmit ions from the CSC to downstream detectors, when ions
of interest are stopped in the CSC. A three-line a source ( 23°Pu, *!Am, 2%4Cm) is positioned off-axis from the
RFQ beamline, such that all silicon detectors can be moved in front of the three-line o source for commissioning
or calibration. Vacuum separation between the stopping cell and the beamline for maintenance reasons is realized
using a gate valve [110]. The RFQ segment located in the closing region of the valve can be retracted to make
way for the valve. This is achieved by a dedicated movable RFQ segment mounted on a second horizontal sled.
Within minutes, the CSC can be vacuum-separated from the downstream beamline allowing, e.g., for repairs of
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detectors, etc. The extraction RFQ can be operated in broadband transmission mode or in a narrow-band mass
filter mode with a mass resolving power (FWHM) of 10 at full transmission efficiency or with a mass resolving
power of 100 at a transmission efficiency of a few percent [47, 111]. Thus, ions from the CSC can be mass-selected,
and in combination with one of the different detectors, a coarse mass determination or charge-state identification
of the ions extracted from the CSC can be performed.

The MR-TOF-MS is connected directly to the RFQ beamline. The MR-TOF-MS is a powerful and universal
mass spectrometer. As a broadband mass spectrometer, it can determine the abundances and identities of different
ion species extracted from the stopping cell simultaneously. It can be used to optimize the range and the range
compression and to verify the cleanliness of the stopping cell and its proper operation. It can be used as a mass
tagger for the particle identification (PID) in the FRS or for PID by high-accuracy mass measurement as the only
information [10]. The device can be operated as an ultra-high-resolution mass separator to provide an isobarically
and isomerically pure beam [49]. In addition, the MR-TOF-MS can perform direct mass measurements of very
short-lived and rare nuclides and search for and measure isomeric states.

The MR-TOF-MS is described in detail in [4, 52, 112-115]. Ions enter the device through RFQs and an RFQ
switchyard. In a triple-stage injection trap system, the ions are accumulated, cooled by collisions with the buffer gas,
and injected as bunches into the time-of-flight analyzer. The analyzer is formed by two electrostatic reflectors. In the
analyzer, the ions travel for a selectable number of turns, which determines the mass resolving power. After ejection
from the analyzer, the ions pass through the time-focus shift reflector (previously referred to as post-analyzer
reflector) [116] and alternatively (i) impinge on an isochronous secondary electron multiplier for measurement
of their time-of-flight (mass measurement mode) or (ii) pass through a Bradbury-Nielsen Gate [117], in which
unwanted ions are deflected and detected by two gate detectors, and only the ions of interest are transmitted
(isobar separator mode). The MR-TOF-MS achieves a mass resolving power of up to 1,000,000, a relative mass
measurement accuracy down to 2 x 1078, and single-ion sensitivity [63].

In the commissioning experiments with the FRS Ton Catcher, various projectile and fission fragments, covering
different sections of the chart of the nuclides, were produced from different primary beams. Heavy a-decaying
nuclides in the element region above Pb were produced by projectile fragmentation of a 23%U primary beam at an
energy of 1000 MeV/u in a Be target with an areal density of 1.624 g/cm2 followed by a 0.223 g/cm2 Nb stripper
foil. A monoenergetic degrader at the central focal plane of the FRS was used for separation and energy-bunching
of the fragments. Intermediate mass, neutron-rich nuclides around the N = 82 shell closure were produced by
in-flight fission of a 238U primary beam on a 6.333g/cm” Be target and 0.223 g/cm® Nb stripper foil. Neutron-
deficient nuclides, around mass A = 160 and in the mass range 90 < A < 120, were produced by fragmentation of
a 238U primary beam at an energy of 300 MeV /u on a 0.27 g/cm2 Be target and of a '?*Xe primary beam at an
energy of 600 MeV /u, respectively, on a 1.622g/ cm? Be target. The CSC was operated with helium as stopping
gas at pressures ranging from 47 mbar to 106 mbar and temperatures ranging from 78 K to 100 K, corresponding
to areal densities ranging from 3.1 mg/cm2 to 6.3mg/ cm?®. Note that the maximum stopping gas density used in
the experiments of 0.06 mg/ cm® is almost two times larger than that reached previously on-line in a stopping cell
with RF structures [80], and the areal density of about 6.3 mg/ cm” is higher than that reached before with such a
stopping cell worldwide. After an upgrade of the pumping system and implementation of an additional pumping
stage, a maximum areal density of 9mg/ cm?® was achieved [101]. Typically, a voltage of 2.5 kV was applied over
the DC cage, resulting in a push field with a nominal field strength of about 25 V/cm. The RF carpet was operated
with an RF voltage (peak-to-peak) of 50 V to 100 V; a DC voltage of 60 V was typically applied across the RF
carpet.

3.2.3 Results

Stopping and extraction efficiencies. Stopping and extraction efficiencies were determined for the heavy a-emitting

28U fragments 21Po, 218:29Rn, 220Ra, 22!Acand 2?23Th [45, 47, 53]. These measurements were performed
at low beam intensities of a few hundred ions per second, such that intensity-related efficiency limitations due to
space-charge and plasma effects in the CSC can be ignored. The ions of interest were extracted from the CSC
and transported to the silicon detector in the RFQ beamline. Identification was performed by the characteristic
a-decay energies of the nuclei. The number of extracted ions of each nuclide of interest was determined from the
number of decay events, taking into account the solid angle of the active area of the silicon detector with respect to
the collection aluminum foil. The range distribution was measured by scanning the thickness of the homogeneous
degrader and determining the number of extracted ions for each thickness. The width of the distribution was then
deconvoluted from the areal density of the stopping cell. The standard deviations of the measured distributions
range from 13mg/cm® to 21 mg/em?® (in thickness of the aluminum degrader) depending on the fragment and
the settings of the FRS. Under the conditions of the experiment, the corresponding standard deviations of the
range distributions in the helium stopping gas in the CSC can be obtained by dividing by a conversion factor of
(2.0 + 0.1). The stopping efficiency can be calculated from the relative overlap between the known areal density
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of the CSC and the measured range distribution for each nuclide. Stopping efficiencies in the range from 15% to
27% were obtained.

The total efficiency for the thermalization of the ions includes the stopping efficiency and the extraction efficiency.
For the optimum degrader thickness, the total efficiency of the CSC for a selected nuclide was determined as the
ratio of the number of extracted ions of this nuclide to the number of ions of this nuclide entering the CSC. The
number of ions entering the CSC was determined from the particle identification in the FRS. Corrections were
applied, taking into account the dead time of the in-flight data-acquisition system, misidentification of particles
where the signals of the different in-flight detectors could not be correlated to a single ion, fragmentation losses
in the homogeneous degrader, and decay losses. Total efficiencies in the range from 5% to 22% were obtained
depending on nuclide, setting of the FRS, and operating condition of the CSC.

The combined ion survival and extraction efficiency was determined from the ratio of the total efficiency and
the stopping efficiency. It reflects ion losses due to neutralization during the slowing-down and thermalization
processes in the CSC as well as losses due to collisions of the ions with the electrodes of the CSC during the
transport and extraction. The extraction efficiencies for the investigated nuclides are shown in Fig. 12 for the
different years of the respective experiment. The mean survival and extraction efficiency for the experiments in
2011 and 2012 amounts to (47 £ 8)%, for the experiment in 2014 to (80 £ 14)%. These efficiency values are among
the highest obtained for gas-filled stopping cells. The increase in survival and extraction efficiency achieved over
the years is most likely a result of the effort put into increasing the cleanliness of the CSC, e.g., the addition of a
purification getter in the helium feeding line and a bake-out before cool-down [47]. It is noteworthy that similar
extraction efficiencies are obtained for ions of the noble gas element Ra and the chemically very reactive element
Th as for ions of the other elements; within the experimental uncertainties, the observed efficiency values do not
depend on the chemical properties of the elements. This shows the excellent cleanliness of the prototype CSC.

Rate capability. At high rates of incoming ions, space-charge effects arise in the CSC, which may lead to strong
ion losses (Sect. 2.2). The space-charge effect can manifest itself in three regions: (i) along the length of the stopping
volume [80], (ii) at the RF carpet [84], and (iii) at the extraction nozzle of RF carpet [85]. It is crucial not only
to measure the rate capability but also to identify the region where it is strongest to enable the development of
effective strategies to counteract space-charge effects. The rate capability of the CSC and the region of space-charge
effects were determined in three experiments, here referred to as Experiments I, II, and III.

In Experiments I and II, the rate capability study was performed by measuring the extraction efficiencies for
different beam intensities and for two different DC field strengths applied along the length of the CSC (push
field) [50, 51]. In Experiment I, 22!Ac ions (half-life of 52 ms) were thermalized in the helium gas at a pressure of
49 mbar and a temperature of 74 K, corresponding to an areal density of 3.3 mg/ cm®. They were extracted from
the CSC into the RFQ beamline and were identified and counted by their characteristic a-decay energies in the
silicon detector. In Experiment II, 2'3Fr ions (half-life of 34.6 s) were thermalized in the helium gas at a pressure
of 63 mbar and a temperature of 86 K, corresponding to an areal density of 3.7 mg/ cm?. After extraction from the
CSC, they were transferred to the MR-TOF-MS and identified by their time-of-flight. The beam intensities were
measured using the scintillator mounted in front of the CSC. Ionization of the helium gas in the CSC resulted in
an electric current on the window located at the entrance of the DC cage inside the CSC. In Experiment II, this
current was measured and allowed the determination of the number of electrons produced per ion injected into the
CSC. The measurements were performed using short beam spills (4-6 ms). At the same overall number of ions,
short spills give rise to stronger space-charge effects in the CSC than long spills, since the rate (ions/s) is larger.
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To complement the measurements, simulations of space-charge effects occurring in the CSC were performed [86].
The longitudinal and transverse distributions of the stopped ions and of the ionization created in the CSC were
obtained using the simulation programs MOCADI [71] and SRIM [118]. These distributions were used as starting
distributions for trajectory calculations of the ions in the CSC, which take into account the externally applied
electric field, the space-charge field created by the ions, and the mobility and diffusion of the ions in the helium
stopping gas (see Sect. 5). The ion motion at the RF carpet or in the nozzle was not included in the simulation.
Rather, an ion was considered to be successfully extracted from the CSC if it reached the RF carpet. Hence, the
simulation study addressed only the space-charge effect along the length of the CSC. The simulations were also
used to derive a conversion factor to convert the results of measurements and simulations with pulsed bunches of
ions to the equivalent values for a DC beam. Comparison of the measurements and the simulations also requires
knowledge about the number of helium ion—electron pairs created per ion impinging on the CSC. The corresponding
conversion factor depends on the energy the ion deposits in the CSC and hence on the beam energy, the beam
composition, the range of the beam components, and the areal density of the stopping cell. Taking into account
that the mean energy loss per helium ion—electron pair amounts to 41 eV [119], 6.4 x 105 helium ion—electron
pairs were created per impinging ion in the experiment with 22'Ac and 9.5 x 10% helium ion-electron pairs in
the experiment with 2'3Fr. The latter value is compatible with the measurement of the electron current on the
entrance window of the DC cage of the CSC.

The extraction efficiencies for 22!Ac and 2!'3Fr measured as a function of the beam rate are shown in Fig. 13a.
The rate was converted to the equivalent rate for a DC beam and the extraction efficiencies were normalized to an
extraction efficiency of unity at low rate. Up to a rate of about 10* ions/s injected into the CSC, the extraction
efficiency is constant. For higher beam rates, the extraction efficiency decreases strongly with increasing rate and
drops to about 10% of its original value at 107 ions/s. A higher DC push field strength increases the extraction
efficiency at a given beam rate, or conversely, it increases the rate for a given extraction efficiency; however, the
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gain in rate for an increase in field strength by a factor of two is only about 40%. The results of the simulations
are in good agreement with the measured results. The agreement is a strong indication that the reduction of the
efficiency with increasing beam rate is due to space-charge effects along the DC cage of the CSC, rather than due
to space-charge effects at the RF carpet or in the nozzle region of the CSC.

To further rule out space-charge effects at the RF carpet as a cause for reduced extraction efficiency at high
beam intensities, Experiment III was conducted, which investigated the rate capability at different RF voltages
applied to the RF carpet using 233U primary beam [101, 120]. 238U ions were thermalized in the helium gas

at a pressure of 59 mbar and a temperature of 94 K, corresponding to an areal density of 3.2 mg/ cm2, extracted
from the CSC and identified and counted with the MR-TOF-MS. A spill length of 1 s was used, and the CSC was
operated with a DC push field of 20.0 V/cm. As uranium is a highly reactive element it was detected in different
molecular forms. The extraction efficiencies were calculated from the total count rates of all observed forms, i.e.,

282+ 238y, 2BUYOH?T, and 238UO%‘”‘. They are shown in Fig. 13b as a function of the beam rate. The
slopes of the decrease in extraction efficiency with beam rates are independent of the RF voltage and are the same
as those observed in the Experiments I and II. While the extraction efficiencies for the RF voltages (peak-peak) of
40 V and 94 V are the same, the extraction efficiency at the lowest RF voltage of 28 V is systematically reduced to
approximately 40% of the values measured at the higher RF voltages and, remarkably, the reduction factor is the
same for all investigated beam intensities. This can be explained by the fact that at an RF voltage of 28 V, the
repelling field of the RF carpet is not strong enough to enable a safe transport of the ions over a longer distance
along the RF carpet, whereas at an RF voltage of 40 V and higher full ion transport is achieved. The observation
that the relative ion loss at the carpet at low RF voltage is independent of beam rate is a clear indication that the
ion transport along the RF Carpet is not affected by high beam rates of incoming beam, and that the decrease in
extraction efficiency is due to space-charge effects along the length of the stopping volume.

This can be explained by the transmission characteristics of the RF carpet. When the CSC is operated at
high rates, high charge densities of helium ions and ionized contaminants arise in the bulk of the CSC. However,
the majority of this charge is not transported by the RF carpet. The RF carpet acts as high-mass filter, which
transports only ions with mass-to-charge ratios above a certain cut-off value. This low-mass cut-off can be adjusted
using the RF amplitude. The motion of ions with mass-to-charge ratios below the low-mass cut-off is unstable, such
that they are not repelled by the RF field, but impinge on the conducting sections of the RF carpet (Fig. 14). As
will be shown below, the purity of the ions extracted from the CSC is high and a large abundance of contaminant
ions is expected only at low mass. Therefore, the majority of the space charge is due to the helium ions and light
contaminant ions (e.g., ionized nitrogen molecules). It is hence immediately lost at the carpet and never reaches
the nozzle, in contrast to the much heavier projectile fragments, which are transported by the RF carpet and are
extracted. This also excludes the nozzle of the RF carpet as a region responsible for the space-charge effect.

The results of the study shows that the rate capability of the CSC is limited by the space-charge effects along
the length of its stopping volume. It follows that the key to high rate capability of the Super-FRS CSC lies in
short extraction paths and high field strengths. This conclusion has been verified by later work, in which the DC
cage was replaced with a new DC cage that has only half the length of the original DC cage and a somewhat larger
effective inner diameter [120, 121]. An increase in the rate capability by a factor of at least 20 has been achieved.

The conditions chosen for the reported Experiments I, IT, and IIT are challenging (i) since the high energy of the
ions leads to a large energy straggling after slowing-down and consequently requires a high stopping gas density
and (ii) because of the high nuclear charge of the fragments. Since the energy deposition roughly scales with the
square of the nuclear charge, the rate capability of the CSC for lighter elements will be much higher.

Nozzle

RF carpet

lons with m/q = 200 u/e lons with m/q =40 u/e
Stopping region

Fig. 14 Simulated ion trajectories of two different ion species with mass-to-charge ratios m/q of 200u/e and 40u/e at
an RF carpet set to a low-mass cut-off of about 40u/e. While the ions with m/q = 200u/e are transported along the RF
carpet, the ions with m/q = 40 u/e hit the RF carpet electrodes and never reach the extraction nozzle
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Fig. 15 Mean extraction time of 2?!'Ac ions from the CSC as a function of the beam rate for two different mean electric
DC field strengths along the body of the CSC. The pressure and the temperature in the CSC amounted to 49 mbar and
74 K, respectively. The measured values (solid symbols) are compared with the results of simulations (open symbols)

Long-term operation of the CSC at rates of about 10° ions/s injected into the CSC did not result in noticeable
changes to the RF carpet, e.g., arising from charging of the insulating sections of the carpet. Short-term operation
with up to 8 x 10® ions injected into the cell ignited a steady discharge, but did not cause damage to the CSC.

Extraction Times. A measurement of the extraction time as a function of the beam rate was performed using
short spills of 22LAc, as in Experiment I described above (Sect. 3.2.3: Rate capability). The pressure and the
temperature of the buffer gas in the CSC amounted to 49 mbar and 74 K, respectively [45, 50]. After injection
of the ion bunch into the CSC, the decays of the extracted 22!'Ac ions were measured on the silicon detector
located behind the CSC. After injection of the 22!'Ac ions, activity accumulates on the silicon detector and the
decay rate increases. After the last 22! Ac ions are extracted, the decay rate decreases again. The mean extraction
time is half that of the maximum extraction time. For a beam rate of 650 ions per spill and a DC field strength
of 22.2 V/cm, a mean extraction time of 24 ms was determined in good agreement with simulations [86]. Similar
extraction times were obtained in off-line measurements [48].

The extraction times determined by measurements and simulations as a function of the beam rate are shown in
Fig. 15. Up to a rate of about 10* ions/s injected into the CSC the extraction times are roughly constant. For the
higher DC field strength, shorter extraction times are achieved. The values obtained by simulations agree with the
results predicted by the ion mobilities. For higher beam rates, the extraction time decreases, and the difference
between the extraction times at high and low DC field strengths reduces. The measurements and the simulations
are in fair agreement, although for the higher DC field strength, only two experimental data points are available.
The decrease can be explained by the fact that with increasing space-charge effects only ions close to the nozzle
region of the CSC are extracted. Since they have a shorter distance to travel to the nozzle than ions from other
regions in the CSC, the extraction time is reduced. A higher DC field strength increases the region, from which
ions are extracted. Thus, for a higher DC field strength, the average distance the ions need to travel is larger, but
the ion velocity is also larger. These two effects compensate each other to a certain extent, reducing the difference
in the extraction times at high and low field strengths under space-charge conditions.

Purity of the extracted ions. The cleanliness of the CSC was investigated using the MR-TOF-MS in a broadband
mode [47]. Figure 16 shows a mass spectrum of extracted ions in the mass range from 190u/e to 240 u/e, while

213Fr and  2'2Fr were injected into the CSC. In addition to the extracted projectile fragments, the mass spectrum
also contains mass lines corresponding to 2!Rn ions from the internal 223Ra recoil ion source in the CSC and
their decay products. The ratio of the number of ions originating from the beam injected into the CSC to the
number of contaminant ions produced in the CSC, e.g., by charge exchange or chemical reactions, amounts to
2.2 for the mass window shown in the spectrum. In this calculation, the mass line corresponding to 2''Pb+OH
was counted as background. The average contamination background per mass unit amounts to only 1.2 counts.
Therefore, a signal-to-noise ratio for 2'3Fr of 70 to 1 is obtained. Clearly, the CSC features such a good cleanliness
that contaminant ions are not a major problem in this mass range.

This behavior also does not change significantly at higher beam rates. Mass spectra of ions extracted from the
CSC at different beam rates were acquired with the MR-TOF-MS. They are dominated by the ions of interest,
which have been stopped in the CSC. Furthermore, within the uncertainties of the measurement, the ratio of
the number of contaminant ions, such as ions with adducts or molecular contaminants, to the number of ions of
interest does not depend significantly on the beam rate.

Despite the excellent cleanliness of the CSC, some contaminants were observed in mass spectra at lower mass.
These have been found to be mostly light molecules containing noble gases. The noble gas atoms are most likely
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introduced into the CSC together with the helium stopping gas. As an example, Fig. 17a shows a high-resolution
MR-TOF-MS spectrum of ions extracted from the CSC in an experiment, in which '?4Xe primary beam was
injected into the CSC and thermalized. Abundant ions containing krypton atoms dominate the mass spectrum,
but no further contaminants are observed. Note that the spectrum, despite the high resolution, covers a mass
range from 108 u/e to 130 u/e.

The molecular ions do not harm ion survival, but can still hamper measurements of the ions of interest, because
they may be much more abundant than the ions of interest. These contaminants can be removed using a collision
induced dissociation (CID) process together with two-stage mass separation in the RFQ beamline downstream of
the CSC (isolation—dissociation—isolation method, IDI) [54, 122]. In the first stage, the extraction RFQ is operated
as a mass filter to transmit only ions in a narrow band of mass-to-charge ratios, including the ions of interest.
Then the ions are accelerated by a voltage gradient of 50-80 V in the three RFQs in the diagnostics unit, either by
applying this voltage difference along the resistive RFQ rods, or as voltage steps between the RFQs. Depending
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on the amount of kinetic energy of the ions converted to the internal degrees of freedom in collisions with the
buffer gas in the RFQs and the chemical structure of the ions, polyatomic ions are fragmented. In the last step, the
fragment ions are removed from the RFQ beamline, e.g., by operating the RFQ with a higher RF amplitude, such
that lighter ions than the ions of interest are ejected radially. Figure 17b demonstrates this method. Due to the
application of IDI, the contaminants are removed from the spectrum with a suppression factor of 10%, including the
isobaric contaminant S°KrCOJ with a mass difference from !24Xe of ~ 300keV only. This enables a precision
measurement of 12#Xe, which represents the ion of interest in this case. This approach is efficient and universal
and is foreseen to be used in the RFQ beamline of the stopping cell of the Super-FRS.

An additional method to remove abundant molecular contaminants is the operation of the RF carpet as an ion
mobility separator [123]. According to Eq. (1), the transmission at the RF carpet depends both on the mass-to-
charge ratio of the ion and its mobility. The transport of polyatomic ions with smaller ion mobilities than the
(mono-atomic) ions of interest can therefore be suppressed in the same way as the transport of ions with a small
mass-to-charge ratio. The RF voltage of the RF carpet is tuned, such that the transport of polyatomic ions with
a similar mass-to-charge ratio as the ions of interest, but with smaller ion mobilities, is suppressed.

Charge states of the extracted ions. For the ions of all elements produced at the FRS and thermalized in the
CSC, the charge states were determined [101]. For some cases, the measurement was done by a mass scan using
the combination of the extraction RFQ operated as mass filter and either the silicon detector or the channeltron
detector in the diagnostics unit. For other cases, the MR-TOF-MS was employed for the measurement. The charge
states of the extracted ions are shown for each element in Fig. 18. In the upper half of the box of each element,
the predicted charge states are presented in color code, based on the assumption that charge exchange processes
in the CSC are governed by the ionization potential of Ny molecules, which are present in trace amounts in the
helium stopping gas. In the lower half of the box of each element, the experimentally measured charge states are
shown. The results indicate that the assumption is correct. Further purification of the buffer gas can result in the
survival of ions in higher charge states (Fig. 5). As discussed in Sect. 2.2, higher charge states reduce the effective
repelling field of the RF carpet in the stopping cell. They thus limit the mass range of the ions transmitted by
the RF carpet and extracted from the CSC. Therefore, the stopping cell of the Super-FRS will have the option to
control the charge state of thermalized ions using an admixture of a small concentration of another gas for charge
exchange, such as argon, krypton, xenon, oxygen, or nitrogen monoxide, to the helium stopping gas.

However, this gas can be ionized by charge exchange with the helium ions and possibly also undergo chemical
reactions. Therefore, one needs to consider if this ionization has an adverse effect on the extraction efficiency.
This depends on the conditions of the experiment and on the particular choice of the charge-exchange gas. If the
mass-to-charge ratio of the (ionized) charge-exchange gas is smaller than that of the ion of interest, its transport
at the RF carpet can be suppressed. Alternatively, it can also be removed because of its smaller ion mobility.
The admixture of a charge-exchange gas is foreseen not as a general-purpose solution, but for specific cases. It is
most relevant for heavy nuclides, which are thermalized in the charge state 3+. For these nuclides, suppression
of contaminant ions at the RF carpet is easiest, because of the large mass difference to the contaminant ions.
Furthermore, the reduction in charge state due to the charge-exchange gas will help to keep the ions of interest
out of the low mass-to-charge range, where significant amounts of contaminant ions may be present. Please note
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that the successful operation of the prototype CSC at the FRS Ion Catcher can be seen as that of a CSC filled
with pure helium gas and an admixture of nitrogen.

3.3 Operation at high density and high field strength

The stopping cell for the Super-FRS is designed to have a much larger areal density and shorter extraction time
than the prototype CSC, which is currently in operation at the FRS. This is in part achieved using higher stopping
gas densities, higher DC field strengths, and higher effective fields of the RF carpet. To validate the successful
operation of a stopping cell under these conditions, dedicated tests have been performed with the prototype CSC.

3.3.1 lon transport in the stopping region

The dependence of the extraction time on the stopping gas density has been investigated by measuring the
maximum voltage that can be applied along the body of the CSC for different helium gas densities [47]. It was
found that the voltage increases approximately linearly with the density. The result agrees with the breakdown
voltage described by Paschen’s law and lies within the range of predictions given by different models [76, 77]. This
indicates that the breakdown most likely occurs either across the voltage break at the feedthrough for the voltage
of the DC cage, or between the first electrode of the DC cage, to which the highest voltage is applied, and the
inner chamber, which has a distance of 7 cm from the electrode and is held at ground.

From the maximum voltage, the maximum operation DC field along the CSC was calculated and the extraction
time of the ions according to ion mobility theory was determined using Eq. (2) for a reduced ion mobility of
17.5cm?/(Vs) and for areal densities up 10 mg/ch, corresponding to gas densities of up to 100 ug/cmg, which are
required for the stopping cell of the Super-FRS. Figure 19 shows the resulting mean extraction times for different
areal densities. The figure also includes extraction times measured off-line using the 223Ra recoil ion source
with pulsed operation [48]. These measurements also agree with the on-line measurements shown in Sect. 3.2.3:
Extraction times. A mean extraction time of about 25 ms can be achieved almost independently of the areal density
of the CSC. This shows that the minimum mean extraction time of a given stopping cell is almost independent of
the areal density and that operation of the stopping cell of the Super-FRS at high stopping gas densities will not
lead to longer extraction times. The result also shows that the extraction time is defined by the design of the cell.
To achieve short extraction times, the path that the ions travel inside the stopping cell needs to be short and high
extraction field strengths must be achieved.

3.3.2 lon transport at the RF carpet

Furthermore, the operation of the RF carpet at high electric DC fields (push fields) directed toward the RF carpet
was investigated in off-line experiments with ions from the 223Ra recoil ion source [51]. Since in the prototype
CSC, the DC field is limited by discharges from the first electrodes of the DC cage to the inner vacuum chamber
or across the voltage break at its feedthrough, higher DC fields can be achieved by shortening the DC cage, i.e.,
by reducing the distance over which the maximum achievable potential difference is applied. For these tests, the
length of the DC cage was reduced from 104.5 cm to 12 cm. Helium gas pressures ranging from 25 mbar to 90 mbar

were used at temperatures of about 80 K, corresponding to gas densities of up to 50 g/ cm®. The electrical DC
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fields directed toward the RF carpet amounted to values between 13 V/cm and 72 V/cm. The ion source was
mounted in front of the RF carpet at a distance of 70 mm.

The RF voltage of the RF carpet required to extract 2'9Rn ions from the CSC was investigated. In general, a
threshold behavior is observed; a certain RF voltage is required to extract ions successfully. With increasing RF
voltage, the extraction efficiency quickly increases and reaches a plateau value. Figure 20 shows the measured RF
voltages required to achieve an extraction efficiency corresponding to 90% of the plateau value as a function of the
helium gas density for a DC field strength of about 10 V/cm. The values are compared with measurements made
using the prototype CSC with a long DC cage and with simulations (see also Sect. 5). In general, good agreement
is obtained. In a second step, measurements were made for the full range of gas densities and DC field strengths.
At a gas density of 48 g/ cm® and a DC field strength of 72 V/cm, an RF voltage of less than 70 V (peak-to-peak)
was sufficient to reach the plateau value of the extraction efficiency of about 50%. The RF voltages V;; required to
achieve an extraction efficiency corresponding to 50% of the plateau value were fitted with the empirical equation

Vrf:%+02><n, (3)

where n is the density of the gas and C7 and Cs are constants obtained from the fit. Since the CSC is used only
with gas densities larger than 10 png/ 011137 the first term on the right-hand side of Eq. (3) is small and parameter
Cs is sufficient to describe the RF carpet under typical operating conditions. Figure 21 shows the values for Cy
determined for different DC field strengths and different electric potentials of the inner shielding layer 1 of the
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Fig. 21 Measured values of the parameter C2, which correspond to the minimum RF voltages (peak-to-peak) required to
achieve an extraction efficiency corresponding to 50% of its plateau value as a function of the DC field strength and for
different electric potentials of the inner shielding layer 1 (IL) of the RF carpet. Full symbols represent data points that have
been determined from the fit to a complete measurement series, whereas open symbols correspond to a single measurement
only
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RF carpet (see also Fig. 9). The measurements are compatible with a square-root dependence of the required RF
voltage on the DC field strength as expected from Eq. (1). Figure 21 also shows the value for Cs that is expected

for the stopping cell of the Super-FRS. This value is calculated for a gas density of 137 png/ crn37 corresponding to
a He pressure of 200 mbar at a temperature of 70 K, and an RF voltage of 150 V (peak-to-peak); furthermore,
it is scaled according to Eq. (1) by a factor of (5P~ FRS /pprotopey(3/2) — (/4)(3/2) ~ 1.84, which reflects that
for the stopping cell, an RF carpet with 6 electrodes/mm will be used as compared to 4 electrodes/mm with
the prototype CSC. Clearly, the results indicate that the operation of the RF carpet of the stopping cell of the
Super-FRS should be compatible with DC field strengths of at least 200 V/cm.

In addition, extraction time measurements were performed for 2!Rn ions with the short DC cage. At a gas
density of 14 ug/cm3 and a DC field strength of 19 V/cm, an extraction time of less than 2.5 ms was measured
for a distance from the ion source to the RF carpet of 70 mm. This measurement demonstrates that very short
extraction times are in reach. Most importantly, it verifies that no significant delays in the ion transport time
arise, such as might be possible, in principle, at the innermost rings of the RF carpet before the ions reach the
nozzle. The potential of the technique was further demonstrated by the mass and lifetime measurement of the very
short-lived nuclide 2'5Po, which has a half-life of 1.78 ms [51].

4 Conceptual design of the stopping cell

The design of the stopping cell for the Super-FRS is based on the successful concepts and proven technical
solutions tested with the prototype CSC (Sect. 3.2) as well as on new concepts developed to fulfill the challenging
requirements at the Super-FRS as discussed in Sect. 2. As in the prototype, the stopping cell of the Super-FRS
will employ helium as stopping gas at cryogenic temperatures. Helium will be used as stopping gas because of its
high ionization potential and chemical inertness. The cryogenic operation is required, because it has been proven
to be the method of choice for achieving good ion survival efficiencies and a high purity of the extracted ions.
Electric fields will be used to obtain short extraction times from a large stopping volume with a high stopping gas
density. RF carpets with a high electrode density will be employed to create strong RF repelling fields at the exit
side of the stopping cell, which are required to ensure efficient ion collection and extraction at high stopping gas
densities.

However, the design of the prototype CSC is considered to be not sufficient for achieving the design goals for
the stopping cell of the Super-FRS. An increase in areal density by a factor of 4, a reduction of the extraction
time by a factor of 2, and the increase of the rate capability by at least two orders of magnitude are required.
These goals partly contradict each other, such that they cannot be fulfilled by a simple up- or downscaling of
the system (see Sect. 2). Rather, a novel concept has been chosen, in which the extraction of the ions occurs in
the orthogonal direction to the incoming beam using multiple RF carpets and nozzles, and in which a second,
differentially pumped extraction region is employed [11, 70]. A stopping cell of this type is referred to as high-
areal-density orthogonal-extraction cryogenic stopping cell (HADO-CSC). As will be shown in Sect. 5.5, a stopping
cell with this design can be expected to fulfill the requirements of the Super-FRS. The same conceptual design
will also be used for the stopping cells at ELI-NP (Bucharest, Romania) [124] and SARAF (Yavne, Israel) [125].
Further information concerning the stopping cell is also given in [126].

The conceptual design of the stopping cell of the Super-FRS is shown schematically in Fig. 22. As it is the case
for the prototype CSC, the CSC for the Super-FRS consists of two main vacuum chambers. An outer chamber
provides the thermal insulation for the inner chamber, which is at cryogenic temperature. The inner chamber
is divided into a high-density stopping region and a low-density extraction region and is pumped differentially.
The ion beam enters the stopping region horizontally through two vacuum windows and is stopped in the helium
stopping gas. Using electric DC fields the stopped ions are transported in the orthogonal direction upward to an
array of RF carpets, which focuses the ions onto multiple intermediate extraction nozzles; here, the gas flow flushes
the ions into the low-density extraction region. In the extraction region, the ions are collected and transported to
the exit nozzle using an RF carpet. Behind the exit nozzle, the ions are further separated from the gas in an RFQ
beamline and transported to experiments downstream of the CSC.

For the stopping region, a length of 2 m has been chosen. This is considered to be the maximum length for a
stopping cell that is practically feasible and can be built and operated with reasonable effort. According to the
discussion in Sect. 2, a stopping gas temperature of 70 K has been chosen. At this temperature, most contaminants
are frozen out. However, in contrast to even lower gas temperatures, one retains the possibility to use charge-
exchange gases, such as argon, krypton, xenon, oxygen, or nitrogen monoxide, to manipulate the charge state of
the ions. Furthermore, for much lower gas temperatures, significantly higher cooling power would be required;
hence, this choice also ensures reasonable investment and operating costs. The RF carpets in the stopping region
will have an electrode density of 6 electrodes/mm. This will allow the stopping cell to be operated with a gas

density of at least 137 pg/ cm3, corresponding to a pressure of about 200 mbar (Sect. 5.2). Consequently, the areal
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density will amount to at least 28 mg/ cm®. The extraction region will also be operated at a temperature of 70 K;

the gas density will amount to 2 pvg/cm?’7 corresponding to a pressure of about 3 mbar. Here, the ion transport
will not be driven by static DC fields alone as in the stopping region, but also using a traveling wave technique,
which works best at these densities [127].

The CSC for the Super-FRS incorporates several novel concepts:

o Two-stage extraction. The inner, cold chamber is divided into a high-density stopping region and a low-density
extraction region.

e Orthogonal extraction. Ion extraction is performed in the direction orthogonal to the incoming fragment
beam (in the non-dispersive plane of the Super-FRS) throughout the full stopping volume. This is in contrast
to previous orthogonal-extraction schemes [22, 27].

e Multiple nozzles. Multiple extraction nozzles are used in parallel between the high and the low-density region.
Tons from these multiple nozzles are merged in the extraction region using an RF carpet.

e Segmented anode. The electrode opposite to the RF carpet is segmented to optimize the DC fields throughout
the stopping volume, in particular at the RF carpet, and to enable a position-resolved measurement of the
ionization current.

e Particle detector behind the stopping region. Due to the orthogonal extraction, detectors can be mounted
at the end of the stopping region, or the unstopped beam can exit the stopping cell through a window and be
detected behind the stopping cell to enable additional diagnostics or experiments.

e Manipulation of charge states. The charge state of the ions can be manipulated using trace gases for charge
exchange.

Compared to the prototype CSC, these concepts have several important advantages:

e Performance characteristics independent of the length of the CSC. The design scales favorably with
an increased length of the stopping volume; the length and, consequently, the areal density can be increased
without increasing extraction times, decreasing ion extraction efficiencies or rate capability.

e RF carpet operation at higher gas densities. The areal density of the CSC is only limited by the effective
repelling fields of the RF carpet [Eq. (1)]. The repelling field needs to compensate the DC field that pushes the
ions toward the RF carpet at every position along the RF carpet. If the DC push field is generated by a single
plate parallel to the RF carpet and an electric DC gradient along the RF carpet is used to focus the ions toward
the nozzle, the resulting DC field directed toward the RF carpet near the nozzle is much higher than in the
bulk of the stopping region. Thus, a higher repelling field is needed to counteract the DC field and to prevent
the ions from hitting the RF carpet. Consequently, a lower stopping gas density must be used for optimum ion
transport, because the RF amplitude is limited by discharges. This problem can be solved by segmenting the
anode and applying the same DC gradient on the anode as on the RF carpet.

e Short and ion-independent extraction times. Due to the orthogonal extraction and the use of multiple
nozzles, the extraction path is shortened considerably and all ions have a similar extraction path, independent
of their mean stopping position. A higher DC field strength is achieved for a given voltage applied between the
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anode and the RF carpet, due to the shorter distance between the anode and the RF carpet. A fast transport
of the ions in the extraction region can be achieved using the traveling wave technique.

e High rate capability. The short extraction times, due to the high DC field strength, lead to a faster removal
of the helium ions and thus increase the rate capability, i.e., the rate at which space-charge or plasma effects
arise. A method that has been proposed to counteract the defocusing of the stopped ions due to space charge is
to cover the entire inner surface of the stopping volume with RF structures (RF body) [84]. In the CSC, only
the extraction side and thus only about one-third of the surface of the stopping volume needs to be covered with
RF structures. This simplifies the system significantly and minimizes the needed RF power, which is crucial for
cryogenic operation.

e Improved differential pumping. The two-stage extraction enables very efficient differential pumping of the
CSC. Due to this solution, the operation at high stopping gas densities in combination with multiple nozzles
becomes technically feasible. Due to the lower density in the extraction region, an RF carpet with a larger
structure size and a lower frequency can be used in this region. Also, the heat input in the extraction region by
the RF power is negligible.

e Stopping position measurement inside the CSC. The segmented anode opposite to the RF carpet wall
collects the electrons created during the stopping; the electron current can be used to measure the stopping
position of each ion individually. This allows, for example, a very fast and efficient optimization of the range and
range compression. If the segmentation and the sensitivity are high enough, position-resolved measurements of
the ionization created by decay products, similar to a time-projection chamber [128], are possible. To increase
the sensitivity, a GEM type structure can be used under the conditions of the stopping volume [129, 130].

e Transparent stopping cell. The stopping region is not blocked by an RF carpet at its end. Therefore, a
detector can be mounted at the end of the stopping volume to identify and count the ions with a longer range.
The position and the angle of each ion can be measured with a position-sensitive detector. This allows for easy
optimization of the beam position, the focusing and the efficient stopping inside the CSC. Alternatively, windows
can be implemented at the end of the CSC, through which ions with a longer range leave the CSC. These ions
can be identified with a detector positioned behind the CSC. They can even be used for a different experiment.
Moreover, the ion beam does not hit the RF carpet and desorption of atoms and molecules from the RF carpet
is avoided. The desorption from the electrodes forming the beginning and end of the stopping region can be
avoided by building them from thin wires.

The CSC will employ a helium recovery unit (HRU) to reuse the helium pumped from the stopping region. Such
a concept has already been implemented for the PALIS stopping cell at RIKEN [131]. The helium gas can be
recovered with a high efficiency and circulates in the CSC for many cycles. Since it is purified at every cycle using
getters, the purity of the stopping gas increases far beyond the level achievable without the HRU. In this way, an
excellent cleanliness of the CSC can be achieved, although it is not operated at a temperature much below 70 K.
Furthermore, the operation costs can be reduced significantly, because the consumption of high-purity helium (He
6.0) is reduced dramatically.

The beam transport behind the extraction region will be performed in a similar RFQ beamline as for the pro-
totype CSC at the FRS Ion Catcher (Sect. 3.2). It will enable very efficient ion transport, versatile diagnostics
options, mass-to-charge separation and analysis by mass number, fragmentation of molecular ions, and the prepa-
ration of ion bunches. The electric potential of the ion bunches will be shifted using a pulsed drift tube, which is
located behind the RFQ beamline. The ion bunches are then injected into the electrostatic beamline for transport
to the experimental setups of MATS and LaSpec according to the discussion in Sect. 2.3.

5 Simulation results

Simulation studies were performed to investigate several aspects of the ion transport in the CSC of the Super-
FRS, for which a validation was considered to be necessary, but which could not be inferred from tests with the
prototype CSC. Two different simulation programs were used in these studies. The simulations package SIMION
8.1 [132, 133] allows to calculate the electric potential distribution for a given set of boundary conditions using the
Laplace or the Poisson equation and can perform ion trajectory simulations in these potential distributions. The
ion trajectory simulation program ITSIM 6 [134-136] can import potential distributions obtained using different
Laplace solvers, including SIMION, and gas flow data, and then calculate ion trajectories, taking into account the
electric fields and the interaction with the buffer gas. For the latter, a macroscopic model based on ion mobility
and diffusion or a microscopic model that takes into account individual collisions between ions and the buffer
gas [137] can be used.
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Fig. 23 Cut through the 500 mm
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cage (black) for the
stopping region in the
dispersive plane and
calculated electric
equipotential lines (red).
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5.1 Electrode system

The electrode structure of the DC cages for the stopping and extraction regions was designed using the simulation
program SIMION 8.1 [11, 86]. Figure 23 shows a cut through the electrode system for the stopping region in the
dispersive plane and the corresponding calculated electric potential distribution. In this study, a width of 500 mm
and a height of 200 mm of the stopping region have been considered. (Note that the values chosen for the final
design presented in Sect. 6 are somewhat different.) A voltage is applied between the anode (bottom) and the
RF carpet (top), which creates the DC field to drag the ions to the RF carpet. In addition, a voltage gradient
is applied along the RF carpet from the outer edges to the center, which drags the ions toward the nozzle. The
same voltage gradient is applied to the segmented anode. As can be seen from the equipotential lines, the ions
experience a focusing field toward the center at every point in the stopping region, and the DC field directed toward
the RF carpet is almost constant throughout the stopping region. Without segmentation of the anode, the DC
field directed toward the RF carpet in the vicinity of the nozzle would be much larger (see discussion in Sect. 4).
Therefore, the segmentation allows increasing the maximum stopping gas density. Note that the vertical sides of
the electrode structure are formed from overlapping electrodes in a similar way as in the DC cage of the prototype
CSC. In this way, the stopping region can be pumped efficiently, but the material used to insulate the individual
electrodes from each other and to mount them is shielded from the charge created in the stopping volume.

5.2 RF carpet operation

For the design of the RF carpets and the choice of the stopping-gas density, simulations of the ion motion at the
RF carpets were performed. SIMION 8.1 was used to calculate the electrode potentials created by the RF carpet
and the DC cage. Then, the potential arrays were imported in ITSIM 6 and the ion motion onto and along the
RF carpet was simulated and the transport efficiency and the mean transport times were determined, taking into
account the ion interaction with the buffer gas.

In a first step, the validity of the simulations was tested. Simulations were performed for the conditions of
the experiments presented in Sect. 3.3.2. The experimental and the simulated minimum RF voltages required to
achieve an extraction efficiency corresponding to 50% of its plateau value for different stopping-gas densities and
electric DC push fields were compared with each other (Fig. 24). The experimental values were derived from the fits
to measured values (Fig. 21). The simulated and the experimental values show good agreement. Simulations with
the microscopic and the macroscopic collision models reproduce the experimental results within the uncertainties
of the measurement. Consequently, it can be assumed that the simulations will also yield reliable predictions for
the RF carpets of the CSC for the Super-FRS.

Next, RF carpets with different electrode densities were investigated, and simulations were performed for ions of
different mass-to-charge ratios, for different RF amplitudes and frequencies, and for different stopping gas densities.
Helium was used as stopping gas at a temperature of 70 K. At cryogenic temperature, the mobilities of heavier
singly or doubly charged atomic cations in helium gas are very similar; a reduced ion mobility of 17.5cm?/(Vs) was
assumed [78]. The results show that RF carpets with an electrode density of 6 electrodes/mm will be able to fulfill
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the requirements for the stopping region. This finding is in agreement with the extrapolation of the experimental
results in Sect. 3.3.2. RF carpets with an electrode density of 6.25 electrodes/mm have already been manufactured
and used successfully [138]. RF carpets with a finer structure were rejected because of the challenges they would
impose on the manufacturing of the carpets and because of the much larger RF power that would be needed to
drive them.

For RF carpets with an electrode density of 6 electrodes/mm, parameter studies were performed to optimize
the frequency of the RF voltage applied to the carpets. Three different stopping gas densities were considered.
The DC push field used in the simulations was scaled with the gas density to maintain a constant transport time.
At a gas density of 137 pg/ cm3, corresponding to a pressure of 200 mbar, a push field of 100 V/cm was applied;
this corresponds to an ion drift time of about 8 ms over a distance of 20 cm. Figure 25 shows the color-coded
transmission efficiency as a function of the mass-to-charge ratio and the RF frequency. For all three cases, a certain
RF frequency is required to transport the ions; for lighter ions a higher RF frequency is required. As expected from
Eq. (1), a limit for the smallest mass-to-charge ratio, which can be transported, exists. With increasing density,
this limit increases. From the results, an optimum RF frequency of 15 MHz has been chosen for the operation
of the RF carpets in the stopping region. Case (a) with a density of 69 pg/ crn37 corresponding to a pressure of
100 mbar and an areal density of about 14 mg/ cm27 represents a low-mass mode, which allows to extract very light
ions. At the temperatures used in the CSC, helium ions occur primarily as trimers Hed ; therefore, in this mode,
care needs to be taken that ionized helium gas is not extracted together with the ions of interest. Case (b) with
a gas density of 137 g/ cmg, corresponding to a pressure of 200 mbar and an areal density of about 28 mg/ cmz,
represents a standard operation mode of the RF carpet, which optimizes mass range and stopping efficiency. For
heavy fragments, even higher gas densities may be used up to about 200 pg/ cm?’, corresponding to an areal density
of 41 mg/ cm®, as shown in case (c). Note that these results are in agreement with the extrapolations made based
on the experimental measurements obtained with the prototype CSC (Sect. 3.3.2).

Figure 26 shows the color-coded transmission efficiency as a function of the mass-to-charge ratio and the DC
push field. The results show that, as expected from Eq. (1), higher push fields can be applied, and thus, shorter
transport times and a higher rate capability can be achieved, at the expense of transmitting only larger mass-to-
charge ratios, or, conversely, smaller mass-to-charge ratios can be transmitted at the expense of lower push fields
and thus longer extraction times. For experiments that are not covered by the standard operation mode of the CSC
with about 28 mg/ cm2, either because shorter extraction times or higher rate capabilities are required, or because
the experiment involves smaller mass-to-charge ratios, the operating conditions of the CSC can be adjusted and
an optimum compromise between areal density, extraction time, rate capability, and mass range can be chosen.

Another important finding of the simulation study is that under reasonable conditions, the transport velocity of
the ions along the RF carpet occurs with a velocity that is very similar to that in the bulk of the stopping region.
This is the case if no excessive minima of the combined electric DC and effective RF potential are formed at the
RF carpet, in which the ions can be trapped. This can be ensured by implementing a shielding layer in the RF
carpet (see Sect. 3.2).

The conditions for the RF carpet in the extraction region were investigated using a similar procedure as described
above for the RF carpet in the stopping region. In the extraction region, a gas density of 2 g/ cm® will be used,
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corresponding to a pressure of about 3 mbar. Here, an RF carpet with an electrode density of 2 electrodes/mm
and an RF frequency of 3 MHz has been found to be suitable.

5.3 lon transport from stopping region to extraction region

In the stopping region, the ions are transported along the RF carpet, focused onto one of the intermediate extraction
nozzles, and captured into the gas flow from the stopping region to the extraction region. In the extraction region,
the gas jet transports the ions onto the RF carpet. An additional DC field is applied in the extraction region,
which is directed toward the RF carpet. Simulations have been performed to investigate the transition from the
ion transport in the gas jet to the transport along the RF carpet, to ensure that the ion motion in the extraction
region can be controlled sufficiently and ion losses at the RF carpet can be avoided.

The gas flow from the stopping region to the extraction region was calculated using the simulation program
ANSYS-Fluent. Nozzles formed by cylindrical holes in the RF carpet of the stopping region with diameters of
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0.3 mm, 0.4 mm, and 0.6 mm and a length of 1.6 mm were considered; helium gas densities of 128 Mg/cm?’ and
21,Lg/cm3 at a temperature of 75 K, corresponding to about 200 mbar and 3 mbar, were used in the stopping
region and the extraction region, respectively. The distance from the nozzle to the RF carpet in the extraction
region amounts to 100 mm.

For simulations of the ion motion, the electric potentials of an RF carpet in the extraction region with two
electrodes/mm were calculated using SIMION 8.1 and imported in ITSIM 6.0 together with gas flow data. Ion
trajectories were then calculated in the extraction region for singly charged ions of mass 219 u at an RF voltage
(peak-to-peak) of 50 V and a push field of 5 V/cm.

Figure 27 shows typical results of simulations for a nozzle with a diameter of 0.6 mm. Without an electric DC
field along the RF carpet, the ions approach the carpet and are prevented from hitting the RF carpet by the
effective RF repelling field ((a) and (b)). The gas flow then drags the ions away radially along the carpet. If a
DC field is applied along the RF carpet, the ions can be guided into a desired direction ((¢) and (d)). Further
simulations (not shown) demonstrate that ions can also be transported from one side of the gas jet that hits the
RF carpet to the other side. Here, the gas flow defocuses the ions in the region of the gas jet, such that they need
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Fig. 27 Simulated trajectories of singly charged ions of mass 219 u approaching the RF carpet in the extraction region
in the x-z plane parallel to the RF carpet [panels a and c] and in the y-z plane orthogonal to the RF carpet [panels (b)
and (d)]. For the definition of the coordinate system, please also see Fig. 29. In panels (a) and (b), no DC field is applied
along the RF carpet. In panels (¢) and (d), a DC field of 5 V/cm is applied along the RF carpet. The simulations take
into account the gas flow from the stopping region to the extraction region. The pressure in the stopping region amounts to
200 mbar at a temperature of 75 K and the pressure in the extraction region amounts to 3 mbar at a temperature of 75 K.
The nozzle is a cylindrical hole with a diameter of 0.6 mm. The RF carpet has 2 electrodes/mm and is operated with an
RF voltage (peak-to-peak) of 50 V at a frequency of 3 MHz. The DC push field onto the RF carpet amounts to 5 V/cm

to be re-focused afterward. Qualitatively, the same findings are obtained with simulations considering stronger and
weaker gas jets. This indicates that the transport to and along the carpet is rather robust under the conditions
envisaged for the CSC and that the ion motion can be sufficiently controlled using the electric fields of the RF
carpet.

The simulations further predict that similar transmission efficiencies can be achieved with cylindrical nozzles
with diameters of 0.3 mm or 0.4 mm as with nozzles with a diameter of 0.6 mm. Therefore, RF carpets with
a nozzle diameter smaller than 0.6 mm will be pursued as an alternative to the 0.6 mm diameter used in the
prototype CSC. For these nozzles, a shorter length may be required, i.e., a reduced carpet thickness in the vicinity
of the nozzle. In case that nozzles with a reduced diameter are used, the size of the RF carpets along the stopping
region can be reduced and the number of RF carpets and nozzles increased correspondingly. This keeps the gas
flow rate from the stopping region to the extraction region the same, but reduces the average path length of the
ions in the stopping volume and hence reduces the extraction time and increases the rate capability.

5.4 Rate capability

The rate capability of the CSC for the Super-FRS was investigated using the simulation package SIMION 8.1 [11,
51, 86]. These simulations were performed using the same procedure as the simulations of the rate capability of
the prototype CSC (Sect. 3.2.3: Rate capability). The external electric fields were calculated from the voltages
applied to the DC electrodes of the CSC and the known geometry of the electrodes. The space-charge fields were
obtained using the Poisson solver of SIMION, which implements a particle-in-cell method. While the external
electric potential is calculated only once, the space-charge potential needs to be re-calculated at every time step
of the simulation. The influence of the helium stopping gas was taken into account using the ion mobility, and the
effect of diffusion was modeled by applying an offset in the position in each Cartesian direction of each ion per
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simulation time step. The diffusion coeflicient was obtained from the ion mobility using the Einstein relation. A
reduced ion mobility of 17.5cm?/(Vs) was assumed. Under the conditions of the experiment, the helium ions occur
primarily as trimers He7 ; their reduced mobility amounts to about 18 cm?/(Vs) [139, 140]. To have a reasonable
computation time, only 10 ions were simulated and a charge weighting factor, which increases the charge repulsion
in the simulation, was applied. The ion motion at the RF carpet or in the nozzle was not included in the simulation.
Rather, an ion was considered to be successfully extracted from the CSC when it reached the RF carpet.

The extraction efficiency of the CSC was calculated for different ionization rates and compared with the results
obtained for the prototype CSC. The results are shown in Fig. 28. An improvement by three-to-four orders of
magnitude is observed. For the prototype CSC, the onset of space-charge effects for heavy elements occurs at
about 10% ions/s. Taking into account the increased rate capability of the CSC for the Super-FRS, the system
should not suffer from space-charge or plasma effects even at the maximum rates allowed at the LEB of 107 ions/s.

The increased rate capability compared to the prototype CSC can be explained by the fact that a larger part of
the CSC is covered with RF carpets, that the DC fields are stronger, and that the system has a shorter extraction
path in the stopping region. For a given extraction voltage, the critical ionization rate, at which space-charge
saturation occurs, scales with 1/d*, where d is the distance of the extraction electrodes (here: anode and RF
carpet) in the stopping region [79]. Compared to the prototype CSC, in the CSC for the Super-FRS d is smaller
by a factor of 3.3-5, resulting in an increase in the rate capability by two-to-three orders of magnitude. A further
increase in the rate capability is due to the increased density in the stopping region that allows application of
higher voltages, and the increased length of the stopping region with multiple extraction nozzles.

As shown above (Sect. 3.2.3: Rate capability), the measured results for the rate capability of the prototype
CSC are in good agreement with the corresponding simulations. This indicates that the predictions for the rate
capability of the CSC for the Super-FRS should also be reliable. As for the prototype CSC, the majority of the
charge, i.e., helium ions and light contaminant ions, will not be transmitted by the RF carpet, but impinge on
the RF carpet electrodes. For cases, in which an intense contaminant ion species heavier than the ion of interest
might pose a problem, the operation of the RF carpet as an ion mobility separator is foreseen to remove this ion
species at the RF carpet (Sect. 3.2.3: Purity of the extracted ions). Therefore space-charge effects should mainly
occur in the stopping region of the CSC, and space-charge effects at the RF carpets or in the nozzles, which have
not been included in the simulations, should be small in comparison.

Finally, the expected increase in the rate capability has been verified experimentally with the prototype CSC. In
this experiment, the DC cage has been replaced with a new DC cage that has only half the length of the original
DC cage and a somewhat larger effective inner diameter [120, 121]. An increase in the rate capability by a factor
of at least 20 has been achieved. A further reduction of the distance between the extraction electrodes by a factor
of about 2, as in the design for the CSC of the Super-FRS, will thus result in the expected total gain in rate
capability by at least three orders of magnitude.
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Table 1 Expected performance of the stopping cell of the Super-FRS. In the standard mode, all performance parameters
can be reached simultaneously (middle column). Alternatively, one of the performance parameters can be optimized at the
expense of reducing the others. The optimum values achievable are given in the right column. They cannot be reached
simultaneously

Performance parameters in the standard mode Optimum performance parameters
Areal density 28 mg/cm2 40 mg/cm2
Extraction efficiency > 50% > 70%
Mean extraction time 15 ms < 10ms
Rate capability 107 ions/s 3 x 107 ions/s

5.5 Expected performance characteristics

From the simulation results presented in this section and from the experimental results with the prototype CSC
(Sect. 3), the performance characteristics of the CSC for the Super-FRS can be projected.

In the standard operation mode, the CSC will be operated with an areal density of about 28 mg/ cm2, corre-
sponding to a pressure of 200 mbar and a temperature of 70 K. As discussed in Sect. 2, this will correspond to a
stopping efficiency close to unity for heavy and medium-heavy fragments produced at the Super-FRS.

For the prototype CSC, extraction efficiencies in the range of 50% to 80% for ions of many elements have
been achieved (Sect. 3.2). Since the CSC for the Super-FRS will feature an even better cleanliness, an extraction
efficiency in excess of 50% can be expected for ions of most elements. The simulations shown in Sect. 5.4 yield a
rate capability of 107 ions/s.

For an array of eight RF carpets with an extraction nozzle in the center each, which are foreseen for the stopping
region of the CSC, the average transport path will have a length of about 20 cm, depending on longitudinal and
transverse stopping distribution of the ions. In the standard operation mode with a DC field of 100 V/cm, the
average transport time of the ions in the stopping region will therefore amount to about 8 ms. In the extraction
region, the average transport path will have a length of about 50 cm, and the traveling wave technique will be used

for ion transport along the carpet. Transport velocities up to 75 m/s have been achieved for densities of 15wg/ cm®
[141]. Since the conditions in the extraction region are less challenging, higher velocities can be expected for
the CSC. Hence, transport times of about 5 ms through the extraction region seem feasible. The transport time
through the RFQ beamline will take about 2 ms. Therefore, mean extraction times of about 15 ms can be expected
for the CSC of the Super-FRS.

The expected performance characteristics in the standard mode are summarized in Table 1. For experiments
that require performance characteristics beyond these values, the operating conditions of the CSC can be adjusted
and a different compromise between areal density, extraction time, rate capability, and mass range can be chosen.
Thus, one of the performance parameters can be optimized at the expense of reducing the others. The optimum
expected values thus cannot all be obtained simultaneously.

6 Technical design of the stopping cell

6.1 Overall setup

The digital mock-up of the HADO-CSC of the Super-FRS is shown in Fig. 29, including the RFQ beamline, the
electric supplies, and the helium recovery unit (HRU). Note the definition of the coordinate system, which is used
throughout this document. Figure 30 shows a cut through the CSC.

The CSC is mounted suspended in a holding frame. The outer, warm chamber and the inner, cold chamber are
rectangular vacuum chambers. The top flange of the outer chamber is connected to the frame, and the body of
the outer chamber is connected to the top flange. The top flange of the inner chamber is mounted from the top
flange of the outer chamber by rods, and the body of the inner chamber is connected to the top flange of the inner
chamber. The DC electrode structures (DC cages) and the RF carpets of the stopping region and the extraction
region are located in the inner chamber. Most electronic supplies are also mounted on the frame of the CSC.

All connections for media (pumping, cooling, helium gas) and for the electrical components are made through
the top flange of the outer chamber. The conceptual design for these connections is shown schematically in Fig. 31.
The CSC uses 32 electrically driven Stirling cryo-coolers; in principle, the design allows for up to 80 cryo-coolers.
Compared to the cryo-system of the prototype CSC, they feature a much improved reliability and reduced need
for maintenance. The cryo-coolers are mounted on the top flange of the outer, warm chamber and connected to
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Fig. 29 Digital mock-up of
the CSC including
electronic supplies and the
helium recovery unit. On
top of the outer chamber,
the RFQ beamline is
mounted. A lift table
(scissor table) is used to
lower and raise the vacuum
chamber for maintenance.
To remove a dismounted
vacuum chamber from
under the frame, the lift
table can be moved
forwards and backwards.
Note the definition of the
coordinate system, which is
used throughout this
document

Fig. 30 Cross-section of
the stopping cell showing
the stopping and extraction
chambers. The cryo-coolers
are mounted on the top
flange of the outer chamber.
All connections to the
stopping and extraction
regions are made through
the top flange. The DC
electrode system is shown
in yellow and the RF carpet
in green. A module with
test ion sources is mounted
in the stopping region to
test and optimize the ion
extraction from the CSC

Eur. Phys. J. Spec. Top. (2025) 234:861-917
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the top flange of the inner, cold chamber using copper braids. The helium stopping gas is fed into the CSC at
room temperature; pre-cooling occurs in loops of the gas line that are in thermal contact with the top flange of the
inner, cold chamber. A turbomolecular pump for evacuating the outer chamber is connected directly to the top
flange of the outer chamber. The stopping and the extraction regions of the inner chamber are evacuated using two
turbomolecular pumps; for normal operation with stopping gas in the CSC, the extraction region is connected to
the HRU. The pump ports in the outer chamber are connected to the stopping and extraction regions by bellows.
For normal operation, the pump port to the stopping region needs to be closed. This can be done using a cryogenic
valve. Electrical connections to the stopping and extraction regions are made using flexible wires connected to
feedthroughs mounted on the top flanges of the outer and the inner chamber.
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Fig. 31 Schematic figure illustrating the connections of the CSC. For details, see text

The bodies of the outer chamber and the inner chamber can be removed from the top flanges downwards in
sequence using a lift table (scissor table). Since all connections to the CSC are made to the top flanges of the
outer and the inner chambers, maintenance of the CSC is greatly simplified and can occur much faster than
with the prototype CSC. After maintenance has been performed, the outer chamber and the inner chamber are
mounted again in reverse order. Unless the extraction region needs to be accessed, no connections need to be
removed or reinstalled; in this way, the maintenance is much less error-prone. An important further advantage of
this arrangement is that the RF carpets of the stopping and extraction regions are mounted with their electrodes
facing downwards. This prevents dirt and dust from settling on the finely structured electrodes of the RF carpets.
This increases the operational reliability of the CSC.

The vacuum system of the RFQ beamline and the pulsed drift tube is built from DN160 and DN250 vacuum
chambers and tubes. It is mounted in part on top of the frame of the CSC and in part on a separate frame. To
decouple the CSC from the RFQ beamline without breaking the vacuum, a gate valve is installed on the top flange
of the outer chamber of the CSC.

The outer dimensions of the complete system excluding the HRU are a length of 2.9 m, a width of 2.4 m, and
a height of 3 m. The estimated mass of the system, including frame, cryo-coolers, pumps, and electronic supplies
(without HRU), is about 4 t for a CSC with the outer and the inner chambers built from aluminum and about
5 t for the inner chamber built from aluminum and the outer chamber built from stainless steel. The dimensions
of the CSC have been chosen, such that it will be possible to transport the CSC between the off-line laboratory
in the Super-FRS supply building and its position in the LEB hall (see also Sect. 8). For transport, the feet of the
main frame of the CSC, the RFQ beamline, and the additional frame for the part of the RFQ beamline can be
dismounted from the main frame of the CSC.

6.2 Vacuum chambers

The outer chamber consists of two parts, a top flange and the body (Fig. 32). The chamber has a length of
2500 mm, a width of 1200 mm, and a height of 1200 mm.

The inner chamber consists of three major parts, a top flange, an upper body, and a lower body. A plate, which
mounts the RF carpets and the feedthroughs, separates the lower and upper bodies into the stopping region and
the extraction region. The lower body has a length of 2250 mm, a width of 700 mm, and a height of 500 mm. The
upper body has a length of 2250 mm, a width of 700 mm, and a height of 100 mm. The top flange of the inner
chamber accommodates feedthroughs and pump ports. It is mounted suspended from the top flange of the outer
chamber.
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Top flange

Fig. 32 Right panel: schematic figure showing a cut through the CSC including the outer vacuum chamber. Left panel:
simplified technical drawings of the inner vacuum chamber consisting of top flange, upper body, and lower body. All distances
are given in millimeters

Both the outer and the inner chamber are made symmetrically with beam windows on both sides to allow for a
larger flexibility in the operation of the CSC. The windows have a width of 300 mm and a height of 200 mm. This
cross-section fits the expected beam diameter at the final focus of the LEB. Four DN40 ports located in the bottom
of each chamber allow access to the inside of the chamber from below. To increase the stiffness of the chambers,
reinforcement ribs are used. The ribs are designed with the assumption that they hold half of the pressure load.
There are 10 ribs each along the sides and bottom on the lower and the upper body of the inner chamber, and
a total 36 ribs on the body of the outer chamber. The reinforcement ribs do not only increase the stiffness of
the chamber but also reduce its total mass, which is beneficial for the cooling process and overall handling of the
system.

The inner chamber and preferably also the outer chamber will be built from aluminum. Aluminum has a much
higher thermal conductivity compared to stainless steel and allows for much shorter cool-down time (see Sect. 6.6).
In addition, the weight of the vacuum chambers can be reduced significantly if they are built from aluminum. This
is crucial for the handling of the chambers during maintenance and for the transport of the CSC between its
location in the LEB hall and the off-line laboratory.

Simulations have been performed using the software package COMSOL Multiphysics 5.3 to determine the
mechanical stress distribution on the outer and on the inner chamber. The model accounts for a pressure of
1 bar on the inner surface of the inner chamber, for 2 bar on the outer chamber, for gravity and for the thermal
contraction due to cool-down from room temperature to a temperature of 70 K. The major requirement for the
design is that the Von Mises stress under load does not exceed the maximum allowable stress for the given mate-
rial. The maximum allowable stress for stainless steel 304 and for aluminum 6061-T6 are 150 MPa and 100 MPa,
respectively. Figure 33 shows the Von Mises stress distribution for the lower body of the inner chamber for the
case of aluminum. As it can be seen, the Von Mises stress is less than 100 MPa, which satisfies the aforementioned
requirement. As a result of the calculations, a minimum thickness of the chamber walls of 3 mm and 4 mm has
been determined for stainless steel and aluminum, respectively.

It is non-trivial to ensure a leak-tight sealing at cryogenic temperatures for a rectangular flange with the size of
the inner chamber. Normally, for smaller chambers, CF knife-edge flanges with metal gaskets are used. However,
the knife edge needs to be machined with a tolerance of about 10 um over a perimeter of 6 m. Further, the
gasket needs to accommodate thermal contraction. Additionally, a direct flange-to-flange contact is desirable for
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Fig. 33 Calculated stress distribution in lower body of the inner chamber. A quarter of the original model was computed
with symmetry boundary conditions. Deflections are exaggerated for easier visualization

cool-down. This is hard to reach with CF flanges. Therefore, Helicoflex gaskets (Technetics Group) will be used
instead of CF gaskets. Helicoflex gaskets consist of two parts, an inner helical spring and an outer soft metal
jacket. The spring is selected to have a specific compression resistance. During compression, the spring pushes the
jacket toward the flange-sealing surface. The jacket deforms permanently and fills the flange imperfections while
ensuring reliable contact. Each coil of the helical spring acts independently and allows the seal to conform to
surface irregularities on the flange surface. With heliconflex gaskets, flanges with a groove instead of a knife edge
can be used. The outer chamber will be sealed using Viton gaskets.

6.3 Electrode system and RF carpets

As discussed in Sects. 4 and 5, ion transport in the CSC will occur at two different densities. In Fig. 34, this motion
is shown schematically. In the stopping region, DC fields drive the ions onto an array of 8 circular RF carpets, each
with a size of 250 mm x 250 mm, an electrode density of 6 electrodes/mm, and a nozzle with a diameter of 0.6 mm.
An RF voltage (peak-to-peak) up to 150 V at a frequency of 15 MHz and a radial DC field in the direction of the
nozzle is applied. After the ions have been swept out through one of the nozzles and transported in the gas jet in
the extraction region, they are collected on a large RF carpet with an electrode density of 2 electrodes/mm, which
is built from several segments. An RF voltage (peak-to-peak) up to 150 V at a frequency of 3 MHz and a radial
DC field in the direction of the exit nozzle is applied. In order to collect the ions over the full length of the CSC
and to focus them on a single nozzle, the electrode geometry represents a rectangular cut-out with a length of
2000 mm and a width of 250 mm from a large circular or elliptical RF carpet. Simulations show that no significant
losses are to be expected at the edges of the carpet, since the ion motion occurs almost straight in the direction
of the radial DC field. The RF carpet in the extraction region is operated with the traveling wave technique to
increase the transport velocity of the ions along the carpet [127].

Apart from their different size and electrode density, the RF carpets will be built in a similar way as the RF
carpet of the prototype CSC using PCB material and an electrode width-to-gap ratio of about 1:1 (Fig. 9). They
will also have two inner layers between the front electrodes and the backside of the carpets to control the field
penetration through the ring electrodes and to provide a fine control of the DC field in front of the electrodes.
The resonant circuit of the RF carpet of the prototype CSC has a quality factor of about 30. Larger values are
disadvantageous, since large variations in the RF voltage would occur with changes of the resonance frequency
due to temperature changes. The limited quality factor causes the dissipation of power in the resonator (coil
and capacitance) and leads to an increased temperature of the stopping gas. Therefore, the possibility will be
investigated to drive the RF carpets of the CSC for the Super-FRS non-resonantly. In a non-resonantly-driven
system, a higher RF power is required to drive the load presented by the electrodes. However, this RF power is
mainly dissipated in the generator (at room temperature) and not in the load (at cryogenic temperature). The RF
voltage is generated outside the CSC by several RF amplifiers (sinusoidal excitation) and fed to the electrodes of
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Fig. 34 Schematic figure
of the layout of the RF
carpets in the stopping
region and in the extraction
region. In the stopping
region, eight high-density
carpets are used with eight
nozzles; in the extraction
region, the ions are
collected using an RF
carpet with a single
extraction nozzle. A
schematic ion trajectory is
shown to illustrate the ion
motion along the carpet.
Note that the figure is
inverted (stopping region
on top and extraction
region below)

the RF Carpet with coaxial cables. As in the prototype CSC, the RF carpets are also equipped with circuits for
direct measurement of the RF amplitude during operation.

The electrode system (DC cage) of the stopping region has a length of 2000 mm, a width of 400 mm, and a
height of 300 mm. The size of the DC cage is larger than the required active volume of the CSC, since other
elements such as test ion sources need to be mounted inside the DC cage, and because the extraction efficiency is
smaller close to the electrodes than in the bulk of the stopping region. To a certain extent, the ions can be focused
onto the RF carpets, which have a width of 250 mm. Furthermore, the larger DC cage allows changing the vertical
distance between the beam and the RF carpets. In this way, it will be possible either to maximize the effective
stopping volume (larger distance) or to minimize the extraction time and maximize the rate capability (smaller
distance). The sides of the DC cage are built from overlapping electrodes as indicated in Fig. 23. The lower part of
the DC cage (anode) is built either from segmented electrodes or from PCBs (DC carpets) with a large structure
size (~ 2mm per electrode). The segmentation allows applying a similar electric DC potential distribution to
the anode as to the upper RF carpets (see Sect. 5.1), increasing the extraction efficiency. Furthermore, it allows
the position-resolved detection of the ionization in the stopping cell, from which the stopping distribution can be
determined. The windows on the DC cage are formed by a coarse mesh of thin wires (diameter ~ 50 pm). Thus,
desorption of atoms and molecules from the windows is reduced. Ions desorbed from the windows of the cold
chamber can be prevented from entering the DC cage by a positive voltage offset on the windows of the DC cage.

For testing the ion transport in the CSC and the extraction of ions from the CSC, two « recoil ion sources
( 228Th, ~ 20kBq, half-life of 1.9 years) are used, which are mounted at different horizontal positions along
the bottom of the DC cage. They allow determination of extraction efficiencies and extraction times with high
precision. Two weak 2°2Cf fission sources (~ 40kBq) are installed in the DC cage to test the ion extraction over
a wide mass range and to investigate and optimize the charge states of different elements extracted from the CSC.
In addition, two discharge ion sources similar to that used in the prototype CSC [100] are mounted at the bottom
of the DC cage; they allow testing the operation of the CSC off-line at high ionization densities and investigating
the cleanliness of the stopping gas.

The DC cage of the extraction region has a length of 2000 mm, a width of 400 mm, and a height of 100 mm. It
is built in a similar way as the DC cage of the stopping region.

6.4 RFQ beamline

The separation of the ions from the stopping gas, the separation from contaminant ions, the diagnostics of the
extracted ions, and the cooling and bunching of the ions before transport to the MATS-LaSpec hall are performed
in a similar RFQ beamline as the one for the prototype CSC at the FRS Ion Catcher [47, 48, 73]. Compared to
a conventional approach, i.e., an RFQ for beam formation, an electrostatic beamline, and a dipole magnet, the
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RFQ beamline has many advantages. The operation of the RFQ beamline is compatible with the relatively high
buffer gas pressure in the vicinity of the CSC, it is easy to tune and has a high transmission efficiency. Additional
functionality can be readily implemented, such as mass-selective operation and collisional dissociation. An RFQ
mass filter has been shown to possess excellent performance characteristics [73]. In contrast to a dipole magnet,
it can be easily set to transmit a larger range of mass ratios, which has been proven to be very useful during
the commissioning of the FRS Ion Catcher, and which is also required for measurements that are performed
simultaneously on several nuclides with different mass numbers, e.g., for MNT studies. The combination of a
twofold mass separation with collisional dissociation (IDI) is a powerful and efficient method to remove even
strong isobaric molecular contamination (Sect. 3.2.3: Purity of the Extracted Ions), much superior to a single
mass-separation stage in a magnetic dipole, which cannot separate isobars. Furthermore, the RFQ beamline can
be easily dismounted in case other experiments are to be performed at the focal plane FLF6 of the LEB.

The RFQ beamline is shown schematically in Fig. 35. The ions are separated from the stopping gas in the
extraction RFQ that guides the ions upwards. The extraction RFQ can also be used as a mass filter to provide a
coarse mass separation. Behind the extraction RFQ, an RFQ segment is mounted on a sled, which can be moved
using an in-vacuum step motor and gear system in a similar way as at the FRS Ion Catcher (Sect. 3.2.2). It can
thus make way to close the gate valve mounted on top of the CSC. The RF(Q beamline contains a dedicated RFQ
mass filter, which will be used to separate the ions of interest from other isotopes and from contaminant ions
with a different mass number. Collision-induced dissociation can be performed in the horizontal part of the RFQ
beamline on top of the CSC. The RFQ beamline includes two RFQ switchyards [115, 142] (Sect. 3.2.2). At each
RFQ switchyard, behind the extraction RFQ and behind the RFQ mass filter, a channeltron detector and a silicon
surface-barrier detector are mounted to detect the ions extracted from the CSC and to optimize the transmission
efficiency. The silicon detectors can be tested and calibrated using a three-line a source ( *Pu, 2#Am, 2%Cm)
each. The RFQ switchyards also allow the introduction of ions generated using a thermal cesium ion source and
an electron impact ion source. At the end of the RFQ beamline the RFQ buncher is installed. It cools the ions and
produces ion bunches, which are shifted in the electric potential by about 5 kV in the pulsed drift tube [93-95]
located downstream of the RFQ buncher. Another cesium ion source and set of detectors consisting of channeltron
detector and silicon surface-barrier detector can be moved into place in the location of the pulsed drift tube to
measure the ions extracted from the RFQ buncher. It should be noted that such an RFQ beamline, including RFQ
switchyard, movable RFQ, detectors, and test ion sources, despite its novel approach and features, has already
been tested successfully at the FRS Ion Catcher off-line and on-line and is in routine operation.

The RFQ beamline is built from rods of resistive carbon-filled PEEK with a rod diameter of 11 mm and a
radial distance of 10 mm. It is operated with RF voltages with amplitudes of a few hundred volts and frequencies
of about 1 MHz. Four separate RF generators and resonant circuits are used to provide the RF voltages for
the extraction RFQ, the RFQ mass filter, the RFQ buncher, and the other sections of the RFQ beamline. A
longitudinal electric field can be created along the RFQs in the beamline by applying a voltage difference of a few
volts between the ends of the RFQ rods [80, 109]. In the RFQ beamline, helium is used as buffer gas. It flows into

Fig. 35 Cross-section of Extraction RFQ

the stopping cell showing RFQ Switchyard Gate Valve
the extraction elements

Inner Chamber
Outer Chamber

@ Springer



902 Eur. Phys. J. Spec. Top. (2025) 234:861-917

Table 2 Expected

parameters for ion bunches Longitudinal emittance (FWHM) 0.5eVps
extracted frorp fche RFQ Transverse emittance (standard deviation) at 5 keV < 17 mm mrad
bu4n c1.1er consisting .Of P FO Relative energy spread 0.1%

10° singly charged ions with L

a mass of 100 u Initial time spread 100 ns

the extraction RFQ from the CSC, and in addition, it can be introduced into the cooling sections of the RFQ
beamline. Differential pumping is applied in the different sections of the RFQ beamline. The section of the mass
filter is pumped to a pressure of better than 10~# mbar, the other sections are operated at pressures in the range
from a few 1072 mbar to 10~2mbar. The mass filter contains Brubaker lenses [143] at its entrance and exit to
improve transmission efficiency and mass resolving power. A mass resolving power of up to 200 can be achieved at
a transmission efficiency of 90% [73]. The RFQ buncher contains two RF(Q segments and an aperture at its end. A
DC voltage offset is applied to the last RF segment, such that ions are stored in the middle of this segment. For
extraction, the aperture is pulsed to a lower potential, such that an ion packet is extracted from the RFQ buncher.
Based on previous work, a longitudinal emittance (FWHM) of the ion bunches of about 0.5eVus is expected for
singly charged ions with a mass of about 100 u [73]. For the transverse emittance (standard deviation), a value of
17 mm mrad or better is expected at an energy of 5 keV. To minimize any distortions resulting from the voltage
switching in the pulsed drift tube, the time-focus of the ion bunches extracted from the RFQ buncher is placed
in the pulsed drift tube. For the relative energy spread, a value of 0.1% is chosen at an energy of 5 keV/charge,
such that at the time-focus, the ion bunches have a temporal spread of about 100 ns. The energy spread leads to
an additional time spread of the ion bunches, which amounts to about 5 ns per meter traveled in the beamline.
It is hence small compared to the initial temporal bunch width and should allow for an efficient capture of the
ions bunches in the MATS-LaSpec cooler and buncher [13]. The expected parameters of the ion bunches extracted
from the RFQ buncher are summarized in Table 2.

The pulsed drift tube has a length of 50 cm. It is operated with a push-pull high-voltage switch; such switches
are available with rise/fall times of 200 ns or better. During ion extraction from the RFQ buncher, the pulsed drift
tube is held at a voltage of -5 kV, while the RFQ beamline is operated at a potential close to ground, such that
the ions are accelerated by a potential difference of 5 kV. When the ion bunch is inside the drift tube, the pulsed
drift tube is switched to ground potential. For singly charged ions with a mass of 100 u the flight time through
drift tube amounts to 5us. This time is much longer than the temporal bunch width and the rise time of the
high-voltage switches, such that in principle, it should be possible to make a broadening of the energy spread of
the ions due to imperfections in the high-voltage switching small compared to the energy spread arising from the
pulsed extraction from the RFQ buncher. However, even a doubling of the energy spread would only increase it to
a value of 10 eV; ions with this energy spread can be readily captured in the MATS-LaSpec cooler and buncher.

6.5 Pumping system

The eight cylindrical nozzles in the stopping region with a diameter of 0.6 mm each have a combined conductance
of about 0.5 1/s, corresponding to a flow rate of 400 mbar x 1/s at room temperature. Assuming a total time of 4
months of off-line and on-line operation of the CSC per year, the consumption of He 6.0 will amount to about 500
bottles with a total cost of about 100 kEUR. To keep the operational cost of the CSC at a reasonable level, the
helium stopping gas therefore needs to be recovered and re-used. The recovery needs to be implemented, such that
any contamination of the helium gas is avoided. Thus, a helium recovery unit (HRU) using high vacuum technology
will be used [144], similar to the one developed for the PALIS stopping cell at RIKEN [131]. An important further
advantage is that the helium gas can circulate in the CSC for many cycles and can be further purified at each cycle
using getters. Thus, the purity of the stopping gas increases far beyond the level achievable without the HRU.

The design of the pumping system for the CSC is shown in Fig. 36. The extraction region is pumped by the HRU.
To keep the conditions (in particular the gas density) in the extraction region constant, i.e., independent of the gas
density in the stopping volume, the pumping speed of the HRU can be varied; in addition, the conductance from
the extraction region to the HRU can be adjusted using a butterfly valve. The HRU compresses the helium, which
flows back into the stopping region through an active getter. A recovery efficiency of at least 98% is expected.
To compensate the minor losses in helium and to ensure stable working conditions, an automated helium refilling
system is used. The cleanliness of the helium gas that is fed into the HRU from the refilling system is purified using
an active getter and a cold trap. The cold trap is needed to remove gases that are not removed by the getter, such
as noble gases. Using special purification getters and a leak valve system, it will be possible to mix the stopping
gas with minor quantities of other gases for charge exchange with the thermalized ions, such as neon, methane,
nitrogen, or oxygen.

The helium gas purity needs to be monitored on the ppb level to ensure a proper operation of the CSC. This is
achieved using different methods and at different positions in the system. A residual gas analyzer (RGA) monitors
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Fig. 36 Schematic figure Automated He refilling
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the quality of the gas flowing from the CSC and determines the amount of trace gases in the system. A hygrometer
is used to detect traces of water in the stopping gas over a larger dynamic range. Directly after the start-up of the
system water will be the main contaminant, because the walls of the chamber and tubing have been exposed to
ambient air, e.g., after maintenance on the CSC. An oxygen analyzer is used to detected traces of oxygen in the
stopping gas on the level below 10 ppb. This will be the most sensitive measurement on the amount of trace gases
in the system.

Turbomolecular pumps and a rough pump are used to evacuate the system. Safety valves are installed in the
pumping system, which avoid overpressure and damages, e.g., to the RF carpets. Furthermore, all vacuum pumps
are equipped with emergency valves, which close in case of a power failure and preserve the vacuum and thus the
cleanliness of the system. The HRU has an approximate length of 2.5 m, a width of 1.5 m, and a height of 2.4 m;
its mass amounts to about 1.8 t.

6.6 Cryo-system

The cooling power for the CSC will be provided by an array of free-piston Stirling cryo-coolers, e.g., the Cryotel
GT cryo-cooler (Sunpower, Inc.). Each cryo-cooler has a cooling power of 16 W at a temperature of 77 K and
reaches a lowest temperature of 40 K. The cryo-coolers are driven electrically and are cryogen-free and compact.
A decisive advantage compared to the cooling system of the prototype CSC is a mean-time-to-failure of 200,000 h
and a practically maintenance-free operation. This is due to their frictionless bearings; this sets them apart
from other types of cryo-coolers. With the cooling system of the prototype CSC, the cost and time required for
maintenance has proven to be a major issue. For conventional compressor-driven cryo-coolers (e.g., Cryomech
AL200 GM) maintenance is required at least every two years, and the expected mean-time-to-failure (with proper
maintenance) amounts to about one-third of that of a Sunpower CryoTel GT cooler.

The cryo-coolers are mounted on the top flange of the outer chamber. The cold heads are linked to the top
flange of the inner, cold chamber via flexible copper braids. The copper braids allow for the contraction and
avoid mechanical stress on the inner chamber during the cooling process. The external part of the cryo-coolers
(pressure vessel) are attached to the top flange of the outer chamber and are at ambient temperature. The heat
rejection from the cryo-cooler is provided by an external heat exchanger. Typical compressor-driven cryo-coolers
can be safely heated up only to temperatures of about 350 K. Since the cryo-coolers need to be connected directly
to the vacuum chamber, this temperature limit does not allow for a proper bake-out of the CSC. However, the
cryo-coolers that will be used for the CSC can be water-cooled and heated up to 420 K. Hence, proper bake-out
of the CSC can be performed.

The heat load expected for the CSC is summarized in Table 3. The heat load of the helium stopping gas is
estimated as 160 W. The heat generated by the RF carpets is estimated from the heat deposition of the RF carpet
of the prototype CSC to be about 5 W, scaled to the overall area and RF frequency of the RF carpets of the CSC
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Table 3 Heat sources and
estimated heat input Heat Source Heat Input/W
budget for the CSC

Circulating buffer gas (He) 160
RF carpet 100
Radiative heat flux 7
Cables <1
Suspension system 3
Total 270

of the Super-FRS; it amounts to 100 W. The radiative heat flux is reduced using super-insulation. In addition,
electropolishing of the chambers reduces the emissivity coefficient of the surfaces. The radiative heat flux is then
estimated to about 7 W. For the cabling, 250 Manganin and 40 copper wires with the diameters of 0.14 mm and
0.25 mm, respectively, are considered. The average length of a wire is 0.4 m. Manganin wires have lower thermal
conductivity, and therefore, a smaller heat input. Copper wires are used in high-power applications to minimize
energy dissipation. Heat input through the suspension system of the inner chamber considers the use of 16 stainless
steel rods of 8 mm diameter with the average length of 1 m; it is estimated to be 3 W.

The cool-down was studied by simulations with COMSOL Multiphysics 5.3. Calculations were performed for
the inner chamber built from stainless steel 304 and from aluminum 6061-T6 taking into account the heat input
given in Table 3 and 32 cryo-coolers with a total cooling power of 512 W at a temperature of 77 K. The conductive
heat transfer through the buffer gas is included in the model by increasing the value of the thermal conductivity
coefficient of helium by a factor that is given by the Nusselt number. The results are shown in Fig. 37. In the
case of the stainless steel chamber, the cool-down is strongly limited by the poor thermal conductivity of the
material. Aluminum, on the contrary, possesses a thermal conductivity that is higher by an order of magnitude.
Another point of consideration is the temperature gradient between the different parts of the inner chamber.
Since all the cooling power is located on the top flange of the inner chamber, the different parts of the inner
chamber have different cool-down times. Temperature gradients result in unwanted mechanical stress, since the
parts experience thermal contraction to variable degrees. This effect is pronounced for stainless steel due to its
low thermal conductivity: temperature differences of more than 130 K arise in the flange of the chamber. For
a chamber built from aluminum, the temperature differences are much smaller. For an aluminum chamber the
cool-down takes about 24 h, until the helium stopping gas reaches a temperature of 70 K. For a stainless steel
chamber, it takes twice as long. In addition, the weight of the vacuum chamber can be reduced significantly if it is
built from aluminum. Because of these advantages, aluminum has been chosen as material for the inner chamber.

Figure 38 shows the simulated cool-down for different numbers of cryo-coolers. A minimum of about 20 cryo-
coolers is required to balance the expected heat load at a temperature of 70 K. However, then the cool-down takes
much longer than a day. From the experience with operation and maintenance of the prototype CSC, 1 day has

(a) 320 ) (b) 320
Stainless steel 304 |——— Maximum ] Aluminum 6061-T6 | —— Maximum
—— Minimum 1 —— Minimum
270 Helium 270 Helium
4 4 ]
@ 220 ® 220
E =R
o © ]
8 1701 8 1701
£ g '
()] (0]
[ — .
120 120 4
70 70- T T T T 1 T T T T
0 0 5 10 15 20 25 30 35 40 45 50

Time/h Time/h

Fig. 37 Simulated maximum and minimum temperatures of the inner chamber and the temperature of the helium buffer
gas during the cool-down a for stainless steel and b for aluminum
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been established as a reasonable cool-down time. For 60 and 80 cryo-coolers, the time required to reach a helium
temperature of 70 K can be reduced to less than 11 h and 8 h, respectively. As the best compromise between
short cool-down time and costs, the number of 32 cryo-coolers has been chosen. An alternative to the Cryotel GT
cryo-cooler is the newly introduced Cryotel DS30. It has the same technology and thus the same advantages as
the GT16, but it has twice the cooling power at less than twice the price. In the case of the Cryotel DS30, 16
cryo-coolers would be required.

Conventional compressor-driven cryo-coolers are available with significantly higher cooling power (e.g., 160 W
at 70 K for the Cryomech AL200 GM). In their case, only three cryo-coolers would be required for cooling of the
CSC. While the initial investment costs of the solution with the free-piston Stirling coolers is therefore higher, over
the envisaged lifetime of the system (e.g., 20 years), it is significantly less expensive due to savings in maintenance
cost and costs for replacements. Furthermore, it increases the reliability of the operation of the CSC and reduces
the down-time. Even in case of a failure of one or even a few of the Stirling coolers, operation of the CSC would not
be significantly affected. In contrast, every failure of a more powerful compressor-driven cooler would endanger
operation of the CSC until the cooler could be exchanged. The solution with the free-piston Stirling coolers
also reduces the work required on the system, because maintenance on the coolers is not required. The larger
number of coolers should not be a significant disadvantage, since they will be mounted on the top of the CSC,
while maintenance of the CSC will be performed from below, i.e., only in rare cases, the coolers will need to be
dismounted. Also, the larger number of coolers allows a more homogeneous distribution of the cooling power on
the top flange of the inner cold vacuum chamber.

As in the prototype CSC, the CSC for the Super-FRS is baked to a temperature of 420 K using heating cartridges
prior to cool-down to achieve optimum cleanliness of the stopping cell. The heating cartidges also allow for a fast
warming-up of the CSC for maintenance.

6.7 Detectors at the final focal plane of the LEB

At the final focal plane FLF6 of the LEB, two detectors of different types, degraders and slits, are needed in front
of the CSC for a successful execution of experiments with the CSC (Fig. 39). They are all mounted at air.

The degrader is of variable thickness. It is needed to slow down the ions and to adjust the energy of the ions of
interest to be stopped in stopping volume of the CSC. Depending on the range of the ions of interest, either a solid
variable homogeneous degrader (two anti-parallel wedges) or for the heavy low-range fragments a gas degrader
(gas volume with variable pressure) [72] will be used. For the solid degrader, the components (incl. drives) of the
degrader system currently used at the FRS Ion Catcher will be adapted and transferred to the Super-FRS. This
degrader system has three components, disks, wedges, and plates. The disks will be used at FLF5 for the range
bunching; the wedges and plates (needed for very light and larger range fragments) will be installed with a new
support frame at FLF6. In case of heavy fragments with a very short range, the minimum thickness of the wedges
(about 600 mg/ Cm27 depending on beam size) may be too large, such that the ions are already stopped in the
degrader and do not reach the CSC. In this case a gas degrader will be used instead of the solid degrader. The gas
degrader consists of a vacuum vessel with thin windows (e.g., 100 pm Kapton), which is filled with a gas (nitrogen
or SFg). The pressure in the vessel can be varied between vacuum and 1 bar overpressure (controlled with an
accuracy of 0.2%). With a chamber of 0.5 m length, this allows to adjust the areal density of the degrader between

40 and 160 rng/cm2 for nitrogen and 40 and 630 1rng/cnr12 for SFg.
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Fig. 39 Schematic view of
the setup at the final focus
at the LEB (FLF6),
showing the degrader,
detectors, and slits between
the last multiplet and the
CSC

Last Multiplet Degrader x-y Slits MUSIC CsC
Scintillator

A scintillator that allows for position determination in horizontal direction will be used to count and measure
the position of the ions in front of the CSC. A detection area of 400 mm x 150 mm and a position resolution of
a few millimeters are required. To handle the rates at the LEB of up to 107 ions/s, two approaches are possible,
either to use a single scintillator plate for rates up to 10° ions/s, or to segment the detector in the vertical direction
for higher rates. The latter approach would result in more complex electronics, but would allow to measure also
at the highest rates and add position measurement in the vertical direction.

A multiple-sampling ionization chamber (MUSIC) [106, 107] is needed to measure the stopping position to
adjust the variable degrader. Its active area amounts to 400 mm x 150 mm. Because only the stopping position
and not the charge is measured a low-resolution, simplified version (4 electrodes and 20 cm length) is sufficient.
The MUSIC will also allow for a more precise position measurement in the vertical position.

For a final selection of the fragment of interest and to constrain and define the phase space of the stopped ions,
horizontal and vertical slits are necessary in front of the CSC. This slit system will be similar to the one in the
Super-FRS, but it will be in air and have a smaller thickness, corresponding to the lower energy and thus lower
range of the particles in the LEB as compared to the main separator of the Super-FRS.

6.8 Transfer beamline to MATS and LaSpec

The transport of the ions from the CSC to MATS and LaSpec will be done with an electrostatic low-energy
beamline according to the conceptual design discussed in Sect. 2.3. The part of this beamline, which is located
in the LEB hall, is part of this document (see also Fig. 42). The beamline has a height of 2.1 m and a length of
about 6 m to the wall of the LEB hall. The ions are accelerated to a transport energy of 5 keV per charge in the
pulsed drift tube located at the exit of the CSC. Focusing of the ions is performed using electrostatic quadrupole
doublets.

The required size and separation of the electrostatic quadrupole elements can be estimated following the dis-
cussion in [145]. The basic requirements with respect to the beamline acceptance, stray magnetic fields and space-
charge, respectively, can be put down to

EﬂVO
I-309Q°

L. <r?/e Le < (p26)Y/3, L.« (4)

where L. is the separation of the quadrupole doublets, r. their aperture radius, p,, the radius of curvature of the
ion path in the magnetic field, € is the beam emittance, 5 the ion velocity in units of speed of light, V4 the ion
acceleration potential, and I the ion current. For a beam emittance of € < 200 7 mm mrad, the first requirement
is easily fulfilled for standard aperture radii of r¢ = 20-50 mm. The constraints of the latter two requirements
are presented in Fig. 40. Assuming a stray magnetic field of 0.7 G, a doublet separation of 1 m ensures that the
beam displacement due to the magnetic field is smaller than the beam size for all but the lightest isotopes. For
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Fig. 40 Left panel: smallest admissible quadrupole doublet separation for a displacement due to a stray magnetic field of
0.7 G to be smaller than the beam size. Right panel: smallest admissible quadrupole doublet separation for the effect of
space charge to be negligible, assuming 10° particles per bunch

Fig. 41 a Overview of a
typical diagnostic element actuator
consisting of an MCP and a

Faraday cup, mounted on

an actuator drive. An

additional port on the

bottom side of the vacuum

chamber can be used for CCD
mounting a turbomolecular camera
pump. Additional smaller
ports can be added
sideways for pressure
gauges. b Overview of a
typical quadrupole doublet
unit consisting of eight
hyperbolic or round
electrodes. A minimum of
six feedthroughs is needed
for additional steering on
one of the quadrupoles, or
eight in case both are used
as shown in figure
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an emittance 5 m mm mrad, which corresponds to a conservative estimate for the acceptance of the MATS-LaSpec
RFQ cooler and buncher [13], the minimum mass is as small as a few atomic mass units. For bunches of 10° ions or
less, a doublet separation of 1 m readily fulfills the requirements that space-charge effects are negligible. Therefore,
a doublet separation of 1 m has been chosen for the beamline.

A dipole voltage offset can be applied to one or both quadrupoles of each doublet to allow for the steering
of the beam. The power supplies for each quadrupole electrode need to be able to deliver 1 kV or more of each
polarity with a ripple lower than 20 mV. A possible design of a quadrupole doublet with the corresponding vacuum
chamber is shown in Fig. 41.

The beamline is built from DN160 tubes. Three vacuum chambers providing pumping and diagnostics are
placed in the beamline. The beamline is evacuated to a pressure of a few 107 mbar using turbomolecular pumps
with a pumping speed of 300 1/s. The diagnostics stations will be placed in the focal plane of each doublet pair.
A diagnostic unit contains a position-sensitive micro-channel plate (MCP) detector with a phosphorus screen
monitored by a CCD camera as well as a Faraday cup, as shown in Fig. 41. Additional vacuum ports can be used
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for vacuum pumps and residual pressure monitors. Both detectors are mounted on a single axis with a motorized
drive, which can be remotely controlled to move the diagnostic elements in and out of the beam path. The CSC
and the beamline in the MATS-LaSpec experimental hall can be separated from each other using valves included
in the beamline behind the pulsed drift tube at the exit of the CSC and in front of the wall of the LEB hall.
The same beamline concept is maintained throughout the full length of the beamline, including the part in the
MATS-LaSpec hall.

7 Radiation environment and safety issues

The maximum rate foreseen for the LEB hall is 107 ions/s for all elements up to uranium. The CSC has been
designed for this maximum rate. All electronic supplies and devices of the system are installed below or above the
CSC and the beamline. The dose this equipment is subject to will be much less than 1 Gy/year even if longer
experiments with maximum rate are performed.

Inside the CSC, different radioactive ion sources will be installed. (i) For calibration of silicon detectors in
the RFQ beamline three-line a sources (*3°Pu, 24'Am, 2%Cm, ~ 3kBq) will be used. (ii) For testing the ion
transport in the CSC and extraction of ions from the CSC an « recoil ion source (*8Th, ~ 20kBq) will be
used. This source allows determination of extraction efficiencies and extraction times with high precision. (iii) A
weak 252Cf fission source (~ 40kBq) will be installed to test the ion extraction over a wide mass range and to
investigate and optimize the charge states of different elements extracted from the system.

DC voltages up to 6 kV (positive and negative) but with low current (few mA) will be used. The RF carpet
will be operated with voltages (peak-to-peak) up to 200 V and a frequency of 15 MHz. The RFQ beamline will be
operated with voltages (peak-to-peak) of up to 2 kV and frequencies of up to 2 MHz. All electronic components
and feedthroughs will be shielded, encapsulated, and labeled accordingly. For high voltages, mainly connectors
according to SHV will be used.

Some parts of the system are at vacuum, while other parts are at overpressure. All components of the system will
be protected against overpressure by safety valves that ensure a safe operation even in case of a power failure. The
cryogenic temperatures are achieved by electrical cooling. Thus, no high-pressure lines are required. The minimal
temperatures in the system are well above the boiling point of the stopping gases to be used. Therefore, there is
no risk of liquefying the stopping gas at a cold point.

For the maintenance of the system, heavy components need to be moved. This will be done with a dedicated
lifting table and the crane in the FHF1 focal plane area and the crane in the LEB hall. Both should be operated
by trained personnel only.

The safety requirements of FAIR and the European and German safety regulations will be followed for the
installation and operation of the system.

8 Cave, infrastructure and installation procedure

The CSC, the detectors, degraders and slits in front of the CSC, and the transfer beamline to MATS and LaSpec
will be installed at the final focus FLF6 of the LEB, as shown in Fig. 42. Here, the system will deliver thermalized
exotic nuclei to the experiments MATS and LaSpec. To allow for other experimental setups at FLF6, it must be
possible to remove the CSC from its location at FLF6. In addition to the installation at the main location at FLF6,
the CSC will be operated at the focal plane FHF1 in front of the High-Energy Branch. Here, experiments in Early
Science/First Science will be performed until the LEB becomes operational in Science++. Furthermore, reaction
studies can be performed with the CSC at FHF1, which require higher beam intensities than possible at FLF6.
The assembly, maintenance, and off-line tests of the CSC will be performed in the off-line laboratory (E15.009,
”Vorbereitung Stopping Cell”) in the Super-FRS supply building (L0321A). It is foreseen that the CSC can be
transported on wheels between the off-line laboratory and its positions at FHF1 and in the LEB hall through the
shielding labyrinth of the Super-FRS. The CSC has been designed to be compatible with the size restrictions along
the transport path (doors, elevators, shielding labyrinth, etc.). The transport in the LEB hall can also be done
by crane. To enable this transport, the elevator in the Super-FRS supply building and the crane in the LEB hall
need to be able to lift a weight of 5 t.

At its locations at FLF6, at FHF1 and in the off-line laboratory, the CSC has the same infrastructural require-
ments. The following media and resources are required:

e Electrical power

— Electrical power: 8x (3 x 16 A, 400 V), 3x (3 x 32 A, 400 V), maximum power 100 kW
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Fig. 42 Section of the
LEB hall showing the
location of the CSC and the
transfer beamline to the
MATS-LaSpec hall

— Clean power and UPS: 1 x (3 x 16 A, 400 V)
Cooling

— Cooling water: temperature 18 °C; heat load of 75 kW with temperature difference of 6°C
— Heat dissipation into air: 5 kW

Vacuum exhaust
Gas lines

— Pressurized air, dry nitrogen, nitrogen 5.0, helium 6.0, gas for MUSIC (P10 or methane)
— Three additional gas lines (e.g., for argon, krypton, xenon, oxygen or nitrogen monoxide)

Network resources

— EPICS slow control, NUSTAR-DAQ, White Rabbit, about 100 network devices.

For the installation of the detectors, degrader, and slits between the last multiplet and the CSC at FLF6, an
installation time of 1 month is required. An installation time of 3 months is foreseen for the first installation of the
CSC at the LEB. All major components will be tested before their installation. Therefore, the off-line commissioning
of the CSC and its auxiliary equipment at FLF6 can be performed in 3 months. For the commissioning of the
CSC, the radioactive ion sources in the CSC ( 228Th recoil ion source and 252Cf fission source) will be used. The
MR-TOF-MS will be mounted directly behind the CSC and aid in the characterization of the CSC in a similar
way as it has been done for the commissioning and characterization of the prototype stopping cell (see Sect. 3.2).
After commissioning of the CSC, the transfer beamline from the CSC to MATS and LaSpec will be installed and
commissioned. For the installation of the beamline a time of 2 months and for the off-line commissioning a time
of 3 months are foreseen.

Some maintenance and repairs (e.g., of the RF carpets) cannot be performed in the cave, e.g., because a
low-dust environment is required. Such work has to be performed in the off-line laboratory in the Super-FRS
supply building. Therefore, the transport from FHF1 or the LEB hall to the off-line laboratory will be a standard
procedure, including the operation of the CSC in the laboratory to re-commission the system after repairs and
changes.

9 Project organization

The development, construction, testing, installation, and commissioning of the CSC of the Super-FRS will be
performed by the FRS Ion Catcher Collaboration—as part of the Super-FRS Experiment Collaboration—also on
behalf of LEB infrastructure. The FRS Ion Catcher Collaboration has already developed and commissioned the
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prototype stopping cell and performed pioneering experiments with the device at the FRS. The main partners of
the collaboration are Justus Liebig University Gieflen, GSI, University of Jyvaskyléd, University of Groningen, ELI-
NP/IFIN-HH (Bucharest, Romania) and Tel Aviv University/Soreq Nuclear Research Center (Israel). The FRS
Ton Catcher Collaboration is also open for collaboration with further groups and institutions. At yearly meetings,
recent activities and future work are discussed in detail. Matters relating to the integration of the stopping cell
at FHF1 and in the LEB and the interfaces to the connected experiments are addressed jointly with the involved
NUSTAR experiment collaborations MATS, LaSpec, Super-FRS Experiment, and the FAIR project branch at GSI
and the respective coordinators.

The same conceptual design of the stopping cell for the Super-FRS, the HADO-CSC, will also be the basis for
the development of the stopping cells at ELI-NP [124] and SARAF (Yavne, Israel) [125]. The collaboration with
these partners will be further strengthened to exploit maximum synergies. A series of HADO-CSC workshops has
been started in 2017 to facilitate an intense information exchange.
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