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A B S T R A C T

Many experiments at radioactive ion beam (RIB) facilities suffer from isobaric contamination, i.e. unwanted
ions of similar mass. During the last decade, Multi-Reflection Time-of-Flight (MR-ToF) devices have gained
remarkable attention for mass separation of short-lived, low-intensity beams of radionuclides at RIB facilities
throughout the world. They exceed mass resolving powers 𝑚∕𝛥𝑚 of 105 within a processing time of some (tens
of) milliseconds. Due to space-charge effects, however, the mass separation remains an experimental challenge
when many ions are simultaneously confined in the MR-ToF device. This limits the wider application of MR-
ToF mass separators at RIB facilities. By performing ion-optical simulations including space-charge effects,
we investigate different schemes of ion preparation in a Paul trap upstream of the MR-ToF device as well as
MR-ToF operation and study their influence on mass separation and maximal ion flux. The validity of these
simulations are benchmarked by time-of-flight and collision-induced fluorescence measurements with a 1.5 keV
MR-ToF device. More advanced ion-beam preparation techniques such as the use of laser cooling, buffer-gas
cooling at cryogenic temperatures or specific electric-field parameters for ion trapping and ejection from the
Paul trap can significantly reduce the processing time needed to reach a given mass resolving power. However,
the simulations of these methods also indicate that space-charge effects in the MR-ToF device become relevant
at lower ion numbers compared to ’standard’ ion preparation. Thus, the overall amount of mass separated ions
per unit of time remains essentially the same. In contrast, the simulations suggest that increasing the kinetic
energy of typically just a few kiloelectronvolts in present MR-ToF instruments to 30 keV results in a significant
increase of the attainable maximal ion flux.
1. Introduction

Many experiments at radioactive ion beam (RIB) facilities require
pure ion beams with high intensity. Existing mass separators, such as
the high-resolution mass separator at ISOLDE/CERN [1], use dipole
magnets and achieve mass resolving powers 𝑅 = 𝑚∕𝛥𝑚 on the order
f a few 1000. Next-generation magnetic mass separators such as the
igh-resolution isobar separator for the CARIBU project [2,3], the

∗ Corresponding author at: Experimental Physics Department, CERN, CH-1211, Geneva 23, Switzerland.
E-mail address: franziska.maria.maier@cern.ch (F.M. Maier).

SPIRAL2/DESIR high resolution mass separator [4,5] or the CANREB
high-resolution separator at TRIUMF [6] are in the process of reaching
mass resolving powers of up to 20,000–30,000. There remain, however,
many applications which require an even higher mass resolving power
to suppress isobaric contamination, i.e. unwanted ions of similar mass.

Recently, Multi-Reflection Time-of-Flight (MR-ToF) devices have
significantly gained in importance for the mass separation of short-
lived radionuclides at RIB facilities throughout the world [7–17]. Since
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they exceed mass resolving powers 𝑅 of 105 within just some (tens of)
milliseconds they are capable of providing isobaric-purified ion beams
to subsequent experiments. In an MR-ToF device ions are separated
in time-of-flight (ToF) according to their mass-over-charge ratio 𝑚∕𝑞.
Compared to conventional ToF separation, the high mass resolving
power is achieved as ion bunches bounce back and fourth between
two electrostatic mirrors. Hence, a flight path of several kilometers is
realized while the ions are confined in a table-top instrument. MR-
ToF mass separation at high 𝑅 is, however, only possible up to a
imited number of ions. At large ion densities, the Coulomb interactions
etween the ions can no longer be neglected and, thus, so-called
pace-charge effects degrade the otherwise superb mass separation
apabilities. In particular, phenomena such as selfbunching [18–25]
nd peak coalescence [22,25–27] at increased numbers of stored ions
ere reported in MR-ToF devices. As a consequence, the ion species do
ot separate in 𝑚∕𝑞 any longer when too many ions are simultaneously
onfined.

However, virtually all fields of rare isotope science pursued at low-
nergy branches of RIB facilities would benefit from isobaric pure
eams with a high ion intensity. For some initiatives such as the
ntiProton Unstable Matter Annihilation (PUMA) project [28] for the
tudy of the interaction of anti-matter with radioactive nuclides, pure
adioactive ion beams are an indispensable prerequisite. Even appli-
ations closer to stability like the production of innovative medical
sotopes [29,30] suffer from isobaric contamination, including molecu-
ar isobars. An advanced beam purification apparatus with a large ion
lux could reduce the need of chemical separation and would hence
educe the radioactive activity during transport and handling as well
s the radioactive waste.

Magnetic separators are expected to continue exceeding MR-ToF
ystems in ion flux while the latter remain superior in attainable mass
esolving power. The ultimate configuration would, thus, combine mass
eparation in stages in which a high resolution magnetic separator
elivers a ’pre-separated’ RIB to an MR-ToF device ideally with a
igher ion throughput compared to current state-of-the-art MR-ToF
nstruments. Magnetic dipole separation and MR-ToF separation differ
n their time structure of operation. While magnetic mass separators
ork for a continuous beam of ions, a bunched beam structure is

equired for MR-ToF operation, see below.
Employing ion optical simulations including ion–ion interactions,

he present work investigates options to increase the mass resolving
ower of MR-ToF devices and the maximal ion flux while maintaining
he large mass resolving power. Our findings suggest that, while the ion
reparation in a cooler-buncher prior to the MR-ToF device has for most
pplications no significant influence on the maximal ion flux possible
t a given resolving power, increasing the kinetic energy of the stored
ons from 1.5 keV to 30 keV could substantially increase the number
f mass separated ions per unit of time.

To benchmark the validity of the simulation approach, time-of-flight
tudies of ion bunches extracted from the MR-ToF device as well as
ollisional-induced fluorescence measurements with a 1.5 keV MR-ToF
evice [24,26,27,31,35,36] are carried out. For the latter, we take
dvantage of inelastic collisions between ions and residual gas particles
eading to fluorescence [24,37]. The detection of the emitted photons
nables the tracking of the evolution of the ion bunch’s temporal spread
ver revolution number [24] and thereby understand the ion dynamics
ithin the MR-ToF device for varying numbers of stored ions.

The next section introduces general characteristics of MR-ToF sys-
ems and Section 3 describes the experimental setup consisting of a
.5 keV MR-ToF device used for benchmarking the simulation code.
n Section 4 the simulated mass resolving power is compared with
nd validated by the experimental one. Afterwards the simulation code
s employed to investigate the advantages of a 30 keV MR-ToF mass
eparator in the context of single-ion counting experiments where ion–
on interactions are negligible. In Section 5 space-charge effects are

aken into account between the ensemble of one single ion species

2

and between two different ion species. The simulation results are
benchmarked against the collisional excitation data from the 1.5 keV
MR-ToF device. In Section 6 we study the ion flux in MR-ToF devices
and explore and simulate different possibilities to increase it. Section 7
finally introduces a novel 30 keV MR-ToF mass separator with signifi-
cantly higher ion throughput, which is currently under construction at
ISOLDE/CERN as part of the MIRACLS project.

2. General characteristics of MR-ToF systems

Typically an MR-ToF system consists of a Paul trap forming bunched
beams, some injection optics and the MR-ToF device itself (see Fig. 1).
After some revolutions within the confining electrostatic fields in the
MR-ToF device the ions are ejected onto a downstream detector ei-
ther by lowering the potentials of the mirror electrodes or by rais-
ing the kinetic energy of the ions via the technique of in-trap lift
switching [38].

Important performance characteristics are mass resolving power,
processing time and maximal ion flux. The mass resolving power 𝑅 =
𝑚∕𝛥𝑚 (also see Eq. (2)) describes the capability of the device to mass
separate two ion species with masses 𝑚1 and 𝑚2.

The processing time 𝑡proc describes how long it takes to mass sep-
arate the stored ions, so the needed time until a given mass resolving
power is reached. It is a sum of the preparation time 𝑡prep of the ion
bunch in the Paul trap (typically 2 ms) and the storage time 𝑡𝑠 in
the MR-ToF device required to achieve the desired mass separation
(typically a few (tens of) milliseconds). In case of parallel preparation
of an ion bunch in the Paul trap and mass separation of another ion
bunch in the MR-ToF device 𝑡proc is given by max(𝑡𝑠, 𝑡prep).

For the following, the maximal ion flux 𝜙 is defined by the number
of ions which can be mass separated per unit of time,

𝜙 =
𝑁max
𝑡proc

=
𝑁max

max(𝑡𝑠, 𝑡prep)
. (1)

It is limited by the processing time 𝑡proc as well as by the maximal ion
number 𝑁max that can be confined simultaneously in the MR-ToF device
without notable space-charge effects between the ions due to repulsive
Coulomb interactions.

At the detector plane the mass resolving power follows [12]

𝑅 = 𝑚
𝛥𝑚

= 𝑡
2𝛥𝑡

=
𝑡0 + 𝑟𝑡1 + 𝑡𝑑

2
√

𝛥𝑡20 + (𝑟𝛥𝑡1)2
, (2)

where 𝑡 is the ions’ total flight time upon extraction from the Paul trap
and 𝛥𝑡 is the temporal spread of the ion bunch at the detector. The
total flight time 𝑡 is the sum of the time 𝑡0 required to transport the ions
rom the Paul trap to the middle of the MR-ToF device, the storage time
𝑠 = 𝑟𝑡1, and the time 𝑡𝑑 the ions travel from the middle of the MR-ToF

device to the ion detector after ejection. 𝑟 is the number of revolutions
and 𝑡1 is the duration of a full revolution i.e. the period. 𝛥𝑡0 is the initial
bunch width when the ions pass the transversal middle plane of the
MR-ToF device for the first time. Finally, 𝛥𝑡1 is the ToF peak-width
broadening per revolution in the MR-ToF device.

In the limit of infinite revolutions, the mass resolving power is given
by 𝑅inf = 𝑡1∕(2𝛥𝑡1). The initial time spread 𝛥𝑡0 mainly determines
the processing time, so how long it takes to reach a certain mass
resolving power 𝑅 < 𝑅inf . 𝛥𝑡, 𝛥𝑡0 and 𝛥𝑡1 are given as the full-
width-at-half-maximum (FWHM) of the ToF peak width throughout this
work.

For optimal mass separation, however, the devices’ operational mass
resolving power may have to be increased to 𝑅𝛽 = 𝛽 ⋅ 𝑅 = 𝛽 ⋅ 𝑚∕𝛥𝑚
where 𝛽 is a factor which depends on the ToF peak shapes as well as
the abundance ratios 𝑟ab between the two stored ion species of mass 𝑚1
and 𝑚2. For perfectly Gaussian ToF peak shapes and abundance ratios
𝑟ab between 1e−4 and 1e4 𝛽 lies typically between 1.5 and 3 [12]. The
abundance ratio is given by 𝑟ab = 𝑁1∕𝑁2, where 𝑁1 is the number of
ions with mass 𝑚1 and 𝑁2 is the number of ions with mass 𝑚2 with
𝑚 > 𝑚 .
2 1
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Fig. 1. Schematic overview of the MIRACLS low-energy setup at ISOLDE, which operates at 1.5 keV beam energy and takes up a floor space of around 1.5 m × 2 m. Only the
MR-ToF section and the optical detection system located above the central drift tube of the MR-ToF device are to scale. The central drift tube is made out of a conductive mesh
as discussed in Ref. [31]. An optical lens system, adapted from Refs. [32,33], images the collisional-induced fluorescence photons onto a photomultiplier tube (PMT). For the laser
cooling measurements a second quadrupole bender was installed between the ion source and the Paul trap allowing to monitor the cooling laser passing through the Paul trap
openings, see Ref. [34]. For an explanation of the ions’ path see text. The dimensions stated are relevant for optical ray tracing simulations as discussed in Section 5.1.
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Note that Eq. (2) strictly holds true only when the time-focus plane1

is set close to the detector plane [38] without trapping in the MR-ToF
device. In this case, starting from 𝛥𝑡0, the ion bunch width is steadily
increasing with revolution number caused by unwanted ion-optical
aberrations. 𝛥𝑡0 is given by the turn-around time in the Paul trap [13]
and an additional contribution in case the time-focus point is not set
exactly to the middle plane of the MR-ToF device. The mass resolving
power hence increases almost linearly for the first few milliseconds,
until it approaches 𝑅inf .

The spatial location of the time-focus plane depends on the ex-
traction field strength in the Paul trap. The stronger the extraction
field gradient from the Paul trap, the more the time-focus point shifts
closer towards the Paul trap [39]. Thus, in order to place this time-
focus point close to the detector plane, as necessary for application
of Eq. (2), the extraction field strength is limited to a certain range
depending on the distance between Paul trap and MR-ToF device [39].
This allows to keep the potential tune of the MR-ToF mirror electrodes
largely independent of the number of revolutions in the MR-ToF device.
This approach is followed in the present work. Alternatively, the initial
voltage of the central drift tube can be varied in the in-trap lift tech-
nique to adjust the position of the time focus onto the detector plane
for each revolution number separately [38]. Moreover, the dynamical
time-focus-shift technique [39] can be applied to keep the potential
tune independent of the number of revolutions in the MR-ToF device.

3. Experimental setup and typical operation

In the following the MIRACLS low-energy MR-ToF setup at
ISOLDE/CERN [24,31,34–36,40], a typical MR-ToF system operating
at 1.5 keV beam energy, is introduced. This setup is used for the
experimental studies in this work, which allow to benchmark the

1 The time-focus point corresponds to the moment when the faster ions,
hich are initially at the end of the ion bunch, overtake the slower ions, which

eft the Paul trap first.
 c

3

simulation code and to illustrate and understand important MR-ToF
characteristics. Fig. 1 shows an overview of the setup. It includes an
electron-impact ionization source similar to Ref. [41], producing a
continuous beam of singly-charged ions of stable magnesium isotopes
24,25,26Mg+. These ions are injected into a linear Paul trap which acts
s a cooler-buncher to accumulate ions and obtain bunched beams. An
lectrostatic steerer upstream of the Paul trap is used as a beam gate to
ontrol the number of ions injected into the Paul trap. In the Paul trap,
he ions can either be cooled by helium buffer gas at room-temperature
nd around 3e−6 mbar helium pressure as measured in the surrounding
acuum chamber or by performing a combination of buffer-gas and
aser cooling in which the former is done with the background residual
as present in the system. If only 300 K beam temperature is required,
tandard buffer-gas cooling can be applied and a cooling time of 2 ms
s normally sufficient, when a buffer gas pressure of around 1e−2 mbar
s used in the Paul trap [34]. For Doppler cooling a continuous-wave
aser beam with a wavelength of 280 nm is sent into the Paul trap.

ithin around 100 ms of ion-storage time in the Paul trap, the Mg+
ons can be laser-cooled down to a few Kelvin. More details about Paul-
rap operation and laser cooling in this setup are found in Ref. [34].
or ion extraction an exit endcap is switched to a lower potential. The
witch time is phase locked to the radio-frequency of the Paul trap.
fter ion extraction from the Paul trap, the ion bunch is deflected by
n electrostatic quadrupole bender onto the axis of the MR-ToF device.
here, it is captured by the in-trap lift [38] and trapped for thousands
f revolutions at a beam energy of around 1.5 keV. After a given storage
ime in the MR-ToF device, the ions are ejected (again by activating the
n-trap lift [38]) and impinge on a MagneToF detector for time-of-flight
easurements. Another MagneToF detector is installed in front of the
R-ToF device to allow improved diagnostics of its capture efficiency.
he MR-ToF component itself consists of two opposing electrostatic
irrors and a central drift tube. Each mirror is made out of four

oncentric ring electrodes. The MR-ToF device has a total length of
84 mm and the central drift tube has a length of 212 mm. More details

an be found in Refs. [31,35,36].
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For studies of the device’s mass resolving power, the outermost
three mirror electrodes are passively stabilized and the second outer-
most one is also actively stabilized. This reduces the impact of voltage
fluctuations on the ions’ flight time, following a similar stabilization
procedure as discussed in Refs. [42,43].

For collision-induced fluorescence studies, above the central drift
tube of the MR-ToF device an optical lens system adapted from Refs.
[32,33] and a photomultiplier tube are mounted for detection of the
emitted photons. In order to increase the collision probability of the
Mg+ ions with residual gas particles, the background pressure in the
MR-ToF device can be increased to 1e−7 mbar by leaking in nitrogen
gas. For this purpose, a precision needle valve is installed at the vacuum
chamber close to the central drift tube.

4. Studies of the mass resolving power

4.1. Simulations of the mass resolving power

To investigate the advantages of an increased beam energy on the
mass resolving power and processing time, a dedicated simulation code
is developed and validated by experimental measurements of the mass
resolving power as a function of the storage time 𝑡𝑠 in MIRACLS’
low-energy MR-ToF setup. The measurements are performed in single-
ion counting mode where ion–ion interactions are negligible, hence
space-charge effects are also neglected in the simulations. (In Section 5
Coulomb interactions will be added to the simulation code.)

The simulations targeting the mass resolving power are carried out
with the software package SIMION following the procedure described
in Ref. [31]. Further details about the computational requirements
can be found in the Appendix. Firstly, simulations of the ion prepa-
ration in the Paul trap are performed by employing SIMION’s built-in
hard-sphere interaction model [44] and/or a custom-made code for
Doppler cooling [34]. A thousand 24Mg+ ions are positioned around
the potential minimum of the Paul trap and left to thermalize with
room-temperature or 5 K buffer-gas and/or are Doppler cooled. After
extraction of the ion bunches from the Paul trap, they pass the ion
optical elements and are captured in the MR-ToF device.

Each time the ions pass the middle plane of the MR-ToF device,
their time-of-flight is recorded. The release of the ions from the MR-ToF
device is not taken into account. It is shown for some selected settings
that the time 𝑡𝑑 the ions travel from the middle of the MR-ToF device
to the ion detector after ejection can be neglected in the simulations
as well as in the experiment for this particular geometry and chosen
extraction field strengths.

To evaluate Eq. (2) for simulated data, the times 𝑡0 and 𝑡1 as well
s the initial time spread 𝛥𝑡0 follow directly from the simulated ion
istribution. In principle, 𝛥𝑡 after many thousands of revolutions and,
hus, the peak width broadening per revolution 𝛥𝑡1 would follow from
he simulated ion distribution, too. In practice, however, only a few
undred revolutions can be simulated with sufficient accuracy. Compu-
ational errors occur during each ion reversal and they accumulate with
very additional simulated revolution, see Ref. [45] and the Appendix.
ence the ions are studied for only up to 100 revolutions. The peak-
idth broadening 𝛥𝑡1 over 100 revolutions is very small for optimized

ettings. To observe the small changes of the ion bunch width 𝛥𝑡
over revolution number in the simulated data, the flight time of each
ion in the MR-ToF device is evaluated with respect to the time the
ion first crosses the transversal middle plane of the MR-ToF device.
This means for the determination of the peak-width broadening 𝛥𝑡1,
the initial time spread 𝛥𝑡0 is artificially set to zero when the ions
re captured in the MR-ToF device, see also Ref. [45]. The resulting
ime spread 𝛥𝑡 considering all ions after 100 revolutions is divided
y the revolution number to obtain 𝛥𝑡1. For a given scenario (Paul-
rap operation, transfer beam line, MR-ToF mirrors) all required input
alues for Eq. (2) are thus extracted from the simulations and the
orresponding mass resolving power is obtained.
4

Table 1
Potentials for the MR-ToF mirror electrodes and the in-trap lift

as obtained in the optimization procedure described in the text.
The in-trap lift potential needs to be readjusted for different
extraction field strengths from the Paul trap.

Respective electrode Potential (V)

Mirror electrode 1 (innermost) −4776.6
Mirror electrode 2 1215.8
Mirror electrode 3 995.3
Mirror electrode 4 (outermost) 1881.9
In-trap lift 778.0 to 801.0

Fig. 2. Mass resolving power versus storage time for 300 K buffer gas, 5 K buffer
gas and Doppler cooling for 24Mg+ ions in MIRACLS’ 1.5 keV MR-ToF device. For
Doppler cooling and 300 K buffer-gas cooling the experimental (full line) as well as
the simulated mass resolving power (dashed line) is shown. Fig. (b) is the same as
(a) but the simulated peak-width broadening per revolution is multiplied with a factor
of 3 which yields a good agreement with the experimentally obtained mass resolving
power curve, see text. The revolution period 𝑡1 is 6.62 μs.

.2. Optimization of the mass resolving power

To optimize the mass resolving power a similar optimization pro-
edure as described in Ref. [46] is followed. Firstly, the potentials of
he four mirror electrodes constituting one MR-ToF mirror are varied
n a Monte Carlo approach [31] for a fixed initial ion distribution. Sec-
ndly, the potential combinations leading to the largest 𝑅inf are further
ptimized employing SIMION’s built-in Nelder–Mead algorithm [47].
he ion injection simulation for the best mirror potentials is then
ptimized via the Nelder–Mead algorithm for a large transport and
rapping efficiency. Finally, the in-trap lift potential is chosen such that
he time for one revolution 𝑡1 is fairly independent of the potential
pplied to the in-trap lift and hence the energy of the ions. Operating
he MR-ToF device in this so-called isochronous mode boosts 𝑅inf . The
btained potentials are stated in Table 1.

.3. Comparison between simulations and experiment

In Fig. 2(a) the experimental and simulated mass resolving power
s shown as a function of the storage time in the MR-ToF device for
uffer-gas as well as Doppler cooling in the Paul trap. The measurement
rocedure of the mass resolving power is the same as discussed in
ef. [34]. Note that in our Doppler-cooling work only the longitudinal
otion is cooled by the laser beam [34]. For comparison, an additional
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simulation with 5 K buffer-gas temperature in the Paul trap is depicted.
The potential tune of injection electrodes and mirror electrodes is
optimized for 300 K buffer-gas cooling in the Paul trap, but also leads
to very good results for 5 K buffer-gas cooling despite the difference in
transversal emittance. This was confirmed by performing a dedicated
potential optimization of injection and MR-ToF mirror optics for 5 K
buffer-gas cooling, which yielded a similar mass resolving power as the
potential tune found for 300 K buffer-gas cooling.

The initial, almost linear increase in mass resolving power can
be well reproduced in simulations. It is governed by the initial peak
width 𝛥𝑡0, which shows an excellent agreement between simulations
and experiment, see also Refs. [31,34]. For 5 K buffer-gas cooling
𝛥𝑡0 is 10 ns, for Doppler cooling it is 19 ns (corresponding to 15 K
uffer-gas cooling)2 and for 300 K buffer-gas cooling it is 106 ns
measurements performed with the Paul trap settings at the time being,
or possible improvements see Section 4.4). Hence, for laser cooling a
ass resolving power of 100,000 can be reached within 4 ms storage

ime in the MR-ToF device; for 5 K buffer-gas cooling this can be
chieved in 2 ms whereas for 300 K buffer-gas cooling a storage time of
2 ms is needed. The ion preparation time in the Paul trap is for buffer-
as cooling around 2 ms, whereas it is significantly increased for laser
ooling to around 100 ms given the reduced buffer-gas pressure and
he power density of the cooling laser. Therefore, the total processing
ime for mass separation of the ions is longer for laser cooling than for
uffer-gas cooling for these first laser-cooling measurements [34].

Due to the peak-width broadening per revolution 𝛥𝑡1, the mass
esolving power approaches the maximally possible 𝑅inf after some ion
torage time in the MR-ToF device. For 5 K buffer-gas cooling 𝑅inf is

larger compared to Doppler cooling or 300 K buffer-gas cooling. This is
related to the smaller longitudinal emittance which scales linearly with
the ion beam temperature [48]. A reduction in longitudinal emittance
results both in a reduced time as well as energy spread [34]. Due to
the smaller initial time spread, a specific R value is reached faster
and due to the reduced energy spread the peak-width broadening per
revolution 𝛥𝑡1 is decreased and 𝑅inf is significantly larger compared to
room-temperature buffer-gas cooling.

As visible in Fig. 2(a) there is a significant mismatch between simu-
lated and measured mass resolving power for larger storage times. This
can be corrected by multiplying the simulated peak-width broadening
per revolution with the same factor of 3 for both buffer-gas and Doppler
cooling, see Fig. 2(b).

Voltage instabilities of the mirror electrodes or energy fluctuations
prior to the injection of the ions in the MR-ToF device can cause
a reduction of the mass resolving power. In the given setup, those
voltage instabilities are however much too small to explain the mis-
match between experimental and simulated peak-width broadening per
revolution as dedicated simulation and experimental studies show [49].

Another reason for this mismatch could be the residual gas pres-
sure in the MR-ToF device in the experiment, whereas the MR-ToF
simulations are performed assuming perfect vacuum. The importance
of a good vacuum quality in the MR-ToF device has been reported
repeatedly [13,14] and is observed in the present experiment as well.
If more helium buffer gas is leaked into the Paul trap, the MR-ToF
vacuum quality is reduced and 𝑅inf is decreased. For instance, when the
elium pressure in the MR-ToF device is increased from 1.2e−7 mbar

to 3e−7 mbar, 𝑅inf is reduced by a factor of 2.4 for the buffer-gas

2 Note that this laser-cooling result is due to a particular combination of
ow-pressure buffer-gas and laser cooling as explained in Ref. [34]. Laser
ooling is capable to prepare ion bunches with even smaller ToF widths and,
hus, in principle, also to improve MR-ToF operation even further. The purpose
f the mass resolving power measurements is to benchmark the simulations
nd to experimentally show that colder ion beams lead to a faster mass
eparation and to an increased 𝑅inf . More modern MR-ToF devices exceed
n 𝑅inf even with conventional ion preparation, but would also benefit from
older beams for an additional boost in 𝑅 .
inf t
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Fig. 3. Electrostatic potential along the central axis of the Paul trap of MIRACLS’
low-energy MR-ToF apparatus for trapping of the ions and for three different ion
extraction modes. For the latter, the potential applied to the Paul-trap’s endcap is
switched from 244 V during trapping to a lower value which has a strong impact
on the axial field experienced by the ions. Applying 169 V, 110 V and 60 V to the
extraction endcap results in field gradients at the position of the potential minimum
of 3.3 V/mm, 5.8 V/mm and 8.0 V/mm, respectively. The vertical black line indicates
the position of the potential minimum for trapping.

cooling case. Hence, the mismatch of the experimental and simulated
peak-width broadening per revolution is most likely due to residual
gas.3

It can be concluded that the simulations are a powerful tool to
find a set of MR-ToF mirror and injection potentials which allows to
reach a good mass resolving power in the experiment. While the initial
increase in mass resolving power is very well reproduced, the final mass
resolving power 𝑅inf is for both laser and buffer-gas cooling around
a factor 3 overestimated in the simulations compared to experiment,
which is most likely originating from the fact that collisions with
residual gas particles are not taken into account in the simulations.

4.4. Operation of a 1.5 keV MR-ToF device with different Paul trap prepa-
ration schemes

For MR-ToF operation at RIB facilities with short-lived radionuclides
it is important to reach a good mass resolving power in a processing
time which is smaller than the nuclide’s lifetime. This is a challenge
for rare isotopes with halflifes on the order of a few milliseconds.
Therefore the initial time spread 𝛥𝑡0 needs to be as small as possible.
As discussed in the previous section, laser cooling or cryogenic buffer-
gas cooling lead to a much faster initial increase in mass resolving
power compared to 300 K buffer-gas cooling. Nevertheless, because of
its simplicity, room-temperature buffer-gas cooling is more commonly
used at contemporary RIB facilities. To still reach a good mass resolving
power in a short amount of time, a high extraction field strength is
often applied during the Paul trap extraction [39]. The electrostatic
potential along the central axis of the Paul trap in MIRACLS’ low-
energy apparatus is shown in Fig. 3 for ion trapping and three different
extraction modes. A higher extraction field strength reduces 𝛥𝑡0 at the
cost of an increased energy spread of the ion bunch because of the
conserved longitudinal emittance (see Fig. 14 in Ref. [34]).

As a consequence, the peak-width broadening per revolution 𝛥𝑡1
and thus MR-ToF performance can be degraded if the energy spread
𝛥𝐸 gets too large.4 Fig. 4(a) illustrates this interplay between 𝛥𝑡0 and
𝛥𝐸 on the mass resolving power in our simulation studies. The Paul

3 For taking collisions between ions and residual gas particles into account
n the MR-ToF simulations the knowledge of the cross sections for all ion
nergies in the MR-ToF device ranging from 0 to 5 keV would be required. (In
ur MR-ToF mirror configuration, see Table 1, ions are temporarily accelerated
p to 5 keV in the refocusing sections (mirror electrode 1) of the electrostatic
irrors.) The hard-sphere interaction model which is employed for simulating

he buffer-gas cooling of ions of a few electronvolts in the Paul trap may,
owever, not be sufficiently accurate for the present purpose and ion energy
ange.

4 𝛥𝐸 is in this work always given as FWHM of the energy distribution of
he ions.
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Fig. 4. Results of simulation studies for 1.5 keV and 30 keV beam energy with different
Paul trap settings in MIRACLS’ low-energy MR-ToF setup. (a) Mass resolving power
versus storage time 𝑡𝑠 for some selected settings. The dashed blue and dashed black
curve reshow the same data as depicted in Fig. 2(a). (b) Minimum storage time 𝑡𝑠
or reaching 𝑅 = 1𝑒5. Note that for determination of 𝑡𝑠 Eq. (2) is not applicable for
xtraction field strengths outside the range 3–8 V/mm for 1.5 keV beam energy or
5–160 V/mm for 30 keV beam energy (see Section 4.1). (c) 𝑅inf as a function of
he energy spread of the ions for 1.5 keV beam energy and for 30 keV energy. For
.5 keV beam energy the revolution period 𝑡1 is 6.62 μs and for 30 keV beam energy
t is 1.48 μs.

rap extraction scheme with a field strength of 3.3 V/mm results in
𝐸 = 2.3 eV and 𝛥𝑡0 = 106 ns and in a relatively slow increase in 𝑅
ver MR-ToF storage time (blue curve). For example, 𝑅 = 1𝑒5 is reached
fter 22 ms. A steeper extraction field with 8 V/mm yields 𝛥𝑡0 = 33 ns
nd 𝛥𝐸 = 5.5 eV (pink curve). Thus, higher mass resolving powers
re obtained in a much shorter storage time. In particular, 𝑅 = 1𝑒5
s reached after 6.5 ms, around 3.4 times faster than for 3.3 V/mm.
ote that for 5 K buffer gas cooling 𝛥𝑡0 does not show any dependence
n the extraction field strength as also discussed in Ref. [34]. Since
or 5 K buffer gas cooling the ions are very close to the potential
inimum of the Paul trap, the turn-around time [13] in longitudinal
irection is minimal and 𝛥𝑡0 is almost independent of the extraction
ield strength. When increasing the extraction field strength further to
chieve even smaller storage times in the MR-ToF device for 300 K
uffer-gas cooling, 𝑅inf will significantly decrease (see Fig. 4(c)).

Fig. 4(b) and 4(c) show the processing time, here evaluated by
he storage time 𝑡𝑠 needed to reach 𝑅 > 1𝑒5, and the ultimate mass
esolving power 𝑅 , respectively, for various energy spreads 𝛥𝐸 of
inf w
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he ion ensemble. Note that for the calculation of 𝑡𝑠 from the sim-
lations (as shown in Fig. 4(b)) the time-focus point needs to be
lose to the detector, while the determination of 𝑅inf = 𝑡1∕(2𝛥𝑡1) (in
ig. 4(c)) is independent of the position of the time-focus point. For
oom-temperature buffer-gas cooling, it is again the variation of the
xtraction field strength from the Paul trap which allows one to reduce
𝑡0 at the cost of the increased 𝛥𝐸 and vice versa.

As expected, the processing time is shorter (smaller 𝑡𝑠) the smaller
𝑡0 and, thus, the larger 𝛥𝐸 (see blue curve in Fig. 4(b)). Similarly, 𝑅inf
s increasing with decreasing 𝛥𝐸 (and increasing 𝛥𝑡0), see blue curve in
ig. 4(c). Interestingly, this is only true above about 𝛥𝐸 ≈ 9 eV. There
inf reaches a maximum below which 𝑅inf is again decreasing with

lower 𝛥𝐸. This is interpreted as a consequence of a too low extraction
field strength which has a negative impact on the transversal phase
space and thus, also on the peak-width broadening per revolution 𝛥𝑡1
and 𝑅inf . If we artificially change the ion ensemble’s energy spread
while maintaining the same transversal phase space,5 then 𝑅inf keeps
growing for smaller and smaller 𝛥𝐸, as expected.

For comparison, Fig. 4 also shows the MR-ToF performance for ion
bunches cooled via laser cooling or a cryogenic buffer gas. As discussed
above, both methods allow one to obtain small 𝛥𝑡0 and 𝛥𝐸 at the same
time. Hence, a fast mass separation in combination with a large 𝑅inf
can be realized.

Alternatively, a fast mass separation with a high 𝑅inf value may be
achieved by increasing the energy-spread tolerance of MR-ToF devices
while still operating the cooler-buncher at room temperature. To this
end, it has been suggested that low-aberration ion mirrors may increase
the energy-spread tolerances to up to 18% of the beam energy [50,51]
from the current typical 𝛥𝐸∕𝐸 of around 1% for 𝑅inf > 1𝑒5. This latter
value is in agreement with our simulation studies, too. To our knowl-
edge, energy-spread tolerances of 18% have not been experimentally
demonstrated so far. Alternatively, instead of increasing the relative
energy-spread tolerance, the tolerance of an MR-ToF device in terms
of absolute 𝛥𝐸 could be raised by increasing the ion-beam energy 𝐸,
thus keeping the 𝛥𝐸∕𝐸 tolerance.

Such experiments were reported for 133Cs+ ions stored at different
ion energies within the same MR-ToF device [52]. For 1.3 keV beam
energy, 𝑅inf = 4.5e5 was reached with an energy spread of 14.3 eV
while for 750 eV beam energy and an energy spread of 6 eV ‘only’
𝑅inf = 2.8e5 was obtained. Thus, the increase in beam energy from
750 eV to 1.3 keV beam energy allowed the use of a larger extraction
field strength from the Paul trap which also made it possible to reach a
mass resolving power of 1e5 within 2 ms6 instead of 5 ms storage time.

4.5. Comparison of a 1.5 keV with a 30 keV MR-ToF device

Encouraged by these reports, we next explore the performance of
an MR-ToF device operating at even higher ion-beam energies. Since
our MIRACLS collaboration is building a 30 keV MR-ToF instrument for
laser-spectroscopy applications at ISOLDE/CERN [45], the discussion
will consider this specific ion energy as an example. For a direct com-
parison between 1.5 keV and 30 keV MR-ToF operation, simulations
with a 30 keV beam energy are first performed within MIRACLS’ low-
energy setup as introduced in Section 3. To this end, all the MR-ToF
and injection potentials are scaled up by a factor 20. Since we find a
similar focal condition at the center of the MR-ToF device as for the

5 When an ion passes the central middle plane of the MR-ToF device for the
irst time, the value of the total energy of this ion is exchanged with a value
btained from a Gaussian distribution. The standard deviation of the Gaussian
istribution is given by the desired energy spread of the ions and the centroid
s given by the average energy of all ions passing the central middle plane for
he first time.

6 In Ref. [39] a record minimum processing time of 1.7 ms is reported for
eaching a mass resolving power of 1e5 for 133Cs+ ions. The initial time spread
ainly governed by the Paul-trap preparation was 9.6 ns and the energy spread
as 16.9 eV.
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1.5 keV case, adaptions of the injection fields are not necessary for
the comparison. The Paul-trap electrodes retain their relative potential
differences but are shifted by an overall floating potential. Such a scal-
ing is presently not possible in practice due to high-voltage limitations,
but the study will illustrate the advantages of high-energy MR-ToF
instruments. For a realistic device, MIRACLS’ dedicated 30 keV MR-ToF
setup will be discussed in Section 7.

When increasing the energy of the stored 24Mg+ ions to 30 keV
within the simulated MIRACLS low-energy setup, the MR-ToF tolerance
in 𝛥𝐸 is increased such that a fast mass separation and high 𝑅inf are
attainable in the same settings. As shown in Fig. 4, the 30 keV instru-
ment exceeds the respective low-energy room-temperature simulations
on both processing time and 𝑅inf . When investigating different Paul-
trap extraction field strengths and thus different 𝛥𝐸, see Fig. 4(c), the
simulation suggests that much higher 𝑅inf can be reached for the higher
beam energy. For an energy spread of 16 eV, for instance, 𝑅inf is found
to be almost twice as large in the 30 keV instrument compared to the
highest 𝑅inf found for an operation at 1.5 keV.

Moreover, even in the case of large extraction field strengths (e.g.
160 V/mm in Fig. 4) resulting in an energy spread as high as ∼ 120 eV,
the obtained 𝑅inf is with 4.6e5 still competitive to the highest 𝑅inf
achieved in the low-energy configuration. However, such an extraction
leads to an initial time spread of 𝛥𝑡0 ≈ 2 ns obtained in the middle of
the MR-ToF device which would allow one to achieve 𝑅 = 1𝑒5 in only
0.4 ms of storage time. Operating the MR-ToF system at this extreme
necessitates the availability of a Paul trap capable to accomplish an
initial time spread of less than a few nanoseconds. To our knowledge,
the smallest 𝛥𝑡0 reported for 133Cs+ ions with a room-temperature
Paul trap is already as short as 5 ns corresponding to an estimated
energy spread of 23 eV [13], which is slightly above the tolerance
in energy spread of current state-of-the-art 1.5 keV MR-ToF devices.
Hence, a 30 keV MR-ToF device coupled to a room-temperature Paul
trap designed for large extraction field strengths may offer a path to
improved mass resolving power and to shorter processing times for
MR-ToF mass separation.

5. Space-charge studies

In addition to the attainable mass resolving power and processing
time, another central MR-ToF characteristic is its maximal ion flux,
i.e. the number of ions which can be mass separated per unit of time.
For many simultaneously trapped ions, Coulomb interactions between
the ions cannot be neglected anymore. When different ion species
are simultaneously trapped, these space-charge effects manifest as a
confined motion of the ions inside one single bunch, which prevents
any mass separation. This so-called peak coalescence effect [22,25–27]
limits the ion flux.

Also below the space-charge limit where peak coalescence becomes
obvious, space-charge effects can influence the ion-bunch properties
of the trapped ions. Normally, the peak-width broadening per revolu-
tion 𝛥𝑡1 as discussed in Section 4 leads over time to an increase in the
temporal ion bunch width 𝛥𝑡. However, when many ions are stored in
the trap 𝛥𝑡 can stay almost constant with increasing revolution number
for certain MR-ToF settings. This is referred to as selfbunching [18–25].

As both phenomena are caused by the same effect, it is meaningful
to experimentally investigate the changes in 𝛥𝑡1 for a single species as a
first approach to study the influence of the underlying space-charge ef-
fects. In the following, the experimental method of collisional-induced
fluorescence will be discussed since it allows for in-situ monitoring of
the ion bunch within the MR-ToF device (Section 5.1), and the space-
charge response of the system in simulation and measurement will
be compared for 24Mg+ ions (Section 5.2). Furthermore, a simulation
of peak-coalescence phenomena using different ion masses will be
discussed (Section 5.3).

5.1. Collision-induced fluorescence method

Collision-induced fluorescence measurements provide an excellent
way to observe space-charge effects experimentally as a benchmark
 −
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Fig. 5. Measured photon count rate versus time of flight since ion extraction from the
Paul trap. The corresponding revolution numbers in the 1.5 keV MR-ToF device are
indicated. The data corresponds to almost 8 million measurement cycles.

for MR-ToF simulations including Coulomb interactions. We explore in
simulation and experiment how the ion bunch structure evolves with
ion number during one storage cycle in the MR-ToF device.

For the following measurements, the pressure in the MR-ToF device
is increased to 1e−7 mbar by leaking in nitrogen through a precision
needle valve installed at the vacuum chamber housing. The higher
pressure increases the probability for collisions of Mg+ ions with the gas
particles. Emitted photons, following an inelastic collision, are detected
by the photomultiplier tube installed above the central drift tube of the
MR-ToF device. More details about the optical detection system can be
found in Refs. [32,33,53,54] and in Fig. 1.

Fig. 5 shows the photon count rate as a function of the time since
extraction from the Paul trap. Every time the ions pass the optical
detection region in either direction in the MR-ToF device, the emitted
photons can be detected. Based on this data, the peak widths corre-
sponding to the passage of 24,25,26Mg+ ions are extracted for every half
revolution number, respectively.

Here, we extend previous, qualitative work [24] to facilitate a quan-
titative comparison of simulations and experiment for the ion bunch
properties observed via collision-induced fluorescence. The extraction
of the ion bunch shape from the simulated fluorescence signal requires
precise knowledge about the detection efficiency of the emitted photons
as a function of the axial position of the ions. To this end, the photon
detection efficiency along the ion-beam axis of the MR-ToF device is
obtained using optical ray-tracing calculations [33,53,54]. For the ray
tracing, 100,000 ions are randomly displaced in transversal direction
from the MR-ToF axis mimicking an ion beam of 5 mm beam diameter7

as suggested by simulations [31]. The detection efficiency follows as the
fraction of photons impinging on the PMT compared to the number of
initially generated photons which are assumed to be emitted isotropi-
cally. Since only the relative photon detection efficiency as a function
of the position along the ion beam axis of the MR-ToF device is relevant
for the simulations, the quantum efficiency of the PMT is neglected. So
it is assumed that every photon making it to the rectangular detection
area of the PMT can be detected.

Fig. 6 shows the detection efficiency as a function of the position
along the ion-beam axis of the MR-ToF device. The region along the ion-
beam axis of the MR-ToF device, where the photon detection efficiency
is large enough for efficient detection, is significantly smaller than the
region that is considered to be field free.8

For the simulations of the photon count rate versus time-of-flight,
the ion distribution is in SIMION recorded whenever the simulated
1000 ions pass the transversal middle plane of the MR-ToF device.

7 Note that there is no relevant difference in photon detection efficiency
etween ion beams with diameters from 2 to 12 mm, which imposes the upper
eometrical limit.

8 The region with less than 0.04 V change in electric potential is given by
46 mm < 𝑥 < 46 mm [31].
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Fig. 6. Photon detection efficiency versus the position 𝑥 along the 1.5 keV MR-ToF
axis for 5 mm ion beam diameter. The middle plane of the MR-ToF device is at 0 mm.

Fig. 7. Photon count rate versus time-of-flight since ion extraction from the Paul trap
for 24,25,26Mg+ ions for the very first passage through the optical detection region (a)
and for the fourth revolution in the 1.5 keV MR-ToF device (b). The experimental data
(red) is compared to the simulated spectrum of detected photons (blue). Space-charge
effects are neglected in the simulations.

Because of the field-free region, the information of the ions’ radial
displacements and velocity vectors at the MR-ToF devices central plane
is sufficient to calculate the entire passage through the optical detection
region, which significantly speeds up the calculation time. For each
chosen ion position along the ion-beam axis of the MR-ToF device the
photon detection efficiency is evaluated and the detection probabilities
for all ions are added up [55].

In Fig. 7 the simulated photon rate versus time of photon detection
in the optical detection region is compared to experimental data for
the zeroth and fourth revolution in the MR-ToF device. Since only
the very first few revolutions are shown and less than 4000 ions are
experimentally initially injected into the MR-ToF device (see paragraph
below), space-charge effects can be safely neglected in these spectra.
The simulated data are normalized in peak height to the experimental
data and shifted by 330 ns, an offset in time most likely originating
from HV switch delays in the experiment. Peak width and peak shape
of the fluorescence signal during the ions’ passage through the central
drift tube are very well reproduced. This provides confidence in the va-
lidity of the simulation approach combining the ion optical simulations
in SIMION with optical ray-tracing calculations of the emitted photons.

To obtain an estimate on the experimentally trapped ion number,
data are recorded to count the injected ions as well as those extracted
8

after 124 revolutions using the MagneToF detectors upstream and
downstream of the MR-ToF device, respectively. These ion detectors are
calibrated for ion-number determination beyond single-ion counting
following a procedure discussed in Ref. [55], which is assumed to be ac-
curate up to around 10,000 ions per bunch. When an ion bunch with a
peak width on the order of 200 ns consists of more than around 10,000
ions, non-linearities of the detector response occur [55] attributed to
detector dead-time effects. Based on the measurements presented in
Ref. [55], it is expected that the actual ion number remains within a
factor 2 the same as the experimentally determined ion number up to
around 50,000 ions per bunch.

5.2. Space-charge study of ensembles of the same species

When increasing the number of simultaneously stored ions in the
MR-ToF device, the peak shape and width observed in the spectrum
of photons versus time can change for higher revolution numbers. For
example, Fig. 8 shows the measured photon response for the 34th
revolution of 24Mg+ ions in the MR-ToF device, once for 3870(380)
ions (a) and once for 18,200(1300) injected ions (b). Coulomb interac-
tions lead to a reduction of the ToF peak width (’selfbunching’) when
more ions are simultaneously confined in the MR-ToF device. In both
cases, the simulated photon signal is in excellent agreement with the
experimental data. Between 10,000 and 20,000 ions there is no notable
difference in the photon response in the simulations.

For the simulations, Coulomb interactions between the individ-
ual ions are enabled employing SIMION’s built-in factor repulsion
method [56]. Each particle is treated as a point charge and the particles
repel each other according to Coulomb’s law. For up to 1000 ions
a treatment of all individual ions is computationally tractable. For a
higher number of trapped ions, one ion is treated as a sub-bunch of 𝑁
ions with 𝑁 being the defined charge repulsion factor. E.g. to represent
1000 actual ions with 100 simulated ions, a charge repulsion factor
of 10 is needed. It is important to note that only ion–ion interactions
are accounted for, i.e. interactions between image charges on the
electrodes and ions are not considered. Note that ion–ion interactions
are only enabled within the MR-ToF device. The simulations of the
ion preparation in the Paul trap and ion-beam transport to the MR-
ToF device are executed without taking Coulomb interactions between
individual ions into account since space charge effects in the Paul
trap for up to 50,000 injected ions into the MR-ToF device are almost
negligible for the MR-ToF performance as dedicated simulation studies
have shown.

5.2.1. Comparison between simulations and experiment
In order to benchmark the space-charge simulation code more

comprehensively, collision-induced fluorescence measurements are per-
formed for up to 124 revolutions utilizing different in-trap lift potentials
as well as different numbers of injected ions into the MR-ToF device.
When increasing the in-trap lift potential 𝑈lif t , the kinetic energy of
the stored ions reduces linearly, 𝐸trapped = 𝐸injected − 𝑈lif t . This allows
one to operate the MR-ToF device either in dispersive, selfbunching
or isochronous mode [24,25]. The peak widths of the measured and
simulated photon response to the 24Mg+ ion passage is shown in
Fig. 9 as a function of revolution number for three different in-trap
lift potentials and different ion numbers.

For an in-trap lift potential of 850 V, the MR-ToF device is oper-
ated in isochronous mode, in which the revolution period 𝑡1 is fairly
independent of the energy 𝐸 of the individual ions, hence 𝑑𝑡1∕𝑑𝐸 ≈ 0.
The peak width over revolution number remains constant in this mode,
irrespective of the number of confined ions, see Fig. 9(a,b). For ion
numbers exceeding 20,000 ions a slight increase of the peak width is
visible in both simulations as well as experimental data, which indicates
that it is more difficult to maintain an isochronous mode when more

ions are simultaneously stored.
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Fig. 8. Photon counts versus time-of-flight since ion extraction from the Paul trap for
24Mg+ ions for the 34th revolution and an in-trap lift potential of 700 V in MIRACLS’
ow-energy MR-ToF device. The experimental data (red) is compared to the simulated
oF spectrum of detected photons (blue). For (b) the ion number is around a factor 5

arger than for (a).

If an in-trap lift potential of 995 V is chosen, the MR-ToF device
s operated in dispersive mode with 𝑑𝑡1∕𝑑𝐸 < 0. In this mode, the
eak width increases over revolution number, see Fig. 9(c) and for a
igher number of stored ions the bunch disperses faster, see Fig. 9(d).
ote that only 400(100) of the initially 8740(520) injected ions can
e extracted after 124 revolutions. The low storage efficiency in the
R-ToF device is a consequence of the vacuum pressure of 1e−7 mbar

eeded to increase the collision probability in order to obtain enough
tatistics within a few days of measurements. However, this also implies
hat more and more ions are lost due to ion-gas collisions the longer the
ons are confined in the MR-ToF device. In the simulations assuming
erfect vacuum, the storage efficiency is more than 90% irrespective of
he number of simultaneously confined ions as tested for up to 25,000
ons. These 10% losses take place in the simulations during the first few
evolutions only.

For an in-trap lift potential of 700 V, the relation 𝑑𝑡1∕𝑑𝐸 > 0
olds and the ion bunch is also dispersing (Fig. 9(e)). However, if the
harge density of stored ions is high enough, Coulomb interactions lead
o the self-bunching effect and the peak width stays fairly constant
ver revolution number (Fig. 9(f)). This self-bunching phenomenon is
ell reproduced by the simulations. For lower numbers of stored ions

n this configuration, there is a small difference between simulation
nd experiment, see again Fig. 9(e). Among all cases studied, 𝑈lif t =
00 V with an intermediate ion number shows by far the strongest
ependence of the peak-width broadening per revolution on the exact
on number, see simulation results in Fig. 9(e). Thus, any smaller
ized inaccuracies in ion number, either in the measured ion number,
ntensity fluctuations or ion losses, may lead to more notable shifts in
his particular configuration.

Generally, for around 20,000 injected ions the experimental peak
idths are slightly larger than predicted by the simulations (see
ig. 9(b,f)). This effect was studied in Refs. [57,58] and was attributed
o the Coulomb repulsion in the Paul trap, which is neglected in the
resent simulations to keep the simulation times reasonably short.

Overall, the comparison of the simulations with experimental data
ith ions of the same species provides confidence in the space-charge

imulations. The simulations with up to 25,000 simultaneously stored
ons show a good qualitative agreement with experimental data. The
harge repulsion factor method in SIMION provides a powerful tool
or our purposes (for a charge repulsion factor up to at least 250, see
ppendix) while reducing the simulation time significantly. Given the

ood agreement between the SIMION simulations and our experimental 1

9

ata, we consider SIMION as an appropriate tool to estimate the onset
f space-charge effects in MR-ToF devices. Thus, it can provide a
ualitative guidance to reduce space-charge effects in MR-ToF systems.

.3. Study of the interaction of two ensembles of different ion species

After benchmarking the space-charge simulation code with experi-
ental data for one ion species trapped in the MR-ToF device, it will

n the following be used to investigate the peak coalescence effect in
edicated simulations. To this end, ions of hypothetical masses 24 u and
4.0096 u (𝑚1∕(𝑚2−𝑚1) = 2500) and an abundance ratio (see Section 2
or a definition) of 𝑟ab = 9 are thermalized with 300 K buffer gas in the
aul trap, transported to the MR-ToF device and stored simultaneously
or 150 revolutions at a beam energy of 1.5 keV. Fig. 10 shows the
imulated time-of-flight spectra of the ions after 150 revolutions as
ecorded at the middle plane of the MR-ToF device. For up to around
000 stored ions the two ion species are well separated in time-of-
light after 150 revolutions. Starting from 5000 ions more than 7% of
he ions of mass 24 u are overlapping in time-of-flight with ions of
ass 24.0096 u and hence cannot be fully mass separated anymore.

or 25,000 ions a full peak coalescence is observed. However, some
ons lose synchronicity with the main ion bunch (see Fig. 10(f)). When
he ion number is further increased less ions lose synchronicity (not
hown). The dependence on mass, the 𝑚1∕(𝑚2−𝑚1) ratio and the abun-
ance ratio, will be discussed in the following sections, see e.g. Figs. 12
nd 16.

The peak coalescence simulations presented in this work show a
ood agreement with earlier simulations performed in Simbuca [59]
nd experimental data from the same MR-ToF device, while it had been
perated earlier at Greifswald [26,27]. For those simulations the ion
istribution was initialized directly in the axial center of the MR-ToF
evice. The present work goes a step further, and the full process from
hermalization in the Paul trap up to ion storage in the MR-ToF device
s simulated. This comprehensive approach is required to predict and
ptimize the ion flux, i.e. the number of ions which are mass separated
nd transmitted per unit time. In the following this is investigated for
arious experimental conditions including different schemes in the ion
reparation prior to the ion storage in the MR-ToF device itself.

. Ion flux simulations

.1. Ion flux for ion doublets with 𝑚1∕(𝑚2 − 𝑚1) = 2500

In this section, the maximal ion flux is evaluated for different Paul
rap and MR-ToF operation modes for a storage time leading to a mass
esolving power of 5000. The 𝑚1∕(𝑚2 −𝑚1) ratio of the two ion species
o mass separate is chosen with 2500 in order to fully mass separate
hem in the limit of single ion counting [12]. The two ion species have
ass 𝑚1 = 24 u and 𝑚2 = 24.0096 u, respectively, and an abundance

atio 𝑟ab = 9. While 𝑅 = 5000 is a very modest mass resolving power for
hich next-generation magnetic separators outperform MR-ToF devices

n ion flux, it is chosen for the simulations in this section as it is still
ully tractable.9 It allows conclusions about the effects caused by high
on flux in MR-ToF devices at low 𝑅 and low mass which are confirmed
o be valid also for the experimentally more relevant larger 𝑅 and ion
asses, as discussed in Section 6.2.

The maximal ion flux is in the following defined by 𝑁max∕𝑡𝑠, so
t is limited by the storage time 𝑡𝑠 in the MR-ToF device as well as
y the maximal ion number 𝑁max that can be confined simultaneously
n the MR-ToF device without notable peak overlap due to the peak

9 Due to limitations in computing resources, only a few hundred revolutions
an be simulated with sufficient accuracy and reasonable run times. Hence,
ost of the simulations discussed in the following are limited to a storage

ime of 1 ms (corresponding to up to 150 revolutions for 24Mg+ ions with
.5 keV beam energy).
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t

Fig. 9. Simulated and measured peak widths of the photon signal during ion passage versus revolution number for different numbers of injected ions and MR-ToF in-trap lift
potentials of the 1.5 keV MR-ToF device. The left column shows scenarios with a smaller number of simultaneously stored ions than the right column. Note that measurements and
simulations as shown in (a) and (b) are performed with an accidentally 25-degree rotated slit in front of the PMT. While this has no overall impact on the plotted comparisons
and conclusions, it explains the slightly smaller peak width for 0 revolutions in (a,b) compared to (c–f). For higher revolution numbers than shown it is not feasible to extract the
peak widths due to too little statistics.
coalescence effect. Note that a more general definition of the ion flux
is given in Section 2 (see Eq. (1)), where the ion flux is defined by
𝑁max∕𝑡proc. As the present work aims to characterize the behavior of
the MR-ToF mass separator itself, the processing time 𝑡proc is equated
with the storage time 𝑡𝑠.

In the case of a 300 K buffer gas and a field strength of 3.3 V/mm in
the Paul trap 𝑅 = 5000 can be reached in MIRACLS low-energy device
for 24 u ions within a storage time 𝑡𝑠 of 1 ms. For a higher extraction
field strength with either 8 V/mm or 10.6 V/mm or alternatively a
reduced buffer-gas temperature, less storage time is needed to achieve
the same mass resolving power due to the reduced initial time spread
as already discussed in Section 4.1. The initial time spread 𝛥𝑡0 and
he storage time 𝑡 , after which 𝑅 = 5000 is reached, are shown
𝑠

10
in Figs. 11(a,b) for different extraction field strengths and buffer-gas
temperatures, respectively.

The maximum number of stored ions 𝑁max, before more than 7%
of the two ion species are overlapping in time-of-flight due to peak
coalescence, is shown in Fig. 11(c) for the different Paul trap settings.10

The simulations reveal that for a smaller initial time spread fewer ions
can be simultaneously stored in the MR-ToF device. This is interpreted

10 The top of the error bar indicates the ion number for which more than
7% of the ions are overlapping while the bottom of the error bar marks the
ion number where the overlap is less than 7%. The same applies for all other
ion flux figures.
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Fig. 10. Simulated time-of-flight spectra of ions with mass 24 u and with mass
24.0096 u simultaneously stored in the 1.5 keV MR-ToF device after 150 revolutions.
In (b) 450 ions with 24 u and 50 ions with 24.0096 u are simulated and in all other
cases 900 ions with 24 u and 100 ions with 24.0096 u are simulated. In (b,c) a charge
repulsion factor of 1 is used, in (d) a factor of 3, in (e) a factor of 5 and in (f) a factor
of 25. 300 K buffer-gas cooling is employed and the extraction field strength in the
Paul trap is 8 V/mm.

as a consequence of ions being closer together in time-of-flight and thus
also in space in longitudinal direction such that the ions will experience
stronger Coulomb interactions, especially effective during their velocity
reversal in the mirror electrodes.

The resulting maximal ion flux 𝑁max∕𝑡𝑠, is shown in Fig. 11(d) for
the different investigated cases. Even though a given 𝑅 is reached
more quickly for a smaller initial time spread 𝛥𝑡0, the ion flux remains

ithin statistics the same. For a smaller 𝛥𝑡0 fewer ions can be stored
imultaneously in the MR-ToF device due to the earlier onset of peak
oalescence. Thus, as long as the half-lives of investigated nuclides are
ong enough to allow a mass separation within the necessary storage
ime, our simulations suggest that there is no notable advantage for an
R-ToF device’s maximal ion flux using a Paul trap capable to obtain a

mall initial time spread 𝛥𝑡0. If the ion bunch preparation time 𝑡prep in
he Paul trap is not neglected and one operates with settings 𝑡𝑠 < 𝑡prep,
faster mass separation (hence smaller 𝛥𝑡0) leads to a reduction of the

on flux defined via 𝑁max∕max(𝑡𝑠, 𝑡prep) since for smaller 𝛥𝑡0 less ions
an be simultaneously confined in the MR-ToF device.

Experimental ion flux measurements were carried out in earlier
ork utilizing the same MIRACLS 1.5 keV MR-ToF device for 𝐴 =
8 [26,27]. These experimental studies showed that for 1.5e7 ions/s
separation of N+

2 and CO+ ions (𝑚1∕(𝑚2 − 𝑚1) = 2500) is possible,
hereas for 6.25e7 ions/s a significant peak coalescence prevents the
ass separation. The experimentally determined maximal ion flux is
ence very close to the one simulated in this work, providing further
onfidence in our simulation approach (see inset of Fig. 12).

.2. Ion flux for larger 𝑚1∕(𝑚2 − 𝑚1) ratios

While the previous simulations illustrated that the ion preparation
as no significant impact on the ion flux as long as 𝑡𝑠 > 𝑡prep, we discuss
ext the relationship between maximal ion flux and 𝑚1∕(𝑚2 −𝑚1) ratio
f the ion species to be mass separated. In particular, one needs to
ake into account that for ions closer in mass the maximal attainable
on flux significantly drops. Fig. 12 shows the maximal ion flux versus
∕(𝑚 − 𝑚 ) of the present simulation work for MIRACLS’ 1.5 keV
1 2 1

11
Fig. 11. (a) Initial time spread 𝛥𝑡0 recorded when the ions pass the middle plane of
the 1.5 keV MR-ToF device the first time for different Paul-trap preparation settings.
The first three data points are performed for 300 K beam temperature and 3 different
extraction field strengths, the last 4 data points are for an extraction field strength
of 3.3 V/mm and different buffer gas temperatures. (b) Necessary storage time 𝑡𝑠 to
each the mass resolving power 𝑅 = 5000 for the different settings. Error bars in (a) and

(b) are smaller than the dots. (c) Maximal number 𝑁max of simultaneously stored ions
before more than 7% of the ions are overlapping due to the peak coalescence effect for
the different settings. (d) The maximal ion flux, given by 𝑁max∕𝑡𝑠 versus the different
Paul-trap preparation settings. The average is indicated by a dashed horizontal line. The
simulations are performed with ions of mass 24 u and 24.0096 u (𝑚1∕(𝑚2 −𝑚1) = 2500)

ith an abundance ratio 𝑟ab = 9. Charge repulsion factors of up to 17 are used to
imulate up to 17,000 simultaneously stored ions in the MR-ToF device.

R-ToF device for 𝐴 = 24 (blue data points) compared to other
xperimental and/or simulation studies (gray data points). Due to too
ong simulation run times, we cannot easily extend our simulations
n the ‘standard’ Paul trap operation to 𝑚1∕(𝑚2 − 𝑚1) > 5000. For
arger 𝑚1∕(𝑚2 − 𝑚1), we thus perform simulations with 5 K buffer-gas
ooling. This reduces 𝑡𝑠 to a tractable value while the maximal ion flux
s comparable with the room-temperature case (see Fig. 11).

The ion flux simulations for the ORISS MR-ToF device planned for
RIB [60] are performed with Warp [64], an open-source particle-in-
ell Python package. The simulations are carried out for 𝐴 = 238 and
1∕(𝑚2−𝑚1) = 238, thus, separating ions with 238 u from contaminants
ith 239 u. They show a reasonably good agreement with the ion flux

imulations from the present work.
As mentioned in Section 6.1, the measured maximal ion flux for

IRACLS’ low-energy MR-ToF device [26,27] agrees with simulation
tudies in Simbuca [59] as well as with the present work (see inset of
ig. 12 and discussion in Section 6.1).

Also the experimentally reported maximal ion flux values for
SOLTRAP [61], TITAN [14,62,63] and Giessen MR-ToF devices [13]
ith different 𝑚1∕(𝑚2−𝑚1) are in line with the simulations performed in

his work. Note that at TITAN, a two-step strategy is adapted in which
t first MR-ToF mass separation of 1e6 to 1e7 ions/s with 𝑚1∕(𝑚2−𝑚1) <
𝑒4 is performed followed by a mass selective retrapping in the Paul
rap to remove a large fraction of the contaminants. Finally, a high-
recision mass measurement of the remaining 50 ions/s with up to
∕(𝑚 − 𝑚 ) = 2.5𝑒5 is conducted in the MR-ToF device [14,62,63].
1 2 1
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Fig. 12. Maximal ion flux versus 𝑚1∕(𝑚2−𝑚1) for different low-energy MR-ToF devices
orange). The simulations for the ORISS MR-ToF device are performed for 𝐴 = 238 [60].
he ion flux measurements from ISOLTRAP are for 𝐴 = 152 [61], from Giessen for
= 78 [13], and from TITAN for 𝐴 = 28, 60, 131 and 151 [14,62,63]. The simulated ion

lux values for MIRACLS’ 1.5 keV MR-ToF device for 𝐴 = 24 are shown in comparison
blue). For 𝑚1∕(𝑚2−𝑚1) = 2500 also simulations in Simbuca [59] were performed for the
IRACLS 1.5 keV MR-ToF device for 𝐴 = 28 as well as dedicated measurements [26,27]

see inset). All values above or equal 𝑚1∕(𝑚2−𝑚1)=1e5 are resulting from only confining
ne single ion in the MR-ToF device.
dditional information: The reported ion flux values for TITAN are the limit for
igh-precision mass measurements, the ones for mass separation are expected to be
lightly larger. For ISOLTRAP’s ion flux measurements more than 7% of the ions are
verlapping, especially for 𝑚1∕(𝑚2 − 𝑚1) = 27,200, which is most likely explaining its
ffset from our simulations and the ion flux reported from Giessen.

The overall good agreement with existing measurement data as
ell as other simulation codes provides additional confidence in the
resent simulation approach. Interestingly, the maximal ion flux seems
o be within a factor of 4 fairly independent of the different MR-ToF
esigns, different masses ranging from 𝐴 = 24 to 𝐴 = 238 and different
bundance ratios between ions of interest and contaminants. For a more
etailed discussion on the influence of mass and abundance ratios on
he maximal ion flux see Section 7.3.

.3. Boosting the ion flux with a higher-energy MR-ToF device

For many applications at RIB facilities it is required to be able to
rovide isobarically pure beams with higher ion flux. For this purpose,
ne may consider to perform the mass separation very fast and only
ave maximally one ion stored in the MR-ToF device at a given time.
n practice, such an approach will face a technical limit either by
he involved electronics or the ion preparation in the Paul trap. As
n alternative path, one may identify an MR-ToF configuration allow-
ng to store more ions simultaneously in the MR-ToF device without
ignificant space-charge effects.

As we have shown above, due to its larger tolerance in energy
pread a 30 keV MR-ToF device can be advantageous for a faster
ass separation of isobars. As another, possibly even more important

enefit, our simulations indicate that the ion-flux can be significantly
oosted when increasing the MR-ToF ion-beam energy. To this end
ll the potentials in the MIRACLS low-energy setup are scaled up in
he simulations to allow ion storage in the MR-ToF device with either
5 keV or 30 keV in analogy to the discussion in Section 4.4. Fig. 13
ummarizes the results in terms of maximal ion flux for 1.5 keV, 15 keV
nd 30 keV beam energies. In all cases, the abundance ratio between
ons of interest and contaminants is 9.

For 1.5 keV beam energy, 5 K buffer-gas temperature and 𝑚1∕(𝑚2 −
1) = 1.2𝑒5, space-charge effects become dominant as soon as only a

ew ions are simultaneously stored in the MR-ToF device. Thus, the
12
Fig. 13. Maximal attainable ion flux for different beam energies and mass differences
in MIRACLS’ low-energy MR-ToF setup. For 1.5 keV beam energy the simulations are
performed with an extraction field strength of 3.3 V/mm, for 15 keV beam energy
with 33 V/mm and for 30 keV beam energy with 65.3 V/mm. Simulations with
𝑚1∕(𝑚2 − 𝑚1) = 2500 are performed with mass 24 u and 24.0096 u, simulations with
𝑚1∕(𝑚2 −𝑚1) = 25,000 with 24 u and 24.00096 u and simulations with 𝑚1∕(𝑚2 −𝑚1) =
.2𝑒5 are performed with 24 u and 24.0002 u. The abundance ratio is always 9. Charge
epulsion factors of up to 80 are used to simulate up to 40,000 simultaneously stored
ons.

aximal ion flux is simply calculated by 1∕𝑡𝑠 with a storage time 𝑡𝑠
f 6.2 ms necessary to reach 𝑅 = 2.4𝑒5. For 15 keV beam energy, 5 K
uffer-gas temperature and 𝑚1∕(𝑚2 − 𝑚1) = 1.2𝑒5 peak coalescence is
bserved for 10 interacting ions (upper limit in Fig. 13). The lower
on flux limit is given by storing only one ion at a time in the MR-
oF device. For 30 keV beam energy, 5 K buffer gas temperature
nd 𝑚1∕(𝑚2 − 𝑚1) = 1.2𝑒5, no peak coalescence is visible for 10
nteracting ions (lower limit), but for 20 interacting ions effects towards
eak-coalescence become visible (upper limit in Fig. 13).

Confirming our previous conclusion once more, configurations whi-
h only differ in their ion preparation yield a similar maximal ion flux
not shown). When comparing the ion flux simulations for the three
ifferent beam energies however, it becomes apparent that a factor 6
o 12 higher maximal ion flux is achieved when increasing the beam
nergy from 1.5 keV to 15 keV. At 30 keV the increase is even a factor
f 13 to 25. Hence, our simulations suggest that an increase in beam
nergy of the stored ions will allow to reach a significantly higher
on flux. This can be attributed to the observation that for the same
emporal ion bunch width 𝛥𝑡 a 30 keV ion beam is further spatially
pread in longitudinal direction compared to a 15 keV or 1.5 keV ion
eam.

. A 30 keV MR-ToF mass separator

.1. Conceptual design and operational parameters

A dedicated 30 keV MR-ToF system is currently in development
t ISOLDE/CERN for the purpose of highly sensitive, high-resolution
ollinear laser spectroscopy at MIRACLS [45]. Reflecting its potential
or highly selective mass separation, we propose an MR-ToF system
y reconfiguring the components of MIRACLS’ 30 keV apparatus for
mproved mass separation. Its performance is studied in simulations to
uide experimental work on a future ISOLDE MR-ToF mass separator.
n overview of the proposed setup is shown in Fig. 14. The radioactive

on beam produced at ISOLDE is injected into MIRACLS’ linear room-
emperature buffer-gas filled Paul trap, which is floated to 50 kV. After
he ions are extracted as bunches from the Paul trap with an extraction
ield strength of around 14 V/mm, they are accelerated to a kinetic
nergy of 2 keV. They pass two einzel lenses (L1 and L2) before they
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Fig. 14. Proposed 30 keV MR-ToF mass separator system: Cut view of its electrode structure together with the ions’ trajectories in red for 100 ions performing 100 revolutions
the electrode structures are to scale, the housing vacuum chambers are simplified). Additionally, the Paul trap for preparation of the ion bunches upstream of the MR-ToF setup
nd the potential location of a (retractable) BNG and detector system downstream of the MR-ToF device are schematically shown (not to scale). The full system takes up a floor
pace of around 1 m × 3 m.
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re reaccelerated to 50 keV at the entrance of the MR-ToF device. By
witching the in-trap lift from around 20 kV to ground potential the
ons are stored in the MR-ToF device at around 30 keV beam energy
ntil the necessary mass resolving power is reached.

The removal of the time-of-flight mass separated contaminants is
ither possible by dedicated deflector electrodes installed between the
entral drift tube and the MR-ToF mirrors during the ions storage
ime in the MR-ToF device [65], by mass-selective ion ejection via a
ulsed in-trap lift [66] or by a Bradbury–Nielsen-Gate [67] installed
ownstream of the MR-ToF device, possibly after a dedicated deceler-
tion region for a reduction of the beam energy from 50 keV down
o a few kiloelectronvolts. A retractable ion detector downstream of
he Bradbury–Nielsen-Gate (BNG) allows time-of-flight measurements
f the extracted ions as well as beam diagnostics. When retracting the
on detector the purified ion beam can be transported to the dedicated
xperimental setups.

The transfer beam line between Paul trap and reacceleration region
s floated to 48 kV, whereas the beam line housing the 30 keV MR-ToF
evice is grounded.

The distance between Paul trap and MR-ToF device should be as
hort as possible such that the time-focus point can be matched onto

detector/BNG plane installed directly downstream of the MR-ToF
evice for large extraction field strengths from the Paul trap. This
nables a fast mass separation as beneficial for radionuclides with
ery short half-lives. Since there needs to be space for two einzel
enses and a reacceleration region which also serves as a differential
umping barrier, a Paul-trap operation with initial time spreads below
6 ns will not allow to match the time-focus point at the detector
lane. As discussed in previous sections, a fast mass separation will for
ost applications not boost the ion flux. Hence, initial time spreads of

round 16 ns are sufficient.
The 30 keV MR-ToF device itself is based on MIRACLS’ instrument

s designed for high-resolution collinear laser spectroscopy [45]. The
otential combination of the MR-ToF mirror electrodes as optimized
or collinear laser spectroscopy also leads to a reasonably large mass
esolving power, once the length of the central drift tube is properly
hosen. The standard optimization procedure to obtain suitable injec-
ion and MR-ToF mirror potentials (see Section 4.2), did not reveal a
onfiguration with significant improved performance in mass separa-
ion. The highest mass resolving power 𝑅inf is achieved for a length of
he central drift tube corresponding to 425 mm, a potential of −1.6 kV
pplied to lens 1 and −18.1 kV applied to lens 2 with respect to the
8 kV potential of the transfer beam line. The in-trap lift potential is
ound to be optimal at 18.79 kV. For this in-trap lift potential the setup
s operated in isochronous mode, hence the revolution period is fairly
ndependent of the energy of the individual ions. All other operational
ettings and geometries are identical to the ones stated in Ref. [45].

.2. Mass resolving power

The simulated total transport and storage efficiency from extraction
rom the Paul trap, ion transfer and ion storage in the MR-ToF device
s found to be 91%. The simulated mass resolving power for the new
13
Fig. 15. Simulated mass resolving power versus storage time of MIRACLS’ new 30 keV
mass separator (full line) in comparison to the simulations performed in MIRACLS’ low-
energy MR-ToF setup (dashed lines) for 24Mg+ ions. In the MIRACLS low-energy setup
the revolution period is 6.62 μs for 1.5 keV beam energy and in the new 30 keV setup
t is 4.00 μs.

0 keV MR-ToF system for 24Mg+ ions is shown in Fig. 15 as a function
f storage time in comparison to the simulated mass resolving power
or MIRACLS’ 1.5 keV MR-ToF setup, for 300 K buffer-gas cooling as
ell as for hypothetical 5 K buffer-gas cooling. In the proposed setup,

he simulations predict a mass resolving power of 1e5 after a storage
ime of 3 ms, corresponding to 750 revolutions in the MR-ToF device.
he maximal achievable mass resolving power 𝑅inf is 1.15e6. Note

that in practice the experimentally achievable mass resolving power is
expected to be lower due to the non-ideal vacuum pressure and voltage
fluctuations. As discussed in Section 4.3 for MIRACLS’ 1.5 keV system,
the reduction from simulated to experimental 𝑅inf is a factor 3. It is
assumed that the impact of the residual gas pressure on 𝑅inf will be less
severe for the 30 keV MR-Tof device since the vacuum quality in the
new 30 keV device will be improved compared to the one in MIRACLS’
low-energy apparatus, e.g. by proper differential pumping to prevent
He gas from the Paul trap to reach the MR-ToF device.

7.3. Ion flux

Fig. 16 shows the simulated maximal ion flux in the proposed
30 keV MR-ToF system for different masses, abundance ratios and
in-trap lift potentials. The ratio 𝑚1∕(𝑚2 − 𝑚1) is 25,000 for all cases
investigated to achieve a mass separation within less than 500 rev-
olutions. The necessary storage time for 𝑅 = 50,000, in which a
full mass separation of non-interacting ions is possible, is 1.52 ms for
𝐴 = 24, 3 ms for 𝐴 = 132 and 4.7 ms for 𝐴 = 250. For almost all
simulations there is hardly any dependence of the maximal ion flux on
the abundance ratio (see Fig. 16(a) for 𝐴 = 24 and 18790 V applied
to the in-trap lift). Only the simulations with abundance ratios of 9 or
49 show a factor 2–4 loss of ion-flux capabilities. For those the less
abundant mass (e.g. 24.00096 u) starts for a higher number of stored
ions to be hidden in the tail of the more abundant mass (e.g. 24 u).
The tail in the ToF spectrum towards higher ToF values is attributed to
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Fig. 16. Maximal ion flux for 𝑚1∕(𝑚2 −𝑚1) = 25,000 in the new 30 keV MR-ToF mass
eparator for different masses, abundance ratios and in-trap lift potentials. (a) Maximal
on flux as a function of the abundance ratio for 𝐴 = 24 and 18790 V applied to
he in-trap lift (isochronous mode). (b–d) Maximal ion flux as a function of the mass
umber 𝐴 of the ions for three different abundance ratios and isochronous operation.
e,f) Maximal ion flux as a function of the in-trap lift potential. For 18740 V applied to
he in-trap lift the device is operated in selfbunching mode, for 18790 V in isochronous
ode and for 18850 V in dispersive mode. In total always 500 ions are simulated with
ifferent charge repulsion factors up to 30, to simulate up to 15,000 simultaneously
tored ions.

Fig. 17. Maximal ion flux versus 𝑚1∕(𝑚2 − 𝑚1) for MIRACLS’ 1.5 keV MR-ToF device
simulation), different low-energy MR-ToF devices (experiment) and MIRACLS’ new
0 keV MR-ToF mass separator (simulation). The black and orange data are the same as
hown in Fig. 12. The simulations for MIRACLS’ 30 keV MR-ToF device are performed
or 𝐴 = 132 and a charge repulsion factor smaller than 30, except for 𝑚1∕(𝑚2−𝑚1) = 2500
here it is 500 in order to simulate 250,000 interacting ions. As of computational

imitations, the number of sample ions used for 𝑅 > 80, 000 is decreased from 500 to
300 ions.
 a

14
reheating effects in the Paul trap due to buffer gas collisions during ion
beam extraction [49].11

When increasing the mass to 𝐴 = 250, the maximal ion flux drops
by a factor 2–4 for all three abundance ratios studied (see Figs. 16(b-d)
for an in-trap lift potential of 18790 V). Thus, the ion flux is only very
slightly dependent on mass or studied abundance ratio. The maximal
ion flux however shows some dependence on the in-trap lift potentials
(see Figs. 16(e,f) for 𝐴 = 24 and two different abundance ratios). Slight
selfbunching (18740 V applied to the in-trap lift) can be beneficial
in specific cases compared to isochronous operation (18790 V) or
especially the dispersive region (18850 V).

The achievable ion flux of around 7e6 ions/s for 𝐴 = 24 and
𝑚1∕(𝑚2 − 𝑚1) = 25,000 is around a factor 70 larger compared to the
MIRACLS’ low-energy device. A factor of around 20 can be explained
by the increase in ion-beam energy from 1.5 to 30 keV, see Section 6.3.
The remaining factor ≈3.5 is attributed to changes in the MR-ToF
design.

Based on the studies in Section 6.3, a similar improvement can be
expected for higher 𝑚1∕(𝑚2 − 𝑚1) and other masses. Fig. 17 shows the
imulated maximal ion flux of MIRACLS’ new 30 keV MR-ToF device
or 𝐴 = 132 and an abundance ratio of 1 as a function of 𝑚1∕(𝑚2−𝑚1) in
omparison to low-energy MR-ToF devices discussed above. In all cases
tudied the maximal ion flux of MIRACLS’ new 30 keV MR-ToF device
s significantly larger than the one in existing state-of-the-art MR-ToF
evices.

A further increase of maximal ion flux could be envisioned by
tacking several ion bunches simultaneously in the MR-ToF apparatus
imilar to reports of stacking different ion species [68] or by a fur-
her optimization of the operational parameters (e.g. by studying the
nfluence of the in-trap lift potential in more depth). When there are
wo or more different species of contaminants with quite different mass
atios 𝑚1∕(𝑚2 − 𝑚1), 2-step MR-ToF cleaning could allow a larger ion
lux. Such a 2-step MR-ToF cleaning could become possible by mass
elective retrapping in a dedicated Paul trap [14,62,63] or by beam
leaning with the deflector electrodes during the first few revolutions
f one measurement cycle [65].

. Conclusion and outlook

Mass resolving power and space-charge simulations for MR-ToF
evices are carried out, and show a good agreement with time-of-flight
nd collisional-induced fluorescence measurements performed with the
IRACLS low-energy MR-ToF device operating at 1.5 keV beam energy.
uilding on the successful benchmarking of the simulation approach
gainst the experimental data, simulations with different beam energies
nd Paul-trap settings are carried out. These suggest that the maximal
on flux can be increased by a factor of 13 to 25 when increasing the
inetic energy of the stored ions in the MR-ToF device from 1.5 keV to
0 keV. Different ion preparation schemes to reduce the temporal ion
unch width resulted in little influence on the maximal ion flux per
nit of time. In these scenarios, the gain in MR-ToF processing time is
ounter-balanced by stronger space-charge effects. Hence, no notable
et gain in ion flux is observed. Only when dealing with very short-
ived ions, the Paul-trap preparation becomes important. For this case
small initial time spread is preferred in order to reach a given mass

esolving power within a storage time shorter than the half life of the
on of interest.

11 Simulations in the MIRACLS low-energy apparatus show that there is no
difference in maximal ion flux irrespective if an abundance ratio of 9 or 0.11
of the 24 u and 24.0096 u ions is chosen. The simulations are performed for
𝐴 = 24 and 𝑚1∕(𝑚2 −𝑚1) = 2500, a buffer-gas temperature of either 300 or 5 K
nd an extraction field strength of 3.3 V/mm. For the Paul trap in MIRACLS’
ow-energy setup the tail towards higher ToF values is much less pronounced
han for the new MIRACLS Paul trap [49], which is still under commissioning
nd optimization.
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Small initial time spreads can either be achieved by Doppler/sym-
pathetic cooling [34] or cryogenic buffer-gas cooling. An alternative
method is increasing the extraction field strength during the ion ex-
traction from the Paul-trap cooler-buncher. However, this approach
will lead to a larger energy spread worsening the mass resolving
power in the limit of infinite revolutions. Following our simulation
studies, for a 30 keV MR-ToF device the energy-spread tolerance is
significantly larger than for a 1.5 keV MR-ToF device allowing to reach
a mass resolving power exceeding 1e5 with a very large extraction
field strength. Hence, when a 30 keV MR-ToF device is coupled to a
dedicated Paul trap allowing these very small initial time spreads, a
given mass resolving power can be obtained within shorter time than
in a 1.5 keV MR-ToF device, also for a room-temperature Paul trap and
without compromising the maximal attainable mass resolving power.

Because of this shorter processing time and, even more importantly,
its larger ion flux a 30 keV MR-ToF device is a very beneficial tool for
mass separation at RIB facilities. For this reason, the discussed simula-
tion code is finally used to reconfigure and optimize MIRACLS’ 30 keV
MR-ToF design for a high mass resolving power and a large ion-flux.
Once constructed and commissioned, this 30 keV setup will serve as
a prototype towards a general-purpose mass separator for the ISOLDE
community. At this initial stage it is planned to deliver purified beams
to PUMA and possibly traveling experiments. Based on the simulation
work, this instrument has the prospect of improving the maximal ion
flux by a factor of around 70 compared to the MIRACLS 1.5 keV MR-
ToF setup or other existing state-of-the-art MR-ToF systems. Ultimately,
such an MR-ToF system should be embedded into a wider effort for
RIB purification, including also next generation magnetic separators.
We envision that at each purification stage, i.e. target, ion source,
magnetic separator and finally MR-ToF device the maximal amount of
contaminants is suppressed such that a highly purified ion sample is
delivered at high ion rates to RIB experiments. Isobarically pure beams
with an high ion intensity will be beneficial for virtually all fields
of rare isotope science, ranging from fundamental symmetry studies,
nuclear structure, astrophysics, material science, production of medical
isotopes to rare isotope studies with antimatter.
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Appendix

If not indicated differently, all the simulations are performed with
SIMION, version 8.1. The simulations are performed on four work-
stations with the processors AMD 2700x, Intel Core i7 8700 K, AMD
3900x and Intel Core i7 6700. The random access memory is 64,
32, 128 and 64 GB, respectively. All the files to perform one full
simulation of either the MIRACLS’ low-energy setup or the 30 keV
setup require a storage space of around 80 GB each. The same storage
space is also needed for a full simulation of MIRACLS’ 30 keV setup
including MIRACLS’ new Paul trap. Since SIMION only supports multi-
threading during the initial refinement, but not for the simulations
of the ion trajectories themselves, many different simulations with
different settings are started simultaneously on the different cores of
the four workstations. The run times last between a few minutes up to
three weeks depending on the storage time in the MR-ToF device, the
number of simulated ions, the cooling mechanism in the Paul trap and
on whether ion–ion interactions are enabled.

Similar to the discussion in Ref. [45], the simulation is split into
different geometrical segments. For the MR-ToF simulations a grid
resolution of 0.1 mm/grid unit and a convergence objective of 1e−7 V
is chosen, for the Paul trap and ion transport simulations the grid
resolution is 0.2 or 0.5 mm/grid unit and the convergence objective
is 1e−5 V. For selected simulations it is verified, that a smaller grid
resolution or a smaller time step size do not lead to any notable
changes on the relevant parameters, such as maximal ion flux or mass
resolving power. Note that this point was in particular checked for
the simulations with 30 keV beam energy. When going from 0.05 to
0.1 mm/grid unit the simulated mass resolving power remains the
same, when going further to 0.2 mm/grid unit it is slightly reduced.
The simulated maximal ion flux, however, remains similar for all tested
grid resolutions between 0.05 mm/grid unit and 0.5 mm/grid unit.
Since computational errors shift the energy of both ion species almost
equally, the mass separation and hence maximal ion flux is hardly
affected by computational errors as long as 𝑚1∕(𝑚2 − 𝑚1) ≪ 𝑅inf .

Moreover, a simulation with 1000 interacting ions is leading to the
same results as a simulation with 100 interacting ions and a charge
repulsion factor of 10 for the selfbunching, dispersive and isochronous
mode. Additionally, it is verified that e.g. 100 ions with a charge repul-
sion factor of 250 lead to the same results as 1000 ions with a charge
repulsion factor of 25, as tested for the isochronous and selfbunching
mode. Based on the comparison with experimental collision-induced
fluorescence data, we conclude that the simulations with up to at least
a charge repulsion factor of 250 lead to reliable results.
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