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1 Introduction

1.1 Radioactive Ion Beam Facilities
Radioactive ion beam (RIB) facilities around the world [13–21]1 produce beams of short-lived
radioactive ions and are, hence, major drivers in the expansion of our knowledge in nuclear
structure, in nuclear astrophysics, i.e. in understanding the formation of chemical elements,
and allow searches for new physics beyond the standard model of particle physics [22, 23].
Additionally, RIB facilities provide unique opportunities for applications in medical physics,
material science, chemistry and biophysics.

For these reasons, an enormous effort is invested into the capabilities of RIB facilities
in terms of enhanced production of radionuclides, RIB purification and ion optical quality
to meet the constantly growing requirements imposed by present and future experimental
programs. Simultaneously, the measurement apparatus themselves are further advanced in
order to experimentally access the most exotic radionuclides far away from stability which can
only be produced in very low quantities and often with a large isobaric contamination, i.e.
unwanted ions of similar mass.

Ion traps such as Paul traps and Multi-Reflection Time-of-Flight (MR-ToF) devices have
over the years significantly gained in importance at RIB facilities [24–41]. For instance, they
are widely used for the preparation of high-quality radioactive ion beams for subsequent
experiments. In particular, buffer-gas-filled linear Paul traps are employed for ion beam
accumulation, cooling and bunching while MR-ToF devices are utilized as highly selective mass
separators. In this PhD work, Doppler- and sympathetic cooling is implemented in a typical
linear Paul-trap cooler-buncher enabling a reduction of the longitudinal emittance of radioactive
ion beams resulting in a significant improvement of the ion beam quality (chapter 4). Moreover,
a next-generation MR-ToF device is conceptualized in order to achieve isobaric pure beams
with a higher ion intensity than state-of-the-art MR-ToF devices can provide (chapter 5). Both
of these advances are expected to become important for a wide range of experimental programs
pursued at low-energy branches of RIB facilities ranging from fundamental symmetry studies,
nuclear structure, rare isotope studies with antimatter, searches of physics beyond the standard
model to material science and the production of medical isotopes.

Furthermore, MR-ToF devices have enabled precise measurements of many previously
unknown nuclear masses (see e.g. references [42–45] for exemplary results published in 2022)
as well as mass measurements of isomeric nuclear states [46, 47]. Very recently, the Multi Ion
Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) has been envisioned to
access electromagnetic properties of scarcely produced radionuclides [1–6]. By trapping ions
between the two electrostatic mirrors of an MR-ToF device, the same ion bunch is probed
by a laser for thousands of times in the MIRACLS approach compared to a single passage in
traditional collinear laser spectroscopy (CLS). The resulting increase in experimental sensitivity
is beneficial for the measurement of nuclear properties via fluorescence-based CLS of very rare,
positively-charged radionuclides (see chapter 2) as well as for electron-affinity measurements of
negatively-charged ions via laser-photodetachment-threshold spectroscopy (see chapter 3).

These MIRACLS measurements will serve as important benchmarks for modern atomic and

1Citation numbers 1-12 are reserved for those references where the author of this thesis is one of the authors.
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1 Introduction

nuclear theory especially in its description of nuclear charge radii. Section 1.2 hence provides
a short overview over modern nuclear theory and section 1.3 discusses charge radii measured
via CLS. In section 1.4 the general operational principles of Paul traps and MR-ToF devices
are explained, as needed for chapters 2-5 which discuss Doppler and sympathetic cooling,
highly selective and high-flux MR-ToF mass separation and the MIRACLS approach for highly
sensitive measurements of nuclear properties and electron affinities.

1.2 Nuclear-Structure Studies
The atomic nucleus contains protons and neutrons, that are bound together via the strong
force. Certain atomic nuclei made out of a specific number of protons or neutrons, so-called
magic numbers, show an extraordinary stability behaviour. For example, the nuclear charge
radius along an isotopic chain decreases towards a magic number [48] or the binding energy of
nuclei consisting of specific proton or neutron numbers is significantly larger than expected by
the Bethe-Weizsäcker semiempirical mass formula [49] which is based on the liquid drop model
of the nucleus. Maria Goeppert Mayer and J. Hans D. Jensen received a part of the Nobel
prize for physics in 1963 “for their discoveries concerning nuclear shell structure” with which
they explained the occurrence of the magic numbers: Similarly to the electrons in an atom,
protons and neutrons in an atomic nuclei occupy quantum levels that are separated by energy
gaps, so called “shells” [50]. While in 1960 this was a purely phenomenological description,
modern nuclear theory traces the magic numbers down to nucleon-nucleon forces inspired by
low-energy quantum chromodynamics (QCD).

Unexpectedly, far away from the valley of stability shell closures at established magic numbers
are disappearing and new ones are emerging at other nucleon numbers [51, 52]. To pin down
the microscopic origin of this so-called shell evolution remains a central theme of contemporary
research. Modern nuclear theory aims to explain these discontinuities with the ultimate goal to
predict all nuclear-structure phenomena across the entire nuclear chart in one consistent and
first-principle-based framework.

In the last 20 years a remarkable progress was made in microscopic descriptions of atomic
nuclei, in particular in nuclear ab-initio theory [53, 54]. In this framework, the atomic nucleus is
described based on two- and three-body nucleon interactions inspired by QCD, the underlying
theory describing the strong interaction between quarks and gluons. Since QCD is non-
perturbative for low energies [53] most nuclear-structure calculations based on the underlying
theory of QCD are not tractable2. Hence, low-energy effective theories of QCD are formulated,
such as the chiral effective field theory χ-EFT [56], which treats the nuclear many-body problem
at an adequate resolution scale instead of working explicitly with the more elementary quarks
and gluons. In particular, the effective degrees of freedom of χ-EFT are pions and nucleons
instead of quarks and gluons. Free parameters of χ-EFT are fixed to experimental data such as
phase shifts in nucleon scattering and observables in light nuclei with A ≤ 4. This microscopic
description of the atomic nucleus based on χ-EFT-based nuclear forces is commonly referred to
as ab-initio.

After the construction of the nucleon interaction potentials from χ-EFT, the Schrödinger
equation needs to be solved to calculate nuclear properties. The nuclear Hamiltonian is given
as a sum of the single-particle kinetic energies of the individual nucleons, the 2-body interaction
potentials between two nucleons up to the multi-body interaction potential between multiple
nucleons [57]. A truncation after the 3-body interaction potential is normally performed. A
solution of the nuclear many-body problem from first principles is possible via e.g. the Coupled

2Note, that lattice QCD allows to approach nuclear problems directly based on the underlying QCD. Due to
its large computational demands, it is so far however limited to very light nuclei [55].
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1 Introduction

Cluster theory [58] or the Valence Space In-Medium Renormalization group method [59] and
nuclear properties such as nuclear charge radii or binding energies can be calculated along large
regions of the nuclear chart.

While modern nuclear theory continues to advance its description of atomic nuclei, new
experimental data are in high demand to gauge validity and accuracy of these theoretical
calculations. Especially, nuclear properties of exotic radionuclides with “extreme” neutron-to-
proton ratios as available at RIB facilities constitute valuable benchmarks for nuclear-structure
theory. The ultimate goal of modern nuclear theory is to obtain an universal description of
nuclear properties across the entire nuclear chart, which is rooted in QCD.

1.3 Charge Radii and Hyperfine Structure Measurements via
Fluorescence-Based Collinear Laser Spectroscopy3

For more than four decades fluorescence-based CLS has been employed to determine properties
of short-lived radionuclides and to hence provide insight into the nuclear structure far away
from stability [60–64]. In this technique, a fast beam of ionic or neutral atoms is superimposed
with a continuous-wave, narrow-band laser beam. Fluorescence photons from laser-excited
ionic or neutral atoms are detected by photomultiplier tubes. By scanning the laser around
the resonance frequency, the hyperfine structure of the optical transition is obtained. A fine
structure splitting of the atomic energy levels occurs due to the spin-orbit coupling of the total
orbital momentum L with the spin angular momentum S of all electrons, that are moving in the
Coulomb field of a point-like nucleus. An additional splitting (hyperfine splitting) of the fine
structure levels arises when taking the internal structure of the nucleus into account. Hence,
due to the interaction of the nucleus with the surrounding electron cloud, many properties of
the nucleus are encoded in the atomic or ionic energy spectra.

To increase the signal-to-noise ratio, current state-of-the-art CLS experiments employ bunched
ion beams formed in a Paul-trap cooler-buncher [61, 65], see section 1.4.1. Photon signals are
only accepted when the ion bunch is within the optical detection region such that a time-gated
spectrum is obtained. The influence of background originating from laser-stray light or detector
dark counts is hence reduced by around 4 orders of magnitude [61, 65]. Moreover, fast ion beams
with a kinetic energy E of tens of kiloelectronvolts are typically employed. This minimizes the
Doppler broadening σf of the measured transition according to σf ∝ σE/

√
E [66], where σE is

the energy spread of the ions, and a spectral resolution approaching the natural line width of
the transition is obtained. Due to its high precision, accuracy and resolution, CLS is a powerful
experimental technique for accessing nuclear spins, magnetic dipole and electric quadrupole
moments of short-lived radionuclides from the observed hyperfine spectra, fully independent
from nuclear models.

Moreover, changes in the root-mean-square (rms) charge radii between different isotopes of
the same element are accessible by laser spectroscopy. To this end, the hyperfine structure is
probed and shifts in the atomic or ionic energy levels between different isotopes of the same
element are evaluated. The measurable optical isotope shift δνA,A′ is defined as difference in
the transition energies between two fine structure states of two different isotopes with mass
numbers A and A′ [63, 67],

δνA,A′ = νA
0 − νA′

0 = δνA,A′

FS + δνA,A′

MS , (1.1)

where νA
0 is the centroid frequency of the hyperfine spectrum for the isotope with mass number A,

δνA,A′

FS is the field shift and δνA,A′

MS is the mass shift between the two isotopes A and A′.
3The first two paragraphs of this section are largely reproduced from thesis article II [6].
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1 Introduction

The mass shift describes the change in the energy of the fine structure states due to a different
motion in the centre-of-mass system of the nucleus A compared to A′ [63, 67],

δνA,A′

MS = mA′ − mA

mAmA′ (NMS + SMS). (1.2)

The masses of the two isotopes are mA′ and mA. The normal mass shift factor NMS only
describes single-valence-electron systems accurately and is exactly calculable. Due to electron
correlations in multi-electron systems the specific mass shift factor SMS arises additionally. Its
theoretical prediction is often a challenge for atomic theory.

A change in neutron number does not only lead to a different motion of the nucleus in the
centre-of-mass system but also to a different nuclear charge-density distribution. This causes
another shift in the energy of the fine structure state, the so-called field or volume shift [63, 67],

δνA,A′

FS = FFSδ⟨r2⟩A,A′
, (1.3)

with FFS being the field-shift factor and δ⟨r2⟩A,A′ being the difference in the rms charge radii
between the two isotopes A and A′.

For light nuclei the field shift is several orders of magnitude smaller than the mass shift,
hence it is especially important to have a good estimate on the specific mass shift factor SMS.
If SMS and FFS are known it is possible to extract changes in the rms charge radii between two
different isotopes from the measurable optical isotope shift δνA,A′ (combine equations 1.1-1.3).
For the determination of the mass-shift factor KMS = NMS + SMS and field-shift factor FFS
a King plot analysis [68] is normally applied. To this end, absolute rms charge radii from at
least 3 stable elements are required, which can often be measured by electron scattering and/or
muonic and X-ray spectroscopy [69]. There are however many elements where no experimental
data for absolute rms charge radii is available. In this case a theoretical calculation of SMS and
FFS is required.

If the absolute rms charge radii of at least one isotope along the isotopic chain is available
from other experimental approaches and if KMS and FFS can be either extracted via the King
plot analysis or calculated, all other absolute charge radii along the entire isotopic chain follow
from the measurable optical isotope shifts δνA,A′ . Even though in some cases atomic theory
is required for the extraction of δ⟨r2⟩A,A′ , the determination of δ⟨r2⟩A,A′ from optical isotope
shifts is independent of the nuclear model and hence provides an excellent benchmark for
nuclear theory.

1.4 Ion Traps
Since the invention of the first ion traps around 60 years ago, ion-trap technology and application
fields of ion traps have rapidly evolved over time. Nowadays, ion traps are exploited at virtually
all radioactive ion beam facilities worldwide and play a vital role in the study or preparation of
radioactive ion beams. For confining charged particles at very low energy in a small volume,
one either combines static and time-dependent radio-frequency electric fields as in Paul traps
(see figure 1.1) or magnetic and electrostatic fields as in Penning traps (see figure 1.2). The
confinement of charged particles with energies at the kiloelectronvolts range is possible by only
employing electrostatic fields in electrostatic storage rings or in Multi-Reflection Time-of-Flight
(MR-ToF) devices, which are also called electrostatic ion beam traps.4 Since Paul traps and
MR-ToF devices are most relevant for the topics discussed in this thesis, their operation
principles will be explained in more detail in the next two sections.

4Since in the rest frame of the ions the electric field is changing, storage rings and MR-ToF devices do not
violate the Earnshaw theorem, which states that it is not possible to keep ions in a stable equilibrium by
only applying electro- or magnetostatic fields.
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1 Introduction

Figure 1.1: The upper half of the figure shows a schematic
side view of ISCOOL, ISOLDE’s general-purpose linear Paul
trap [35]. ISOLDE itself is the RIB facility at CERN. The
Paul-trap cooler-buncher consists of four rods that provide the
radio-frequency fields for radial ion confinement. The rods are
surrounded by 25 segmented direct-current (DC) electrodes
to create a potential gradient that guides the ions towards
the potential minimum, where the ions are accumulated and
cooled. Figure taken from reference [35].

Figure 1.2: Schematic overview of a
Penning trap. The ions are trapped
by the superposition of an homoge-
neous magnetic field and an electric
quadrupole field. Figure taken from
reference [70].

1.4.1 Paul Traps
Paul-trap cooler-bunchers at RIB facilities are often installed between the radioactive ion
source and the experimental stations [34–41]. A continuous beam of radioactive ions is
injected, accumulated and transformed into a bunched beam which consists of low-emittance
ion pulses/packages, required for instance for reducing the signal-to-noise ratio for CLS (see
section 1.3) or high-precision mass measurements in downstream Penning traps or MR-ToF
devices.

The first radio-frequency ion trap was described by Wolfgang Paul [71], who was together with
Hans Georg Dehmelt in 1989 awarded part of the Nobel prize in physics “for the development
of the ion-trap technique”. In a linear radio-frequency Paul trap, static electric fields confine the
ions in axial direction and radio-frequency fields limit the ion motion in transversal direction.

At RIB facilities Paul traps are typically filled with room-temperature buffer gas such as
helium to damp the ions’ motion by collisions of the ions with the buffer gas atoms [34]. A
continuous beam of externally produced ions with an initial kinetic energy of a few electronvolts
at the trap’s entrance is within a storage time of typically a few milliseconds cooled down to
300-K beam temperature. After accumulation and cooling of the ion beam in the Paul trap, the
ions are extracted as well defined ion bunches by switching an extraction endcap electrode to a
lower potential. Depending on the extraction field strength, one can either reach small energy
spreads or small time spreads of the extracted ion bunches since the longitudinal emittance is
conserved. The longitudinal emittance is directly proportional to the beam temperature [36, 72].
For low extraction field strengths (around 2 V/mm) the energy spread is typically around 1 eV
while the ion bunch is at the time-focus plane a few 100 ns wide. For large extraction field
strengths (>10 V/mm), time spreads of less than 10 ns are feasible at the time-focus point, but
the energy spread is a few tens of electronvolts, see e.g. reference [73]. The time-focus point
corresponds to the moment when the slower ions, which left the Paul trap first, are overtaken
by the faster ions, which are initially at the end of the ion bunch. The larger the extraction
field strength, the more the time-focus point shifts closer towards the Paul trap [73]. After the

5



1 Introduction

time-focus point the ion-bunch disperses in longitudinal direction.

1.4.2 MR-ToF Devices
Multi-Reflection Time-of-Flight (MR-ToF) devices are important tools at RIB facilities for high-
precision mass spectrometry and highly selective mass separation of short-lived radionuclides [24–
33]. They are also the heart of the MIRACLS technique dedicated to highly sensitive laser
spectroscopy.

MR-ToF devices consist of two opposing electrostatic mirrors surrounding a central drift
tube, see figure 1.3. Each mirror is typically made of four to six concentric ring electrodes. The
outermost electrodes provide the axial confinement of the ions while the one or two innermost
mirror electrode(s) ensure(s) radial ion refocusing during each passage of the ions. For ion in-
and ejection two possibilities exist: Either the potentials of the outermost mirror electrodes are
switched to lower values (mirror switching [30]) or the kinetic energy of the ions is changed
by switching the central drift tube between ground potential for ion storage and some other
potential during ion in- and ejection (in-trap lift switching [74]). This then enables the ions to
pass the mirror electrodes during in- and ejection.

Figure 1.3: Schematic overview of an MR-ToF mass separator. The mass-over-charge separation of two
ion species during the ions’ storage time in the MR-ToF device is illustrated. Figure slightly modified
from [29].

During the ions’ storage time in the MR-ToF device the ions are separated in time-of-flight
according to their mass-over-charge ratio. For well-tuned geometries and potentials, a mass
resolving power m/∆m exceeding 1e5 is achieved in a few (tens of) milliseconds while the ions
are bouncing back and forth within the table-top device. After ejection of the ions, either
time-of-flight measurements are performed on an ion detector for measuring the ions’ masses or
the time-of-flight mass-separated contaminants are removed, e.g. by a Bradbury-Nielsen Gate
(BNG) [28].

For optimal MR-ToF operation, Paul-trap cooler-bunchers are installed in front of an MR-ToF
device and the time-focus point of the Paul trap is normally positioned slightly behind the
MR-ToF device at the detector or beam-gate plane. To achieve best MR-ToF performance,
the entire path of the ions from cooling in the Paul trap up to the storage of the ions in the
MR-ToF device needs to be optimized.

6



2 Fluorescence-Based Collinear Laser
Spectroscopy in an MR-ToF device

2.1 Scientific Motivation
Modern nuclear theory has made remarkable progress over the last decade to predict properties
of exotic radinuclides, see also section 1.2. Leading ab-initio theories [53] and nuclear density
functional theory1 [75–79] are currently in the process of calculating nuclear charge radii
along large regions of the nuclear chart, also accessing mid-shell regions [80–82]. To test their
predictive power, new experimental data of exotic nuclei far away from the valley of stability is
in high demand.

For instance, charge-radii measurements of neutron-rich and neutron-deficient Mg isotopes
are of high interest for nuclear-structure benchmarks. Existing charge-radii measurements of
21−32Mg isotopes [83] show changes in the nuclear structure due to the filling of the respective
neutron shells very clearly, see the three linear regions between A = 21 − 26, A = 26 − 30
and A = 31 − 32 in figures 2.1 and 2.2 in addition to the odd-even staggering2. Between
21−26Mg the neutron d5/2 orbital is filled, in 27Mg one neutron populates the s1/2 subshell and
between 28−30Mg the additional neutrons occupy either the s1/2 or the d3/2 state. In 31,32Mg a
cross-shell excitation of two neutrons takes place which is associated with the island of inversion
around N = 20. At the island of inversion the ordering of single-particle orbitals is changed
and the neutron shell gap is reduced [85]. Due to the onset of deformation at the island of
inversion, the slope of the linear trend for A = 26 − 30 is suddenly increasing for A = 31 − 32
(N = 19 − 20). The disappearance of the expected N = 20 neutron shell closure represents
the ‘collapse of the conventional shell-model ordering in very neutron-rich isotopes of Na and
Mg’ [86].

Reproducing these sudden changes in rms charge radius is an excellent benchmark for
modern nuclear theory. Different ab-initio methods, such as the Krenciglowa-Kuo in-medium
renormalization [84], the in-medium similarity renormalization group (VS-IMSRG) [80] as well
as the coupled-cluster approach [81] are since recently able to calculate nuclear charge radii
along the Mg isotopic chain (see figures 2.3 and 2.4). All three models predict a continuation
of the increase of the rms charge radii for A > 31. Experimental data for 33,34Mg could hence
provide a new benchmark of these nuclear theories right in the island of inversion.

For neutron-deficient 20Mg at the neutron shell closure N = 8 the predictions in references [80,
81] deviate from each other (compare figures 2.3 and 2.4). The former predicts an increase in
charge radii of 20Mg compared to 22Mg, but the latter a decrease. In this case, new experimental
data could discriminate between the two different methods and provide a valuable benchmark
for modern nuclear theory. To sum up, new measurement data for 20,33,34Mg is in high demand.

1In this theory, effective inter-nucleon interactions are modelled by an energy density functional, which is tuned
to experimental data. This method is successful in the description of heavy and medium-mass nuclei.

2Isotopes with an even neutron number yield larger rms charge radii than their neighbours with an odd neutron
number along almost all isotopic chains. Up to today, it is a challenge to model this effect, even though
density functional theory and nuclear ab-initio methods start becoming capable of doing so.
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2 Fluorescence-Based Collinear Laser Spectroscopy in an MR-ToF device

Figure 2.1: Experimental rms nuclear charge radii
of Mg isotopes measured via traditional single-
passage collinear laser spectroscopy. Only statis-
tical errors are shown. The dashed lines indicate
the three linear regions associated with the filling
of the respective neutron orbital. Figure slightly
modified from [83].

Figure 2.2: Experimental differential rms charge
radii of Mg isotopes measured via traditional
single-passage collinear laser spectroscopy. Only
statistical errors are shown. Figure taken
from [83].
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Figure 2.3: Experimental rms charge radii of Mg
isotopes [83] are compared to preliminary results of
the VS-IMSRG method [80] and the Krenciglowa-
Kuo method [84]. The VS-IMSRG results are
shifted by 0.155 fm to achieve a better agreement
with the experimental data. The statistical errors
of the experimental measurement are shown in red,
the correlated systematic uncertainties are shown
in black. Figure in analogy to [7].

Figure 2.4: Experimental rms charge radii of even-
mass Mg isotopes are compared to the coupled
cluster method with momentum cutoffs of either
394 or 450 MeVc−1. Only statistical errors are
shown. Figure taken from [81].

Similarly as for magnesium, also for cadmium new experimental data far away from the
valley of stability would provide a viable benchmark of different nuclear theories. The excellent
reproduction of charge radii measurements of 100−130Cd isotopes with the Fayans density
functional theory is very intriguing (see figure 2.5) [78], especially when taking into account that
the Fayans density functional is tuned for the Ca and not the Cd isotopic chain. The odd-even
staggering is generally well reproduced, only slightly exaggerated. Moreover, the parabolic
trend between A = 108 − 132 is described although with a somewhat stronger curvature. For
neutron-deficient Cd isotopes there is hence a slight deviation from experimental data.

The relativistic mean field (RMF) density functional model with pairing correlations (BCS)
and short-range correlations RMF(BSC)* [81] replicates the experimental data (see figure 2.6),
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too, but shows a slightly different behaviour around the N = 82 neutron shell closure compared
to the Fayans density functional theory, which predicts a kink at N = 82. Additionally to
density functional theory, ab-inito theory is able to access nuclear properties in close proximity
to cadmium isotopes [87, 88] and is soon expected to calculate rms charge radii of cadmium,
too.

As of today, experimental data is only available between 100−130Cd. For an improved
benchmark of the different nuclear theories experimental data especially at and beyond the
N = 50 and N = 82 neutron shell closures would be in high demand. Moreover, 98Cd resembles
100Sn without 2 protons and can hence provide more insights into the structure of the presently
inaccessible doubly-magic3 100Sn nucleus.

Figure 2.5: Experimental rms nuclear charge radii of Cd
isotopes are compared to the Fayan density functional
theory [78]. The gray band depicts the systematic uncer-
tainty of the measurement, which in the meantime could
however be significantly reduced by a more accurate
determination of the field-shift factor FFS and mass-shift
factor KMS via laser-induced fluorescence spectroscopy
from sympathetically cooled and stable Cd isotopes in
a linear Paul trap [89] (see chapter 4 for more details).
Figure slightly modified from [78].

Figure 2.6: Experimental rms charge radii
of Cd isotopes are compared against the
RMF(BSC) method and the RMF(BSC)*
method which takes short-range correla-
tions into account. Figure slightly modi-
fied from [81].

Since radionuclides far away from the valley of stability, such as the discussed 20,33,34Mg
isotopes and 98,99,131−134Cd isotopes, can only be produced in very low quantities, the sensitivity
of the experimental apparatus needs to be improved in order to access the most exotic
radionuclides. To this end, various different methods such as Collinear Resonance Ionization
Spectroscopy (CRIS) [90–92], high-resolution in-source laser spectroscopy [93], in-gas jet
spectroscopy [94, 95] or more specialised techniques [96] have been or are being developed. The
Multi Ion Reflection Apparatus for CLS (MIRACLS), an alternative approach, currently in
development at ISOLDE/CERN will be discussed in the next section.

3Nuclides which have both their proton and neutron shells fully occupied are called doubly-magic.
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2.2 Introduction of the MIRACLS Technique
The Multi Ion Reflection Apparatus for CLS (MIRACLS) is a novel tool for highly sensitive
and high-resolution fluorescence-based collinear laser spectroscopy of short-lived radionuclides
that are beyond the reach of conventional techniques due to their low production yields [1–6].
By storing ions between the two electrostatic mirrors of an MR-ToF device, the same ion bunch
is probed by a laser for thousands of times compared to a single passage in traditional CLS
(see figure 2.7). Thus, the observation time is extended and the experimental sensitivity will
be increased by more than one to two orders of magnitude (see figure 2.8). The experimental
sensitivity is limited by the signal-over-noise ratio of the detected fluorescence photons.

Figure 2.7: Schematic overview of the MIRACLS concept: Ion bunches are stored between the two
electrostatic mirrors of an MR-ToF device such that the laser beam is probing the ions during each
revolution. An optical detection system consisting of photomultiplier tubes is located between the two
electrostatic mirrors.

The improvement in sensitivity of the MIRACLS approach in comparison to traditional
single-passage CLS depends on the chosen ionic transition, the half-life and mass of the nuclide
and the storage time in the MR-ToF device. The later is limited by ion losses through collisions
with residual gas particles and by the loss of the bunched-beam structure, which then leads to
an increase of laser-induced background, see section 1.3. Moreover, for an optimal sensitivity
boost, the laser-excited ions should decay back into the ground state without populating other
hyperfine-structure states such that they can be probed indefinitely by a laser beam. Hence,
MIRACLS is specifically well suited for isotopes with a closed two-level system in their ionic
structure as it is the case for even-even Mg and Cd isotopes.

Figure 2.8 shows the improvement factor in sensitivity in comparison to traditional single-
passage CLS for selected even-even Mg and Cd isotopes, taking radioactive decay into account
(for the calculations see reference [8]). Note that the shown improvement factor assumes
idealized MR-ToF performance which leaves the ion-bunch structure unaffected during the
entire storage time. If the actual loss of the bunched beam structure after a storage time of
around 1.2 s in the MR-ToF device is considered, too, (see thesis article II [6]), we expect for
98Cd an improvement factor of around 200.
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Figure 2.8 compares MIRACLS’ improvement with single-passage measurements in the same
apparatus. Additionally, there are other advances implemented which may increase MIRACLS’
performance over traditional single-passage fluorescence-based CLS beamlines. At MIRACLS,
a reduction of laser-induced background will be facilitated by dedicated stray-light reduction
mechanisms [97] as well as by the possibility to set narrower time gates in which photon counts
are accepted. Whereas for traditional single-passage CLS the ion-bunch width is a few µs [65],
the optimized interplay of a new, compact Paul trap [98, 99] and the MR-ToF configuration
will enable ion-bunch widths which range from a few 100 ns to a few µs, depending on the
storage time in the MR-ToF device (see thesis article II [6]). The reduced temporal peak width
at MIRACLS for small to middle-range storage times will enable to set narrower time-gates
during the first part of the ions’ storage time in the MR-ToF device. This will result in an
improved suppression of laser-induced background and dark counts.

Summing up, the experimental sensitivity of MIRACLS will be one to two orders of magnitude
larger compared to traditional single-passage CLS enabeling to access radionuclides that can
only be produced in low quantities at contemporary RIB facilities.
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Figure 2.8: Improvement factor in experimental sensitivity at MIRACLS compared to traditional
single-passage CLS as a function of the nuclide’s half-life and mass number A. In analogy to reference [8],
but with updated revolution periods based on the simulation studies in thesis article II [6]. The first
science cases of MIRACLS are indicated.
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2.3 The MIRACLS Proof-of-Principle Experiment
In order to demonstrate the feasibility of the MIRACLS approach, a proof-of-principle ex-
periment was performed within an MR-ToF apparatus operating at around 1.5-keV beam
energy [100, 101] which has been modified for CLS, see figure 2.9. Details of this work are
discussed in references [1–5, 8]. In short, an offline electron-impact ion source produces a contin-
uous beam of the three stable magnesium isotopes 24−26Mg. A linear Paul trap cooler-buncher
transforms the continuous beam into a bunched beam, which is injected into the MR-ToF
device and in-trap-lift captured [74]. The ions are stored at 1.5-keV beam energy. A quadrupole
bender between Paul trap and MR-ToF device facilitates laser access and the continuous-wave
narrow-band laser beam is superimposed with the stored ions. A photomultiplier tube (PMT)
located above the central drift tube of the MR-ToF device detects the fluorescence photons
emitted by the excited ions. Ion detectors installed up- and downstream of the MR-ToF device
are used for ion beam diagnostics and optimization.

Systematic effects of the new technique are studied by comparing isotope-shift measurements
between 24,26Mg in the MIRACLS approach with the well-known literature value, by monitoring
the CLS characteristics as a function of the revolution number or by comparing MIRACLS
measurements with ion optical simulations and traditional single-passage CLS measurements [3,
8]. In summary, the results of MIRACLS proof-of-principle experiment demonstrate the
feasibility of the new technique, highlight its potential and establish the validity of an ion-
optical simulation code for CLS in an MR-ToF device [1, 8].

Figure 2.9: Simplified schematic overview of the MIRACLS low-energy setup. For an explanation
of the ions’ path see text. The left inset shows the detected photon count rate for 24Mg+ ions as a
function of the time-of-flight since ion extraction from the Paul trap for revolutions 50-54 in the MR-ToF
device. The laser frequency is set to the resonance frequency of the D2 transition in 24Mg+ ions. The
right inset shows the resonance spectrum of 24Mg+ ions in the D2 line, taking 1000 revolutions in the
MR-ToF device into account. The line width of the fine structure spectra is 450 MHz FWHM. Data
from reference [8].
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2.4 MIRACLS’ High Resolution Apparatus
Based on the lessons learned from MIRACLS’ proof-of-principle experiment, an entirely new
apparatus consisting of a Paul trap [98, 99], a suitable injection optics and a 30-keV MR-ToF
device is conceptualized (see thesis article II [6]). A kinetic energy of around 30 keV of the
stored ions is advantageous to approach the natural line width of the isotope of interest, which
is typically around a few tens of MHz in the transition of interest. Hence, when increasing
the beam energy from 1.5-keV to 30-keV the high-resolution of conventional CLS can be
maintained, see section 1.3. Since all MR-ToF devices built so far utilize ion beam kinetic
energies of around a few kiloelectronvolts [24–33, 102–105], an entirely new MR-ToF device
is developed (see thesis article II [6] and figure 2.10). Each electrostatic mirror is made of
electrodes 1-6. The two innermost mirror electrodes 1-2 ensure radial ion refocusing and the
four outermost electrodes 3-6 the axial ion confinement. Between the mirror electrodes and the
central drift tube (electrode 7) two more electrodes are located (electrodes 8 and 9), which can
serve as deflector electrodes [106] or be used for in-situ ion monitoring by pickup of image-charge
signals [107]. Grounded electrodes 0 and fringe field suppression fins added to the individual
mirror electrodes prevent any fringe fields from outside reaching into the MR-ToF device.

Figure 2.10: MIRACLS 30-keV MR-ToF device for highly sensitive and high-resolution CLS spectroscopy.
(Top) Cut view of its electrode structure together with the simulated ions’ trajectories in red. (Bottom)
Electric potential along the central axis of the MR-ToF device for trapping (blue) and for in- and
ejection (red) with an in-trap lift potential of Ulift = 18.85 kV. Figure taken from thesis article II [6].

Building on the successful benchmarking of the simulation code against the experimental
proof-of-principle data [8], extensive simulation studies of this new device and its injection optics
are performed to guide physical design and initial operation of the setup (see thesis article II [6]).
Taking the space constraints in the ISOLDE experimental hall into account, suitable geometries
and potential combinations allowing for > 90% injection and storage efficiency, > 75% ion-laser
overlap and a line width approaching the natural line width of the ion of interest could be
found in the simulations. The shape of the simulated spectral line is hardly distorted by the
combination of CLS and MR-ToF operation. Moreover, the simulation results suggest that
systematic effects such as high-voltage instabilities or non-ideal high-voltage switches do not
lead to any significant reduction in the performance of the MIRACLS technique.

It is however of utmost importance to determine the beam energy of the stored ions with
5-eV accuracy in order to keep systematic errors in the isotope shifts of the 20−34Mg isotopes
below 20 MHz in MIRACLS’ 30-keV MR-ToF device. However, by performing simultaneous co-
and anticollinear CLS measurements in the MR-ToF device the systematic error due to the
incomplete knowledge of the beam energy can be eliminated [108].
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The simulation studies indicate that MIRACLS’ accuracy and resolution will be close to
traditional single-passage CLS, while its sensitivity will be enhanced for cases with closed-two
level systems by more than one to two orders of magnitude enabling access to the most exotic
radionuclides such as neutron-deficient and neutron-rich Mg and Cd isotopes.

2.5 Outlook to Planned Measurement Campaigns
The construction of the setup as discussed in thesis article II [6] is currently ongoing. After the
commissioning of the setup, CLS measurements of 33,34Mg are planned as first science cases of
MIRACLS [7]. This will allow one to experimentally access charge radii of neutron-rich Mg
isotopes, right in the island of inversion. Even though 33Mg is not forming a closed two-level
system, an improvement in sensitivity of around a factor 5 is expected compared to traditional
single-passage CLS. This estimation is based on studies of the improvement factor in 25Mg+

ions within MIRACLS’ low-energy setup [9]. Hence, a charge radii measurement of 33Mg is
expected to become feasible, too.
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3 Photodetachment Studies in an MR-ToF
Device

3.1 Scientific Motivation
After the successful demonstration of highly sensitive fluorescence-based CLS measurements in
an MR-ToF device, the MIRACLS low-energy apparatus has been reconfigured for electron-
affinity measurements of negatively-charged ions via laser-photodetachment-threshold spec-
troscopy in the MIRACLS approach. These measurements will support the understanding of
electron-correlation effects. Several atomic spectroscopy studies aiming to answer questions
in quantum chemistry, nuclear structure and fundamental symmetry, rely on atomic theories
describing complex many-body systems, see e.g. references [109–114]. For instance, as dis-
cussed in section 1.3 an accurate theoretical calculation of the specific mass shift factor SMS
is often required to extract nuclear charge radii from measurable total isotope shifts. The
specific mass shift is caused by a correlated motion of the electrons and is a purely atomic
effect, see section 1.3. Since in negatively-charged ions electron correlations are dominant,
negatively-charged ions are ideal systems to study many-body dynamics and to validate the
atomic theory beyond the single particle model1 [115, 117, 118].

In a neutral atom the Coulomb potential of the nucleus is almost fully screened. Hence, the
binding of the additional electron, which is added to a neutral atom to form a negatively-charged
ion, is mainly due to correlations between the electrons. An induced dipole polarization potential
causes the attraction of the additional electron to the previously neutral atom [115, 117]. While
the Coulomb potential scales with 1/r, the induced dipole polarization potential scales with
1/r4, with r being the distance between the additional electron and the nucleus [117]. As a
consequence, negatively-charged ions typically have very few or no bound excited electronic
states and optically allowed transitions are only observed in very few negatively-charged
ions [115]. As a result, there is often only one observable in negatively-charged ions, i.e. the
electron affinity EA. This is the energy released when an electron is attached to a neutral atom.
It is typically in the order of 1 eV.

Atoms that tend to attract shared electrons in chemical bonds posses a large EA. Hence,
the EA also plays an important role in chemistry. For example, the recent experimental
determination of the EA of astatine is important for the design of novel tumor-targeting
biomolecules for the radionuclide therapy of cancer [118]. As such, measurements of the EA are
not only relevant to further constrain atomic models for a precise determination of the specific
mass shift factor SMS, but also play an important role in chemistry and medical applications.

Figure 3.1 shows the electron affinities across the periodic table of elements [118]. The
heights of the blue columns depict the value of the measured EA for each element. Generally,
the EA increases with the filling of an atomic shell. Once the respective atomic orbital is closed,
the EA is very low or the respective elements do not form stably bound negatively-charged ions

1In the single particle model each electron is described by moving in the mean field given by the nucleus and the
charge distribution of the other electrons. The interaction between the electrons is hence neglected. While
the single-particle model has been very powerful in understanding the electronic structure and behaviour
of atomic systems, many effects cannot be explained [115] also including the bound formation of many
negatively-charged ions [116].
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Figure 3.1: Electron affinities across the periodic table of elements. The heights of the blue columns
depict the value of the measured EA for each element. Chlorine is the most bound negatively-charged
ion, which has hence the highest EA of around 3.6 eV. The elements that do not form stably bound
negatively-charged ions are depicted in light gray. Their electron affinities are hence negative, meaning
that energy needs to be added to form a negatively-charged ion. In green those elements are shown
that are predicted to be bound in theory but which EA has not been measured yet. Dark-gray shows
elements that are unknown to both experiment and theory. Figure slightly modified from [118].

at all. Hence, the halogens have the highest EA, whereas negatively-charged noble gases do not
exist. (Note that Og is due to pronounced relativistic effects however expected to form a bound
negatively-charged ion.) The alkaline earth metals have a very small EA or do not form stable
negatively-charged ions since the s valence shell is filled and the additional electron would need
to occupy a p orbital that is significantly higher in energy [119]. Similarly, Mn, Zn, Cd and Hg
do not form stable negatively-charged ions since the additional electron would need to occupy
a new subshell and they additionally have a very low atomic dipole polarizability [120].

Due to an increase of the atomic radius, the EA normally drops from top to bottom within
a group. The second element of the group is sometimes an exception due to an increased
electron repulsion in the n = 2 shell. For noble metals, the EA increases within the group
due to pronounced relativistic effects. Lanthanides and actinides are expected to have very
low electron affinities, which often have not been measured up to now. Due to their complex
electronic structure and pronounced relativistic effects, they are of high interest to benchmark
theoretical calculations [121]. The multiconfigurational self-consistent-field approach or the
fock-space coupled cluster method provide high-accuracy calculations of atomic properties
including electron affinities, also of superheavy elements [122]. In superheavy elements the
electron motion is highly correlated and relativistic effects are very pronounced, making them
ideal test systems for fundamental atomic physics theories [122]. To further increase our
understanding of the chemical and atomic properties of superheavy elements, EA measurements
in this mass region would be highly beneficial.

Additionally, by measuring small differences in the EA between different isotopes of the same
chemical element, the isotope shifts of the EA, atomic models can be further constrained as
needed for accurate theoretical calculations of the specific mass shift. The specific mass shift
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is directly related to the isotope shift in EA via equations 1.1 and 1.2. Accurate calculations
of the specific mass shift are important in atomic physics as well as in nuclear physics to
extract nuclear charge radii from measurable total isotope shifts (see section 1.3). Indeed,
the theoretical uncertainty on the specific mass shift is often a leading contribution to the
error estimate in nuclear charge radii [114]. However, isotope shifts in the EA have been
experimentally determined only for very few stable nuclides so far, and only with modest
precision. As an example, the isotope shift between the two stable chlorine (Cl) isotopes is
more precisely predicted in theory [123] than experimentally measured [124].

Hence, more precise EA measurements as well as EA measurements of scarcely produced
(radioactive) elements are in high demand. Recently, successful EA measurements have been
performed at ISOLDE/CERN for radioactive 128I produced with around 35,000 ions/s [125] and
radioactive 211At produced with around 3,750,000 ions/s [118]. For these experiments, the EA

was determined via laser-photodetachment threshold spectroscopy with a precision EA/∆EA

in the order of 1e-5. To this end, a pulsed high-power laser beam is co- or anticollinearly
overlapped with the beam of negatively-charged ions, see figure 3.2. If the energy of the
laser exceeds a certain threshold, the additional electron can get detached and the neutral
atom is detected by a dedicated neutral particle detector [126]. By counting the number of
detected neutral atoms as a function of the photon energy Eph, a cross-section curve σph(Eph)
is obtained, which follows a Wigner threshold law [127],

σph(Eph) = Aw (Eph − EA)l+1/2Θ(Eph − EA) , (3.1)

where the threshold energy EA is the electron affinity, Aw a scaling factor, Θ(Eph − EA) the
Heavyside step function and l the orbital angular momentum quantum number of the outgoing
electron. Thus, when fitting the Doppler-corrected signal curve to this equation the electron
affinity EA is obtained.

Figure 3.2: Illustration of the principle of collinear, single-passage laser-photodetachment threshold
spectroscopy. See text for details.

Around the threshold the photodetachment probability is very low, hence a high photon
and ion density is required for the measurement of the EA. Thus, pulsed high-power lasers
are typically employed. However, their large laser bandwidth limits the precision of the
measurement. If the number of available radioactive ions drops below a few 10,000 ions/s as
it is expected to be the case for many radioactive negatively-charged ions producible at RIB
facilities, a measurement of the EA will be even more challenging.

Moreover, for the determination of the specific mass shift, EA measurements with a precision
better than 1e-5 are needed to resolve the isotope shifts in the EA. A very recent EA

measurement for 16O showed that a determination of the EA is possible with a precision
better than 1e-7 when employing narrow-bandwidth continuous-wave laser beams [128]. This
high-precision measurement was performed in the electrostatic storage ring DESIREE. In a
storage ring, the same ion bunch is repeatedly probed by the laser which increases the exposure

17



3 Photodetachment Studies in an MR-ToF Device

time and hence the photodetachment efficiency. This compensates the reduced photon density
of continuous-wave laser beams and enables a much greater measurement precision.

3.2 Introduction of the MIRACLS Technique for Photodetachment
Studies

As far as the repeated laser probing is concerned, storage rings and MIRACLS follow the same
principle and offer a pathway towards highly sensitive and/or high-resolution photodetachment
measurements with continuous-wave lasers. For the study of radioactive negatively-charged
ions, the MIRACLS technique benefits from the compact nature of MR-ToF devices. Due to
the small floor space of MR-ToF devices of around 2m x 1m, they can be readily coupled to
existing RIB facilities.

In this work, the MIRACLS technique is extended to photodetachment studies and resulted
in a successful measurement of the EA in 35Cl, which is competitive to the literature value
although an around 280,000-times lower ion sample has been required compared to the previous
measurement [124] (see section 3.3.2). This breakthrough illustrates the potential of the
technique also for rare samples.

For this purpose, MIRACLS’ low-energy apparatus (see section 2.3) is modified to perform
photodetachment measurements in an MR-ToF device. Similarly as in a storage ring, by
trapping bunches of negatively-charged ions between the two electrostatic mirrors of MIRACLS’
1.5-keV MR-ToF device the same ion bunch is probed for a few 10,000 of times. The resulting
increase in signal sensitivity will enable highly sensitive EA measurements of scarcely produced
(radioactive) ions and if combined with continuous-wave lasers an increase in measurement
precision.

Figure 3.3: Schematic overview of the MIRACLS low-energy setup as modified for photodetachment
spectroscopy of negatively-charged Chlorine ions. See text for details.

Figure 3.3 shows a schematic overview of MIRACLS’ low-energy setup as modified for
photodetachment measurements. A surface ion source [129] produces a continuous beam of
stable 35,37Cl− ions that are injected into the Paul trap filled with room-temperature Helium
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buffer gas. After a specified cooling time, the ions are released in an ion bunch and guided
onto the MR-ToF axis. A pair of steerers upstream of the MR-ToF device is used to deflect
the 37Cl− ions, such that only 35Cl− ions are injected into the MR-ToF device and in-trap lift
captured at around 1.5-keV beam energy. The stored ions are collinearly overlapped with a
continuous-wave laser beam with around 2-mW laser power and a wavelength of around 343 nm.
If a neutralization due to a collision with a residual gas atom or due to photodetachment occurs,
the neutralized atom is no longer stored in the electrostactic fields of the MR-ToF device.
Downstream of the MR-ToF device a detector is placed, which detects neutral atoms exiting
the MR-ToF device along the direction of laser-beam propagation. A detailed description of
the ion optical setup, the laser system and the measurement procedure will be published in an
upcoming manuscript, currently in preparation [10].

3.3 Experimental Results
3.3.1 Boost in Signal Sensitivity
Figure 3.4 shows the number of detected neutral atoms as a function of the storage time in the
MR-ToF device. Even when no laser beam is overlapped with the ion beam, neutral atoms are
impinging on the MagnetoF detector which are formed by collisional-induced neutralization.
When the laser beam with, in this case, around 4.5 mW of laser power and an energy of around
0.05 eV above the photodetachment threshold is collinearly overlapped with the ion beam,
an additional neutralization occurs due to laser-induced photodetachment. The number of
detected photodetachment events Nev shown in figure 3.5 is given by subtracting the number
of detected neutral atoms with laser off from the number of detected neutral atoms with laser
on. This very first photodetachment measurement in an MR-ToF device clearly shows the
improvement in signal sensitivity when increasing the storage time of the ions in the MR-ToF
device and hence the interaction time with the laser beam. After a storage time of around
400 ms the initially stored ions are reduced by half. For future measurements this could however
be increased by improvements on the vacuum quality in the MR-ToF device.

To quantify the improvement in signal sensitivity of MIRACLS compared to conventional
single-passage photodetachment measurements, the signal sensitivity Γ2 is here defined as

Γ = Nev
Nion · Φph · σph

, (3.2)

in which Nev is the number of detected photodetachment events, Nion is the number of ions
employed in the procedure, Φph is the laser photon flux, so the number of photons per second,
and σph is the photodetachment cross section at the employed laser wavelength. The signal
sensitivity Γ describes how efficient it is to convert an ion and a photon into a photodetachment
event given the known photodetachment cross section from reference [130]. A preliminary
analysis indicates that MIRACLS’ signal sensitivity is three orders of magnitude larger compared
to previous single-passage measurements [124, 125]3. Due to the outstanding boost in signal
sensitivity a continuous-wave laser beam with a laser power of around 2 mW is sufficient
for MIRACLS to observe the process of photodetachment around the threshold energy (see
section 3.3.2).

2Note that there is a difference to the experimental sensitivity for fluorescence-based CLS introduced in
chapter 2 which is limited by the signal-to-noise ratio.

3When improving the neutral particle detection efficiency for MIRACLS (e.g. by employing state-of-the-art
neutral-particle detectors [126]) it is expected, that the signal sensitivity can be further increased.
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surement with 430 ms as storage time is performed.
All the other storage times are obtained by setting
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3.3.2 Measurement of the Electron Affinity in 35Cl
For determination of the EA of 35Cl, an ion bunch containing approximately 6000 ions is
confined in the MR-ToF device for 520 ms for each measurement cycle lasting 1.84 s. The
photodetachment measurement is hence performed on around 3000 ions/s, which is around
280,000-times lower compared to the previous 35Cl measurement [124], around 1100-times lower
compared to the 211At measurement [118] and around 10-times lower compared to the 128I
measurement [125]. The measurement of the EA of 35Cl is performed within 3 days, mimicking
the conditions of a measurement run at a RIB facility. As discussed, a continuous-wave
laser of around 2-mW of laser power is used and the laser frequency is scanned around the
photodetachment threshold energy of Chlorine. Neutral atoms impinging on the MagneToF
detector located downstream of the MR-ToF device are recorded as a function of the photon
energy (see figure 3.6).

A fit with the Wigner threshold law (see equation 3.1) results in an EA of 3.612751(14) eV
for 35Cl which is in perfect agreement with the literature value of 3.612725(28) eV [124]4. This
idealized analysis assumes a kinetic beam energy of 1435.8(61) eV. The uncertainty on the beam
energy is mainly due to the transient behaviour of the high-voltages switches employed. This
systematic error on the beam energy leads to an almost negligible systematic uncertainty on
the electron affinity of around 2.3 µeV. In reality, however, the energy of the stored ions in the
MR-ToF device ranges from 0 to 5 keV, given that the ions are temporarily accelerated up to
5 keV in the radial refocusing section of the electrostatic mirrors before they are slowed down and
reflected. This non-monochromatic velocity distribution of the ions requires to take a continuous
Doppler shift into account for a complete evaluation of the photodetachment-threshold energy.
Moreover, ions that move away from the detector also undergo photodetachment causing a
blueshift depletion of the overall ion population. At photon energies slightly below the threshold
a negative photodetachment signal is hence expected. A preliminary analysis of these effects

4The uncertainty of the literature value is a combination of statistical and systematic effects whereas for the
MIRACLS result only the statistical error is given.
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Figure 3.6: Cross section spectrum for 35Cl obtained with the MIRACLS technique employing a
continuous-wave laser beam with around 2 mW of laser power around the photodetachment threshold.
The blue data points represent the measurement data, the red dashed line the corresponding Wigner fit.
The photon energy is given in the ions’ rest frame, assuming a constant beam energy of 1435.8 eV. See
text for details.

shows no significant degradation of the measurement precision of MIRACLS. More details
about the determination of the electron affinity in the MIRACLS approach will be published in
an upcoming manuscript, currently in preparation [10].

The first photodetachment-threshold measurement in an MR-ToF device provides confidence
in the future application of the MIRACLS technique for high-precision isotope shift measure-
ments as well as highly-sensitive EA measurements of various (radioactive) species. Upgrades
beneficial to increase MIRACLS’ current precision are discussed in the next section.

3.4 Outlook to Future Applications for Rare Isotope Sciences
3.4.1 High-Precision Isotope Shift Measurements Between 35,36,37Cl
Since the isotope shift between the two stable chlorine (Cl) isotopes is more precisely predicted
in theory [123] than experimentally measured [124], a more precise isotope shift measurement
would provide a valuable benchmark of many-body particle calculations. For high-precision
isotope shift measurements between 35,37Cl and the long-lived 36Cl with the MIRACLS technique
major upgrades on the laser, vacuum and neutral particle detection system are required though.

Due to the lack of a dedicated differential pumping section between Paul trap and MR-ToF
device in MIRACLS’ low-energy device, the Helium buffer gas leaked into the Paul trap
degrades the vacuum quality in the MR-ToF device. This causes increased collisional-induced
neutralization and, thus, limits the half-life of ion storage in the trap. In a new MR-ToF setup,
possibly operating at cryogenic temperatures, the vacuum quality is expected to be significantly
improved and collisional-induced neutralization is hence minimized. MR-ToF devices operating
at cryogenic temperatures have already been built in the past for other purposes, see e.g.
references [102, 131].

Another increase in sensitivity could be possible by improving the laser power. The measure-
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ments discussed above have been performed with the MIRACLS’ laser system as previously used
for fluorescence-based CLS [4]. A significant loss in laser power is due to a 25-m optical fibre
which transports the laser light from the temperature-stabilized laser laboratory to MIRACLS’
low-energy setup. While for fluorescence-based CLS a laser power of around 1 mW is sufficient,
photodetachment measurements would strongly benefit from an increased laser power. When
improving the laser setup and installing it directly next to the ion-optical setup, a boost in
laser power by at least a factor 20 is feasible with the same laser equipment.

In combination with improvements of the neutral particle detection system (e.g. by modifying
state-of-the-art neutral-particle detectors [126] to be almost background-free also for continuous-
wave laser beams) the sensitivity of the MIRACLS technique is hence expected to be further
increased. Since those neutral particle detectors are transparent to the laser light, co- and
anticollinear measurements can be performed with a single laser beam. This way, the systematic
uncertainty of the ion beam energy can be further reduced.

The improvements in sensitivity and accuracy attainable by these upgrades on the laser,
vacuum and neutral particle detection system are expected to permit high-precision measurement
of the isotope shift in the EA between stable Cl isotopes as well as the long-lived 36Cl isotope.
The MIRACLS technique is expected to become highly relevant for isotope shift measurements
of various (radioactive) species after its first science case with Chlorine.

3.4.2 Highly Sensitive EA Measurements of Various Radioactive Elements
The demonstrated increase of signal sensitivity by 3 orders of magnitude of the MIRACLS tech-
nique will enable EA measurements of various radioactive ion species for the first time. These
measurements of scarcely produced (radioactive) elements will constitute powerful benchmarks
of atomic theories reliant on many-body quantum mechanics. Especially, measurements of
the EA in superheavy elements provide an excellent test of the validity of fundamental atomic
physics theories taking relativistic effects into account.

In summary, the first measurement campaign of 35Cl confirms MIRACLS’ outstanding
boost in signal sensitivity and additionally enables the measurement of the EA of 35Cl, which
is in perfect agreement with the literature value [124] even though continuous-wave lasers
with a much reduced power density and a significantly smaller ion sample are employed. This
experiment provides confidence in the application of the new technique for high-precision isotope
shift measurements between 35,36,37Cl as well as highly sensitive and/or high-precision EA

measurements of various other (radioactive) species.
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4 Doppler and Sympathetic Cooling for the
Investigation of Short-Lived Radionuclides1

4.1 Motivation and Introduction of the Technique
The combination of ion traps and lasers at MIRACLS provides unique opportunities for the
development of experimental techniques for next-generation RIB experiments. One of these is
laser cooling to obtain ion bunches with unprecedented beam quality. Ever since its introduction
in the mid 1970s [132, 133], laser cooling has become a fundamental technique to prepare
and control ions and atoms for a wide range of precision experiments. In the realm of rare
isotope science, for instance, specific atom species of short-lived radionuclides have been laser-
cooled for fundamental-symmetries studies [134–139] or for measurements of hyperfine-structure
constants [140] and nuclear charge radii [141, 142]. Nevertheless, because of its simplicity and
element-universality, room-temperature buffer-gas cooling in a linear Paul trap cooler-buncher
is more commonly used at contemporary RIB facilities. Recent advances in experimental RIB
techniques, especially in laser spectroscopy and mass spectrometry, would however strongly
benefit from ion beams at lower temperature.

The longitudinal emittance, which is at the time-focus point given by the product of the
energy and time spread, is an important parameter to describe the beam quality of an extracted
ion bunch from the Paul trap. Since the longitudinal emittance scales linearly with the beam
temperature [36, 72], laser cooling can be beneficial to decrease the longitudinal emittance
by several orders of magnitude. Doppler cooling allows one to achieve temperatures down to
the Doppler cooling limit which is given by T = ℏw/2kB with ℏ being the reduced Planck’s
constant, w the line width of the atomic transition and kB the Boltzmann constant [143]. For
singly-charged magnesium isotopes in the D1 or D2 line the Doppler cooling limit is for instance
1 mK. This is significantly smaller than 300 K as achievable with standard room-temperature
buffer-gas cooling.

Sympathetic ion cooling by co-trapping with a laser-cooled ion species could open a path for
a wide range of atomic and molecular sub-Kelvin RIBs. As such, the reduction in ion-beam
temperature is no longer limited to laser-coolable ion species.

Laser and sympathetic cooling at RIB facilities is expected to become a powerful tool to
push the current precision frontier in nuclear structure and searches for new physics with
radionuclides. One recent measurement showed that by performing laser-induced fluorescence
spectroscopy on sympathetically cooled, stable 106,108,110,112,114,116Cd ions stored in a Paul trap,
a nearly five-fold precision increase of the rms charge radii measurements of 100−130Cd could
be achieved [89]. To this end, stable Ca and Cd isotopes were simultaneously stored in the
Paul trap, one laser beam was overlapped with the stored ions for Doppler cooling of Ca and
another laser beam was used to probe the hyperfine structure of the atomic transition of the
sympathetically cooled Cd isotopes. The emitted photons were detected by a photomultiplier
tube located above the Paul trap. Hence, high-precision isotope shifts between the stable Cd
isotopes were possible which allowed to extract the specific mass shift factor SMS and the field
shift factor FF S more precisely. These improved factors were then used for the recalculation of

1Some of the text of this chapter is based on F.M.Maier and S.Sels, Isolde Newsletter 2022. Link: https:
//isolde.web.cern.ch/sites/default/files/ISOLDE%20Newsletter%202022_0.pdf
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the nuclear charge radii for 100−130Cd resulting in a nearly fivefold precision increase. Note that
Cd has also been identified as a good candidate in searches for new physics via King-plot non-
linearities [144]. Exploiting radioactive Cd ions for this purpose may constitute an intriguing
opportunity to increase the sensitivity of these searches provided that the remarkable precision
obtained with stable isotopes [89, 145, 146] can be translated to short-lived radionuclides, too.
An important prerequisite for this is the Doppler or sympathetic cooling of radioactive ions. In
order to prevent significant losses due to the radioactive decay of the ions, the cooling time
needs however to be significantly reduced to cool externally produced radioactive ions.

4.2 Experimental Results
We demonstrate that laser cooling is compatible with the timescale imposed by short-lived
radionuclides as well as with existing instrumentation at RIB facilities, see thesis article I [11].
A beam of externally produced 24Mg+ ions is injected into the linear Paul trap of the MIRACLS
low-energy setup (see section 2.3) in which the ions are cooled by a combination of a low-pressure
buffer gas and a 10-mW, continuous-wave laser beam with a wavelength of ≈ 280 nm. An
overview of the Paul trap cooler-buncher is shown in figure 4.1.

Figure 4.1: Schematic overview of the Paul trap
cooler-buncher in MIRACLS’ low-energy setup:
The ions are either cooled through collisions
with room-temperature Helium buffer gas or
via Doppler cooling. For the latter a 280-nm
continuous-wave laser beam is overlapped with
the ions. Figure taken from thesis article I [11].

Figure 4.2: Simulated action diagram in longitudi-
nal direction for Doppler and 300-K buffer-gas cool-
ing. Each point corresponds to one simulated ion
extracted from the Paul trap and transported to
a near ToF detector. The simulations for Doppler
cooling are performed with -150 MHz detuning in
respect to the D2 transition frequency in 24Mg+

ions and 1e-6 mbar buffer-gas pressure.

The Paul trap operation with standard 300-K buffer gas is explained in section 1.4.1. Due
to the combination of Doppler and low-pressure buffer-gas cooling temporal widths of the
extracted ion bunch as low as a few nanoseconds have been achieved. This corresponds to an
ion-beam temperature of around 6 K2 and is obtained within a cooling time of ≤ 200 ms despite
an initial kinetic energy of the incoming ions of a few electronvolts at the trap’s entrance. The
longitudinal emittance was hence improved by around a factor 50. Figure 4.2 depicts the action

2Note that ion optical simulations indicate that the time-focus point for cooling at varying buffer-gas temper-
atures and laser-cooled ions occur at different spatial positions. Thus, the comparison of the ToF widths
for different cooling schemes at a fixed detector position may provide an incomplete picture. In fact, the
energy distribution of the simulated laser-cooled ions suggests that the (longitudinal) ion-cloud temperature
is actually <1 K, see thesis article I [11].
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diagram in longitudinal direction for Doppler and 300-K buffer-gas cooling. Time-of-flight
spectra of the stable Mg isotopes as measured on an ion detector after extraction from the Paul
trap are shown in figure 4.3, for standard buffer-gas cooling (blue) and for Doppler cooling (red).

Moreover, sympathetic cooling of co-trapped K+ and O+
2 ions is demonstrated. The peak

width could be reduced for 16O+
2 ions from 113(5) to 58(4) ns and for 39K+ ions from 180(13)

to 145(5) ns. With future improvements such as a better tunability of the intensity ratios of the
injected species, it is expected that the peak widths of the sympathetically cooled ion species
can be reduced further. More details can be found in thesis article I [11].
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ions after extraction from the Paul trap cooler-
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Figure 4.4: Mass resolving power for 24Mg+ ions as
a function of storage time in the MR-ToF device for
Doppler and 300-K buffer-gas cooling. Note that
the buffer-gas cooling measurement is performed
with only the residual gas present in the Paul
trap. If more helium buffer gas is leaked into the
Paul trap, the MR-ToF vacuum quality is reduced
and the mass resolving power degraded. For more
details see thesis articles I and III [11, 12].

As a first application, a laser-cooled ion bunch of 24Mg+ ions is transferred into MIRACLS’
low-energy MR-ToF device. This improved the mass resolving power and reduced the necessary
MR-ToF storage time compared to conventional buffer-gas cooling (see figure 4.4 and thesis
articles I and III [11, 12]). For buffer-gas cooling it takes around 22 ms to achieve a mass
resolving power of 1e5, while for laser cooling it only takes 4 ms. This is a consequence of
the much smaller time spread of the ions. Also the finally reachable mass resolving power in
the limit of infinite revolutions is for laser cooling significantly larger, which is related to the
reduced energy spread for laser cooling.

In another show-case application, the time-of-flight of the extracted ions impinging on an ion
detector located downstream of the Paul trap is measured as a function of the cooling laser
frequency, see figure 4.5. The abrupt change in peak-width around the laser cooling-heating
transition for 24Mg+ and 26Mg+ ions is used to extract the isotope shift in the D2 line between
the two stable Mg isotopes, δν26,24 = 3090(4)stat(26)sys. The value is in good agreement with
the literature value [147] and comparable in precision to collinear laser spectroscopy with fast
ion beams at RIB facilities. This technique is applicable for all directly laser-coolable ions with
sufficiently long half-lives to reach the cooling equilibrium in the Paul trap, such as for instance
Be, Mg, Ca, Sr, Ba, Ra, Hg, Yb and Cd (some of them would require a second repumping laser
though). Physics interests include the study of the nuclear shell structure [78, 86, 148–150]
and nuclear shapes [108]. More details can be found in thesis article I [11].
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Figure 4.5: Peak-width of the experimental ToF signal as a function of the laser frequency, spanning
laser cooling and heating of 24Mg+ and 26Mg+ ions. The x-axis offset is taken as the literature value for
the absolute frequency of the D2 transition in 24Mg+ ions [147]. The two inserts on the top show a
zoom of the data. Figure taken from thesis article I [11].

4.3 Outlook to Future Experiments at RIB Facilities
The presented results open a path towards a significant improvement in ion-beam emittance
and thus unprecedented ion-beam qualities at RIB facilities, achievable with standard readily
available equipment. In a next step, online laser-cooling experiments can be envisioned, for
instance in the new MIRACLS Paul trap [98, 99]. In addition to the experimentally demon-
strated improvement in performance for MR-ToF mass spectrometry, the simulation studies
suggest a significant improvement in precision for Penning-trap-based mass measurements
when combining laser-cooled ion bunches with the phase-imaging ion-cyclotron resonance
method [151]. Moreover, collinear laser spectroscopy also benefits from an improved emittance
achievable with laser cooling. Due to the simultaneously reduced time and energy spread of
the Doppler or sympathetically cooled atoms or molecules, narrower time gates can be set for a
reduction of the laser-induced background.

Even though many of the envisioned applications could be pursued in existing equipment
at RIB facilities, a dedicated Paul trap for laser cooling could offer new possibilities. In such
an improved setup, buffer-gas cooling would happen in a first stage and laser cooling in a
second stage. This multi-stage approach would improve the efficiency and reduce the beam
temperature further, see thesis article I [11]. A dedicated Paul trap for laser cooling would also
house photodetectors for in situ monitoring of the cooling mechanism and for high-precision
laser spectroscopy measurements within the Paul trap itself.

Summing up, laser cooling promises new opportunities for future high-precision studies with
radioactive cold trapped ions and a significantly improved beam emittance at RIB facilities.
Via sympathetic cooling this approach is universally applicable in providing cold ion beams
to subsequent experimental stations. As such, it also offers a cooling option for radioactive
molecules for fundamental physics research [96].
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5 Highly Selective and High-Flux Mass
Separation for Short-Lived Radionuclides

5.1 Motivation and Current Challenges
Many experiments at RIB facilities suffer from isobaric contamination, i.e. unwanted ions of
similar mass. Over the last 20 years, MR-ToF devices have gained remarkable attention for
mass separation of short-lived radionuclides at RIB facilities throughout the world [24–33, 152].
They exceed mass resolving powers of 1e5 within (some tens of) milliseconds, see section 1.4.2.
MR-ToF mass separation is however only possible up to a limited number of ions. At large ion
densities, Coulomb interactions between the stored ions become prominent and so-called space
charge effects pose a challenge for mass separation. This limits the wider application of MR-ToF
mass separators at RIB facilities since the ion species do not separate in mass-over-charge m/q
any longer when too many ions are simultaneously confined [100, 101, 153, 154].

The maximal ion flux of an MR-ToF device is given by

ϕmax = Nmax/tproc, (5.1)

where Nmax is the maximal number of simultaneously stored ions and tproc is the experimental
cycle duration which it takes to achieve the required mass resolving power in the MR-ToF
system. It is here also called processing time.

Figure 5.1 shows the ion maximal ion flux of existing state-of-the-art MR-ToF devices versus
the m/∆m ratio [30, 31, 100, 101, 155–157], where m is the mass of the isotope of interest and
∆m is the mass difference between the isotope of interest and the contaminating species. For
higher m/∆m ratios of around 1e5 ions/s the maximal ion flux drops to less than a few 100
ions/s.

However, many fields at RIB facilities would strongly benefit from isobaric pure beams
with a larger ion intensity. An advanced MR-ToF mass separator apparatus could offer new
opportunities for fundamental symmetry studies, nuclear structure, nuclear astrophysics or
material science. For instance, pure radioactive ion beams with a higher ion intensity are
important for the antiProton Unstable Matter Annihilation (PUMA) project [159] for the study
of the interaction of antiprotons with radioactive nuclei. Another example where a high-flux
beam purification would be highly beneficial are high-precision branching ratio measurements
in 10C for weak interaction studies [160]. For this purpose, 10C16O needs to be mass separated
from the overwhelming contamination of 13N2 (m/∆m = 90,000). Also for the production of
innovative medical isotopes [161, 162] an MR-ToF system with a large ion throughput would
be highly beneficial to reduce the need of chemical separation, radioactive activity during
transport and handling and radioactive waste. Especially 149Tb is a promising candidate for
in-vivo studies for diagnostics and therapy of tumor cells. It is the only α-emitter below lead
that has a half-life that is compatible with therapeutical applications. Since it also has a
significant β+-emission it can also be used for positron emission tomography to monitor the
tumor cells during the therapy process [163]. At ISOLDE 149Tb is produced via β-decay of
149Dy. Unfortunately, Dy can only be produced with a large beam contamination of Eu, Gd
and oxide sidebands [164]. To remove the unwanted contaminants directly after production
a highly selective mass separation with m/∆m > 20, 000 would be required. To collect 1 ng
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Figure 5.1: Measured maximal ion flux as a function of m/∆m for different existing state-of-the-art
MR-ToF devices [30, 31, 100, 101, 155–157] and ion flux simulations in ORISS MR-ToF device [158].
Additional information: The reported maximal ion-flux values for TITAN are the limit for high-precision
mass measurements, the ones for mass separation are expected to be slightly larger. For ISOLTRAP’s
measurements of the maximal ion throughput more than 7% of the ions are overlapping, especially
for m/∆m = 27, 200, which is most likely explaining its offset from the maximal ion flux reported by
Giessen.

over one 149Tb half life (4.1 hours) an ion flux of 1e9 ions/s is additionally needed. Current
state-of-the-art MR-ToF systems however only provide an ion throughput of around 1e5 ions/s
for this m/∆m ratio, see figure 5.1.

Ion-optical simulations including space charge effects show that the maximal ion flux in
MR-ToF devices is significantly increased when changing the kinetic energy of the stored ions
from 1.5 keV to 30 keV (see thesis article III [12]). Other approaches such as advanced ion
beam preparation in the cooler-buncher are shown in the simulation to enhance the resolving
power and/or processing speed while the maximal ion flux remains essentially the same. The
validity of the simulation approach is benchmarked by comparing it with measurements in
MIRACLS’ low-energy MR-ToF device (see section 5.2). Finally, the simulation code is used to
configure and optimize a general-purpose MR-ToF mass separator for the ISOLDE community.
Based on the simulation work, this instrument has the prospect of increasing the maximal ion
flux by almost two orders of magnitude compared to existing state-of-the-art MR-ToF systems
(see section 5.3).

5.2 MR-ToF Mass Resolving Power and Space Charge Simulations
and their Experimental Benchmarking

For an in-depth benchmarking of the space-charge simulation code with experimental data, we
take advantage of the fact that space charge effects in MR-ToF devices can not only prevent
the mass separation of two simultaneously stored ion species but also affect the temporal ion
bunch width of the stored ions [153, 154, 165–169].

An in-situ monitoring of the properties of the stored ion bunches is possible by observing
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time-resolved photon emission following a collisional excitation [2]. After an inelastic collision
between ions confined in the MR-ToF device and residual gas particles, emitted photons
are detected by a photomultiplier tube installed above the central drift tube of MIRACLS’
1.5-keV MR-ToF device. Figure 5.2 shows the photon count rate versus time-of-flight since
ion extraction from the Paul trap for 24Mg+ ions for around 4000 and 20,000 simultaneously
stored ions for the 34th revolution in the MR-ToF device. When more ions are simultaneously
confined, Coulomb interaction can for certain MR-ToF operation settings lead to a reduction of
ToF peak width. This is referred to as selfbunching [153, 154, 165–169] and [2]. Simulation and
experiment are in excellent agreement. More examples comparing simulation and experiment
are shown in thesis article III [12].

Another benchmark of the space-charge simulation code is found by comparing the simulated
ion-flux values of MIRACLS’ 1.5-keV MR-ToF setup with experimental data from existing
low-energy MR-ToF setups, see figure 5.3 and thesis article III [12]. All ion-flux values are
within a factor of 4 the same even though the designs of the MR-ToF devices are fairly different,
the mass numbers are ranging from A = 24 to A = 238 and the ratios between the number of
ions of interest versus the number of contaminants are varying as well.

Moreover, the simulated and experimentally measured curves of mass resolving power versus
storage time in MIRACLS’ low-energy setup are in good agreement to each other for 300-K
buffer-gas cooling and Doppler cooling (see figure 5.4), when correcting the finally attainable
mass resolving power Rinf in the simulations by a factor 3. This factor 3 mismatch is most likely
due to residual gas present in the experiment but not taken into account in the simulations,
see thesis article III [12] for more details.

Given the excellent agreement between the ion-optical simulations and the experimental
results, the simulations are in a next step used to explore different options to increase the mass
resolving power and maximal ion flux (see section 5.3 and thesis article III [12]).
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Figure 5.2: Photon counts versus time-of-flight since ion extraction from the Paul trap and after 34
revolutions in the MR-ToF device for 24Mg+ ions in MIRACLS’ low-energy MR-ToF device. The
experimental data (red) is compared to the simulated spectrum of the detected photons (blue). Figure
taken from thesis article III [12].
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5.3 Conceptual Design and Simulation Results of the Envisioned
Mass Separator

The simulated maximal ion flux in MIRACLS’ 1.5-keV MR-ToF system is around a factor 20
larger, when increasing the beam energy from 1.5 keV to 30 keV. Hence, MIRACLS’ 30-keV
MR-ToF setup as designed for high-resolution laser spectroscopy (see figure 2.10 and chapter 2)
will also become beneficial for mass separation with high ion intensity. Indeed, after some
slight design changes and reconfiguration MIRACLS’ 30-keV MR-ToF device will allow highly
selective mass separation with almost 2 orders of magnitude higher ion throughput compared
to state-of-the-art low-energy MR-ToF devices as our simulation studies indicate (see thesis
article III [12] and figure 5.3).
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Figure 5.3: Experimental maximal ion flux versus m/∆m for different low-energy MR-ToF devices and
simulated maximal ion flux for MIRACLS’ 1.5-keV and 30-keV mass separator. The ion-flux values
correspond to the total incoming ion beam consisting of ions of interest and contaminants. See thesis
article III [12] for details. The maximal ion-throughput values for some first science cases of PUMA,
medical isotope production and branching ratio measurements in 10C are indicated for MIRACLS’
30-keV MR-ToF device.

In order to obtain a high mass resolving power the length of the central drift tube of
the MR-ToF device needs to be shortened from 690 to 425 mm. Only then an isochronous
operation of the MR-ToF device becomes possible in which the revolution period is fairly
independent from the energy of the ions. Moreover, to achieve a mass separation in less than a
few milliseconds storage time a larger extraction field strength needs to be applied to MIRACLS’
new room-temperature Paul trap [98, 99] compared to the laser spectroscopic application. This
also requires a shortened distance between Paul trap and MR-ToF device for an ideal matching
of the time-focus point onto the ToF detector or an ion selector (e.g. a Bradbury-Nielsen
Gate), see section 1.4.1. After these modifications, a mass resolving power of 1e5 is reached
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Figure 5.4: Simulated mass resolving power versus storage time for 24Mg+ ions in MIRACLS’ 1.5-keV
and 30-keV MR-ToF device (dashed lines). For MIRACLS’ 1.5-keV device experimental measurements
for 300-K buffer-gas cooling and around 15-K Doppler cooling are additionally shown (points). Note
that the simulated finally attainable mass resolving power Rinf is in the simulations actually a factor 3
larger than in the experiment. This mismatch is attributed to residual gas present in the experimental
setup but not in the simulations. The same correction factor for Rinf is also applied to the simulations
of MIRACLS’ 30-keV MR-ToF device although its exact value is difficult to anticipate. See thesis article
III [12] for details.

in the simulations for a storage time in the MR-ToF device of 3 ms which corresponds to
750 revolutions for 24Mg+ ions (see figure 5.4). The maximal achievable mass resolving power
Rinf in the simulations is 1.15e6 for 24Mg+ ions. For simulations with ion masses 132 u and
250 u a slightly better Rinf up to 1.6e6 is feasible. Due to the impact of residual gas present in
the experimental setup we expect some reduction of Rinf . In MIRACLS’ low-energy setup the
reduction from simulated to experimental Rinf is a factor 3. The vacuum quality in the new
setup will be improved by e.g. a dedicated differential pumping section to prevent Helium gas
from the Paul trap to reach the MR-ToF device. The capabilities in mass resolving power of
the envisiond new mass separator are hence expected to be better or comparable to existing
state-of-the-art MR-ToF apparatus while the ion flux will be increased by almost 2 orders of
magnitude, see figure 5.3.

5.4 Outlook
The newly envisioned 30-keV MR-ToF mass separator is expected to fulfil the requirements of
PUMA. The ion flux for providing isobaric pure Mg or isobaric pure Sn isotopes, which are
among the first science cases of PUMA that require an MR-ToF apparatus, is above 1e5 ions/s
of total incoming beam. High-precision branching ratio measurements in 10C will also benefit
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from a mass separation of 10C16O from the contaminating 13N2 and 12C14O molecules with an
estimated ion throughput of around 1e5 ions/s in the new 30-keV MR-ToF mass separator. For
mass separation of the 149,152,155Dy isotopes, which β-decay to 149,152,155Tb isotopes, that are
of medical interest, the ion flux will be increased from the current 1e5 ions/s to 1e7 ions/s in
the new apparatus. This is an important step towards the ultimate goal of 1e9 ions/s. If a
breaking of the molecules forming the oxide sidebands could be realized either by collisions
with buffer-gas atoms in the Paul trap [170, 171] or by laser-induced photo-dissociation, the
ion flux could be further increased for the production of 149,152,155Tb isotopes.

Ultimately, the MR-ToF system should be embedded into a wider effort for RIB purification
including target, ion source and magnetic mass separators to deliver a highly pure ion sample
at high ion rates to RIB experiments. Virtually all fields of rare isotope science pursued at
low-energy branches of RIB facilities would benefit from an improved mass separation. Once
MIRACLS’ 30-keV MR-ToF setup is fully constructed and commissioned and once the CLS
measurements are completed, it will serve as a prototype towards a general-purpose mass
separator for the ISOLDE community. At its initial stage it will deliver purified ion beams to
PUMA and possibly travelling experiments.

32



6 Conclusion

Ion traps such as Paul traps and MR-ToF devices are indispensable tools at RIB facilities for
the preparation of high-quality radioactive ion beams for subsequent experiments or for precise
measurements of the properties of radioactive ions, such as nuclear binding energies or nuclear
charge radii.

Within the work of this thesis, Doppler and sympathetic cooling at RIB facilities was
implemented in a Paul-trap cooler-buncher enabling a reduction of the longitudinal emittance
by a factor of around 50 (see thesis article I [11]). This attained ion beam quality achievable
with standard readily available equipment improved the mass resolving power of MIRACLS’
1.5-keV MR-ToF device significantly. Other high-precision studies aiming to answer questions
in nuclear structure and fundamental symmetry will also benefit from the improved ion beam
emittance as dedicated simulation studies show.

Additionally, a new MR-ToF mass separator was conceptualized in order to provide isobaricly
pure beams with a high ion intensity to subsequent experiments (see thesis article III [12]).
Once fully constructed and commissioned, it will operate at an unprecedented ion beam energy
of 30 keV. Simulation studies indicate that the ion throughput of this new device will be
almost 2 orders of magnitude higher while the mass resolving power of current state-of-the-art
MR-ToF devices is maintained. The simulations studies were successfully benchmarked by
experimental data taken in MIRACLS’ 1.5-keV MR-ToF device. Isobaricly pure beams with a
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.

This 30-keV MR-ToF mass separator is based on MIRACLS’ 30-keV MR-ToF device for
highly sensitive and high-resolution collinear laser spectrosopy (see thesis article II [6]). By
storing the ions in the Multi Ion Reflection Apparatus for CLS (MIRACLS), the same ion
bunch is probed by a spectroscopic laser for thousands of times compared to a single passage
in traditional CLS. Dedicated simulation studies show that the accuracy and resolution will be
close to traditional single-passage CLS while the sensitivity is significantly enhanced. Hence,
measurements of nuclear properties via fluorescence-based CLS of very rare radionuclides
as well as highly sensitive and high-precision measurements of electron affinities via laser-
photodetachment-threshold spectroscopy of negatively-charged (radioactive) ions will become
possible.

First measurement campaigns employing MIRACLS’ 1.5-keV MR-ToF device confirm the
outstanding boost in signal sensitivity and provide confidence in the application of the MIRACLS
technique for the measurement of scarcely produced radioactive ions that have been so far
beyond the reach of conventional techniques (see references [1–5] and chapter 3). These
measurements will serve as important benchmarks for modern atomic and nuclear theory,
especially in its description of nuclear charge radii.

In summary, the implementation of Doppler and sympathetic cooling at RIB facilities,
the conceptualization of a 30-keV MR-ToF apparatus for highly selective and high-flux mass
separation as well as for highly sensitive and high-resolution fluorescence-based laser spectroscopy
and the expansion of the MIRACLS technique for the study of negatively-charged ions will
enable unprecedented new measurement opportunities at RIB facilities.
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At radioactive ion beam (RIB) facilities, ions of short-lived radionuclides are cooled and bunched in buffer-
gas-filled Paul traps to improve the ion-beam quality for subsequent experiments. To deliver even colder ions,
beneficial to RIB experiments’ sensitivity or accuracy, we employ Doppler and sympathetic cooling in a Paul
trap cooler-buncher. The improved emittance of Mg+, K+, and O+

2 ion beams is demonstrated by a reduced
time-of-flight spread of the extracted ion bunches with respect to room-temperature buffer-gas cooling. Cooling
externally-produced hot ions with energies of at least 7 eV down to a few Kelvin is achieved in a timescale of
O(100 ms) by combining a low-pressure helium background gas with laser cooling. This is sufficiently short to
cool short-lived radioactive ions. As an example of this technique’s use for RIB research, the mass-resolving
power in a multireflection time-of-flight mass spectrometer is shown to increase by up to a factor of 4.6 with
respect to buffer-gas cooling. Simulations show good agreement with the experimental results and guide further
improvements and applications. These results open a path to a significant emittance improvement and, thus,
unprecedented ion-beam qualities at RIB facilities, achievable with standard equipment readily available. The
same method provides opportunities for future high-precision experiments with radioactive cold trapped ions.

DOI: 10.1103/PhysRevResearch.4.033229

I. INTRODUCTION

Radioactive ion beam (RIB) facilities around the world
specialize in producing beams of short-lived radioactive nu-
clides for a broad range of scientific experiments [1–9].
Studies of these exotic radionuclides extend our knowledge of
the nuclear forces which bind protons and neutrons together
to form atomic nuclei, guide nuclear astrophysics in its un-
derstanding of the formation of the chemical elements, and
enable precision experiments on nuclear probes to search for
new physics beyond the standard model of particle physics
[10–12]. Moreover, modern RIB facilities play a central role
in nuclear applications for solid state, bio-, and medical
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physics, in particular, in the quest for innovative medical
isotopes [13–16].

To meet the ion-beam requirements of RIB experiments,
ions are often cooled and bunched to improve the beam
quality before being transported to dedicated experimental
instruments. Typically, this cooling is performed by buffer-
gas-filled linear Radio Frequency (RF) ion traps, also called
Paul traps [17–25]. In the context of RIB facilities, these ion
traps are commonly referred to as cooler bunchers. They are
able to capture, accumulate, bunch, cool, and eject virtually all
species of ions, making them versatile and often indispensable
tools. The cooling limit achievable in such a linear Paul trap
is on the order of the buffer-gas temperature [26–28]. In most
operational cooler-bunchers at RIB facilities, this corresponds
to room temperature of about 300 K, and a few instruments
can operate at liquid nitrogen temperature [21,29].

However, in other fields of research, experiments take
advantage of much colder ensembles. For instance, laser cool-
ing of trapped neutral and ionized atoms and molecules has
revolutionized the field of experimental quantum physics.
Since its inception in the 1970s [30–33], it has been a

2643-1564/2022/4(3)/033229(19) 033229-1 Published by the American Physical Society



S. SELS et al. PHYSICAL REVIEW RESEARCH 4, 033229 (2022)

cornerstone in several Nobel-prize-winning experiments
[33–35] as it allows for a precise preparation and quantum
coherent control of cold trapped atoms and molecules. In
the meantime, various laser-cooling techniques have been de-
veloped [36] and laser cooling has become a standard tool
for high-precision research and applications such as atomic
clocks [37], quantum information science [38], the search for
physics beyond the standard model [39], and the study of anti-
matter [40,41]. In contrast to buffer-gas cooling, temperatures
achievable with Doppler laser cooling [36] are several orders
of magnitude lower and only restricted by the Doppler cool-
ing limit, T = h̄�/2kB [42]. Here, h̄ is the reduced Planck’s
constant, � is the atomic transition linewidth, and kB is Boltz-
mann’s constant. For instance, in singly charged magnesium
ions, the cooling limit becomes T ≈ 1 mK when utilizing the
D1 and D2 cooling transitions [43].

The beam quality of an ion bunch extracted from a Paul
trap, expressed quantitatively as the ion beam emittance,
scales with the temperature of the ion ensemble [44]. The
relation between the temperature T of cooled, trapped ions
and the longitudinal emittance of a subsequently extracted ion
bunch can be quantified at the time-focus point in terms of the
latter’s energy spread �E and temporal width �t , following
[21]

(�E�t )95% ≈ 2π ln(20)kBT
√

m

2qC2
. (1)

Here, m and q represent the mass and charge of the ions,
respectively, while the trapping parameter C2 is related to the
axial trap depth (for details, see Ref. [21]).

Next-generation experiments at RIB facilities will have
increased demands on the quality of the RIBs. In this context,
laser cooling could provide the necessary reduction of ion
temperature for the formation of RIBs with hithero unmatched
qualities. By way of sympathetic cooling of cotrapped (ra-
dioactive) ions, this temperature reduction will not be limited
to the few laser-coolable ions, but will lead to a universal
availability of cold RIBs of any atomic or molecular species.

In this paper, we report on direct laser cooling of magne-
sium ions and sympathetic cooling of cotrapped atomic and
molecular ions in a Paul-trap cooler-buncher with the goal
of improving ion-beam emittance within a timescale that is
compatible with experiments involving short-lived radioactive
ions. To this end, we systematically study the properties of ex-
tracted ion bunches following laser and sympathetic cooling in
the ion trap. Our results show a significantly reduced temporal
ion-bunch width, indicating an improved longitudinal beam
emittance with respect to room-temperature buffer-gas cooled
ion bunches. The experimental results are in good agreement
with accompanying three-dimensional (3D) cooling simula-
tions of the experimental setup and procedures. In addition,
these simulations are benchmarked against a one-dimensional
(1D) numerical cooling model. Both tools, 3D simulation and
the 1D model, are employed to extend the cooling dynamics
beyond the experimentally accessible ion-bunch properties.
Thereby, we are able to envision and study applications of this
cooling method for various RIB experiments.

Laser-cooled ion bunches at RIB facilities will allow for
an increased sensitivity in collinear laser spectroscopy exper-
iments on exotic atoms or molecules [10,45–47]. Likewise,

this cooling scheme will increase the resolving power of
mass measurements of radionuclides. First, we experimentally
demonstrate the latter by inserting a laser-cooled ion bunch
into a multireflection time-of-flight mass spectrometer (MR-
ToF MS) [48–50], resulting in an improved mass-resolving
power. Second, we simulate how this cooling technique can be
used for the phase-imaging ion-cyclotron resonance (PI-ICR)
method in Penning-trap-based mass measurements [51,52].
Here, the simulation results promise an improvement in preci-
sion of up to two orders of magnitude. Finally, we show, as an
experimental validity check, that this cooling technique can
also be used for measuring isotope shifts between different
laser-coolable isotopes by observing the time-of-flight (ToF)
width of the extracted ion bunches as a function of cooling-
laser frequency.

Laser cooling at RIB facilities has been utilized for dedi-
cated trapped-ion or atom experiments [2,53–58], but never,
to our knowledge, for the delivery of high-quality (short-
lived) ion beams. Like-minded applications of laser cooling
have recently been pursued for improving the mass-resolving
power R = m/�m for ToF mass separation of stable nuclides
[59–62]. Our paper distinguishes itself in two aspects: First,
we report on the improvement of R by another two orders
of magnitude enabled by our unique combination of laser
cooling and MR-ToF mass spectrometry. Second, and more
importantly, we focus on laser-cooling applications of exter-
nally produced hot ions, as is the case for cooler bunchers
at RIB facilities. More generally, our paper discusses the
potential use of laser and sympathetic cooling for various
RIB experiments and demonstrates the feasibility of cooling
hot, energetic ions to few-Kelvin temperatures within time
constraints imposed by experiments with short-lived radionu-
clides. We thus propose this technique for future cooling of
RIBs. As demonstrated in the present paper, by utilizing an
unmodified cooler buncher, many laser-cooling applications
can be readily implemented in existing linear Paul traps at RIB
facilities despite their original design being focused on buffer-
gas cooling. In fact, buffer-gas cooling at low gas pressures
followed by laser cooling represents an attractive combination
to reduce the temperature of hot injected ions (demonstrated
here for E > 7 eV at the entrance of the Paul trap) to (sub)-
Kelvin level within a timescale compatible with half-lives of
radionuclides with T1/2 < 1 s. We also note the significance of
this step for future cold trapped-ion experiments at RIB facil-
ities. Cooling techniques, analogous to the ones demonstrated
in this paper, are critical prerequisites for laser-spectroscopy
experiments on cold trapped ions with short-lived radioactive
isotopes which aim to improve on the current precision fron-
tier in nuclear structure or beyond-standard-model physics, as,
for example, in fifth-force searches from precision isotope-
shift measurements [63,64].

II. EXPERIMENTAL SETUP AND METHOD

The main components of the experimental setup, sketched
in Fig. 1, are two ion sources that provide low-energy beams
of either magnesium (Mg+) or potassium (K+) ions and are
connected via a quadrupole bender to a linear segmented
Paul-trap cooler buncher, an MR-ToF device, and the laser
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FIG. 1. (a) Layout of the experimental setup showing the main
components with an enlarged, detailed view of the Paul trap cooler
buncher. There, Mg+ ions are Doppler cooled by 280-nm laser light
for direct or sympathetic laser cooling of other ions species. See text
for details. (b) dc potential along the Paul-trap axis during trapping
(solid blue) and extraction (dashed blue). The position of the individ-
ual dc trap electrodes is indicated in gray. The axial well depth UW

and ions’ excess energy Ui are shown as vertical arrows.

system. This apparatus is part of the MIRACLS project at
CERN-ISOLDE, detailed in previous publications [65–69].

Singly charged ions of stable magnesium isotopes,
24,25,26Mg+, with relative natural abundances of approxi-
mately 80, 10, and 10%, respectively, are produced by
electron-impact ionization of magnesium vapor from a resis-
tively heated crucible [70], similar to Ref. [71]. The positively
charged Mg+ ions are extracted from the ion source by a 240-
V potential difference. When another species is co-trapped
with the magnesium ions, they can either be ionized simul-
taneously in the same ion source or can be delivered by a
separate surface ion source of the standard ISOLDE design
[72–74]. The former is used in the case of dioxygen ions O+

2 ,
where the ion source is operated under different conditions
and the latter is utilized for the production of singly charged
potassium ions, K+. After extraction from the ion source(s),
the ions pass into a 90◦ electrostatic quadrupole bender which
is controlled by high-voltage (HV) switches to selectively de-
flect ions from one of the two ion sources toward the Paul trap.

The Paul trap cooler buncher consists of four rods that
provide the RF fields for radial ion confinement. They are each

split into five longitudinal segments of equal length to which
additional dc voltages are applied to create an axial potential
well. The characteristic Paul-trap dimension r0 of the mini-
mum distance of the rod surfaces to the trap axis is 6.2 mm.
The trap is operated in ac-only mode at an RF frequency
of 2 MHz and voltage amplitude of 140 V. Surrounding the
Paul trap electrodes is a grounded metallic housing for spatial
confinement of the helium buffer gas as well as two end-cap
electrodes with a 4 mm (2 mm) diameter aperture for injection
(extraction) of ions.

An electrostatic steerer upstream of the Paul trap, con-
trolled by a HV switch, acts as a beamgate; i.e., ions pass into
the cooler buncher during a well-defined ion-loading time.
This loading time typically ranges from 10 μs to 500 ms.
Subsequently, the ion beam is deflected away from the ion
trap’s entrance. The period after ion injection, during which no
additional ions are entering the trap, is referred to as cooling
time.

In full analogy to cooler bunchers at RIB facilities, the
Paul-trap electrodes are floated to a potential just below the
ions’ initial acceleration potential. This reduces the energy
of the incoming ion beam to a few electronvolts at the en-
trance of the trap, i.e., E = eUi as illustrated in Fig. 1(b).
The remaining energy is dissipated in the cooler buncher via
room-temperature helium buffer gas cooling, laser cooling, or
a combination of both. The ions are cooled into the bottom
of the Paul-trap’s potential well, which is in these studies
typically UW ≈ 7 eV below the potential barrier at the trap
entrance, shown in Fig. 1(b). Thus, a total energy of E =
e(Ui + UW ) has to be dissipated by the ion-cooling process
before the equilibrium temperature is reached. Note that UW in
our application is of similar value to potential wells typically
employed in cooler bunchers at RIB facilities.

A precision needle valve controls the flow of helium gas
into the Paul trap to typical pressures ranging from a residual
pressure of 10−8 mbar, when the valve is closed, to 10−5 mbar,
as measured by a pressure gauge connected to the vacuum
chamber housing the Paul trap. According to gas-flow sim-
ulations performed in Molflow+ [75], a helium pressure of
10−5 mbar in the vacuum chamber corresponds to 10−2 mbar
inside the Paul trap, when helium is being leaked in.

When laser cooling is applied, a continuous-wave laser
beam with a wavelength of 280 nm with typical laser powers
of 0.25 to 20 mW and a diameter of 2 mm is directed into
the Paul trap during the entire measurement sequence. Due
to the lack of transversal optical access in the present setup,
the laser direction is limited to the longitudinal axis of the
Paul trap. For Doppler cooling, the frequency of the laser is
set below the resonance frequency (i.e., red-detuned) of the
3s 2S1/2 → 3p 2P3/2 transition (D2 line) of the singly charged
Mg+ ions. The addition of low-pressure buffer gas speeds up
the initial ion-energy reduction from higher energies (>7 eV
at the point of injection) to energies at which laser cooling can
be efficiently applied.

The laser light used for Doppler cooling of Mg+ ions
is generated by the setup detailed in Ref. [65]. In short, a
Spectra Physics 20 W Millennia eV laser (Nd-YAG) pro-
duces 532 nm laser light that pumps a Sirah MATISSE dye
laser to create 560 nm output light. The latter is coupled
into a high-power, large-mode-area 25-m-long optical fiber

033229-3



S. SELS et al. PHYSICAL REVIEW RESEARCH 4, 033229 (2022)

(a)

(b)

FIG. 2. (a) Time-of-flight spectrum of 24,25,26Mg+ ions from ion
optical simulations including 300 K buffer-gas cooling (orange) and
experimental data (blue). The simulation is normalized in intensity to
the experimental data. (b) Simulated FWHM values of time-of-flight
spectra as a function of buffer-gas temperature fitted to a square-root
function (dashed orange line). (c) shows a zoom of (b) at lower tem-
peratures. (d) shows a zoom of (a), with additional arrows indicating
the FWHM and corresponding data point.

for transport of the laser light from the laser room to the
ion-trap laboratory. Here, the second-harmonic laser light at
280 nm is generated utilizing a SIRAH WaveTrain-2 fre-
quency doubler. The output of the doubler is then focused
and directed along the axis of the Paul trap cooler buncher,
where the Doppler cooling takes place. The wavelength meter
(HighFinesse ANGSTROM WS/U-10) used in the experi-
ment was calibrated with a reference wavelength provided
by a stabilized diode laser (Toptica DL PRO 780). The laser
linewidth of ∼1 MHz is small compared to the 41 MHz natu-
ral linewidth of the D2 line [43].

The Mg+ ions are cooled for the full duration of the time
the ions spend in the trap. As a result of the cooling process,
the ions end up close to the axial potential minimum near the
ejection side of the Paul trap. The ion bunch is subsequently
ejected, accelerated to an energy of 2.2 keV and directed
toward the MR-ToF device by a second 90◦ quadrupole ben-
der. The ions are detected on one of two MagneTOF ion-ToF
detectors, positioned in front and behind the MR-ToF device.
While the ions are stored in the MR-ToF device [48], they
perform up to several thousand revolutions, being reflected
back and forth between two electrostatic mirrors. This in-
creases their overall flight time, during which ions of different
masses separate. The three outermost mirror electrodes are
passively stabilized and the second outermost one is addition-
ally actively stabilized to reduce fluctuations in the ions’ ToF
as described in Refs. [76,77]. A more detailed description of
the operational principles of MR-ToF devices can be found in
Refs. [48,78].

An example of a ToF spectrum obtained after room-
temperature buffer-gas cooling without trapping in the MR-
ToF instrument is shown in Fig. 2(a). The ions’ ToF values are
depicted with respect to the extraction trigger of the Paul trap.
The experimental data is compared to ion-optical simulations

of the ion trajectories in the Paul trap and subsequent ion
transport following the procedures explained in Ref. [66].
Overall, the simulations yield excellent agreement with the
experimental data.

The full width at half maximum (FWHM) of the ToF spec-
trum after ion extraction from the Paul trap cooler buncher is
indicative of the temperature of the ion ensemble in the trap
and closely follows a square-root dependence on temperature
[50,79]. This was reproduced in ion optical simulations: The
reduction of the buffer-gas temperature results in a reduced
FWHM of the ToF peaks following the expected trend, as
shown in Fig 2(b). The FWHM of the ToF peak structures
as measured on the ion detector is used in the following
sections to compare buffer-gas and Doppler cooling.

III. EXPERIMENTAL RESULTS

The effectiveness of Doppler cooling in reducing the
ion-ensemble temperature below those achievable by room-
temperature buffer-gas cooling becomes apparent in Fig. 3.
Here, the experimental ToF spectra are presented for three
cases: (1) He buffer gas cooling at 300 K and 5 × 10−7 mbar
as measured in the surrounding vacuum chamber (green). Ions
were loaded into the trap for a 100-μs-long loading time and
cooled for the duration of 500 ms, leading to a FWHM of the
ToF spectrum of 100(8) ns. (2) Neither buffer-gas nor laser
cooling of the ion bunch, with only the background residual
gas present in the system at a pressure of 3 × 10−8 mbar
(orange). Due to the reduced capture efficiency with respect
to standard buffer-gas cooling, the loading time was adjusted
to 10 ms. The FWHM after extraction of the ion bunches
was 103(10) ns. (3) Doppler cooling with an on-axis laser of
6 mW in the presence of the background residual gas (blue),
performed under the same conditions as for the residual-gas
cooling data alone. In this case, the cooling laser was detuned
by −150 MHz with respect to the D2 transition frequency in
24Mg+ ions and applied for the full duration of the cooling

FIG. 3. Time-of-flight spectrum of 24,25,26Mg+ ions after extrac-
tion from the Paul trap cooler-buncher as measured on the retractable
ion detector in front of the MR-ToF device using Doppler cooling
(blue), buffer-gas cooling (green), and residual gas cooling (orange).

033229-4



DOPPLER AND SYMPATHETIC COOLING FOR THE … PHYSICAL REVIEW RESEARCH 4, 033229 (2022)

time of 500 ms after injection as described in Sec. II. A re-
duction in FWHM from 100(8) ns for buffer-gas cooling to
12(1) ns for laser cooling is obtained for 24Mg+ ions. Accord-
ing to the results of the ion-thermometry simulations in Fig. 2,
a buffer gas of 6 K would be required to achieve a similar
ToF width as obtained with Doppler cooling in this example.1

In addition, ion-optical simulations show that, by optimizing
the ion-acceleration section downstream of the Paul trap, a
ToF spread of 4(1) ns would be achievable under the same ex-
perimental conditions for laser-cooled ion bunches. The time
spread of buffer-gas cooled ions would barely be affected by
these changes and, in the simulation, result in a ToF spread of
107(4) ns for the optimized acceleration potentials compared
to 105(4) ns for the experimentally used ones.

A. Cooling systematics

The theoretical photon scattering rate of ions at rest for
different detuning frequencies with respect to 24Mg+ ions is
shown in Fig. 4(a). For 24,25,26Mg+ ions, the area of each peak
is scaled to their natural abundance ratio and single-transition,
angular-momentum coupling estimates of transition intensity
(i.e., Racah transition intensities). The width of all peaks
corresponds to the natural line width of 41 MHz [43]. The
insert shows the relevant transitions for 24,26Mg+ and 25Mg+

ions in blue and orange colors, respectively.
Since Doppler cooling is based on red-detuning of the

cooling laser from the transition frequency and all three stable
isotope species of magnesium are co-trapped in the Paul trap
cooler buncher during the cooling process, the isotope shift
δνA,A′ = νA′ − νA between them determines that each isotope
will experience a different frequency detuning. This implies
that at a fixed laser frequency, the different isotopes show
varying photon scattering and thus cooling rates. Additionally,
the only stable magnesium isotope with nuclear spin I �= 0 is
25Mg (I = 5/2), where the hyperfine interaction gives rise to
six hyperfine levels, as shown in the insert of Fig. 4(a).

By scanning the frequency detuning of the cooling laser,
the effect of the differing cooling rates for 24,25,26Mg+ ions
becomes apparent, indicated by the width of the correspond-
ing ToF signals shown in Fig. 4(b). The influence of increased
laser power and cooling time are shown in Figs. 4(c) and
4(d), respectively. For all experimental results shown here,
a residual gas pressure of ≈10−8 mbar was measured in the
vacuum chamber.

From Fig. 4(c), it becomes apparent that an increased laser
power for a fixed frequency and cooling time has a positive
effect on the number of laser-cooled ions. At intermediate
laser powers, we observe a distinct separation of laser-cooled
ions, represented by a narrow ToF width on top of a wide
ToF distribution due to hot ions. The latter is of similar

1We note that the ion optical simulations indicate that the time-
focus point for cooling at varying buffer-gas temperatures and
laser-cooled ions occur at different spatial positions. Thus, the com-
parison of the ToF widths for different cooling schemes at a fixed
detector position may provide an incomplete picture. In fact, the
energy distribution of the simulated laser-cooled ions suggests that
the (longitudinal) ion-cloud temperature is actually <1 K.
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FIG. 4. (a) Photon-scattering rates calculated as a function of
laser-frequency detuning from the D2 transition in 24Mg+ ions. ToF
spectra for laser-cooling systematics at residual gas pressures as a
function of (b) laser detuning at 3 mW and 500 ms cooling, (c) laser
power at 200 ms cooling and −200 MHz detuning, (d) cooling time at
3 mW and −200 MHz detuning, as measured on the first, retractable
ion detector.
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width as in the case of buffer-gas or residual-gas cooling,
which indicates that these ions have experienced only a few
absorption-emission cycles, if any. When the laser power is
increased from 0.25 mW to 7.5 mW, the total ion count rate
stays nearly constant at 12 counts per bunch while the frac-
tion of laser-cooled ions increases significantly from 1.6 to
7.5 counts per bunch. The cooling time variation shown in
Fig. 4(d) shows similar behavior; laser cooled ions are first
observed for cooling times as low as 50 ms. With increasing
cooling time, the fraction of laser-cooled ions becomes larger
while the background of noncooled ions decreases. Cooling
longer than 1 s increases the overall ion losses, most likely
due to collisions or charge exchange with residual gas atoms.

When the laser is red detuned with respect to the ion
species’ respective transition frequencies, Doppler cooling
takes place and the FWHM of the ToF signal drops for each
magnesium isotope. Trapped ions interacting with a blue
detuned laser frequency experience heating. This effect is
observed as a sudden increase of the FWHM in measured
ToF signals to values larger than without laser-ion interaction.
Both effects of laser cooling and heating are visible in Fig. 5,
where the width of the ToF peaks extracted from Gaussian
fits of the ToF spectrum is shown as a function of frequency
detuning for each of the three magnesium isotopes.

The cooling effect is observed below the transition fre-
quencies, indicated as vertical colored bands, as the FWHM
sinks below the gray reference line, i.e., the ToF width with-
out any laser beam present. The hyperfine splitting in the
D2 transition in 25Mg+ ions complicates the laser interaction
with this isotope as the ion population is transferred between
the two hyperfine levels of the 3s 2S1/2 fine structure state.
Hence, laser cooling can proceed exclusively with a single
laser frequency if it is red detuned to all six transitions in
the D2 line, albeit at a reduced cooling rate. This might (par-
tially) explain the higher ToF width at frequencies close to the

lower-frequency multiplet compared to the other magnesium
isotopes on their respective resonance frequencies.

The FWHM increase due to heating is visible in Fig. 5
when the laser frequency is varied from below to above the
resonance frequency around 0 MHz and +3000 MHz for
24Mg+ and 26Mg+ ions respectively. Because of the shift
in resonance frequency for different isotopes, a single laser
frequency can be blue detuned for one species, but red detuned
for another. It is thus possible for a laser to heat 24Mg+ ions
while cooling 25,26Mg+ ions. This is the case for frequency
values between 0 and +3000 MHz in Figs. 4(a) and 5. How-
ever, the cooling of 26Mg+ ions is strong enough to overcome
the interaction with the heated 24Mg+ ions. This is seen
from the reduced ToF FWHM values at detuning frequencies
closer to the resonance frequency of 26Mg+ ions, i.e., from
+1000 MHz to +3000 MHz in Fig. 5. The data for 25Mg+

are limited to the region up to 1200 MHz. Above that value,
laser heating of 24Mg+ ions leads to its signal overlapping
with 25Mg+ ions which prevents a reliable determination of
the latter’s ToF width.

Because of the simultaneous trapping of all magnesium
isotopes, laser-heated 24Mg+ ions may also influence the
temperature of cotrapped 25,26Mg+ ions through ion-ion inter-
actions. In particular, a clear cooling feature for all isotopes is
observed on the red-detuned side of the transition frequency of
24Mg+ ions, likely indicating sympathetic cooling of 25,26Mg+

ions induced by the more abundant 24Mg+ ions. Indeed, the
ToF width reduction in 25,26Mg+ ions as shown in Fig. 5
is close to the one found for 24Mg+ ions. This would not
be expected for direct laser cooling of 25Mg+ ions at this
detuning frequency. Nevertheless, contributions due to direct
laser cooling of 25,26Mg+ ions at a less efficient cooling rate
cannot be excluded.

B. Sympathetic cooling of K+ and O+
2 ions

Since Doppler cooling requires a closed level system, its
applicability is limited to isotopes with a suitable ionic level
structure. This would limit the technique to only a select
number of ion species. As already indicated by the results
of the previous section, this restriction can be overcome by
sympathetic cooling, where cotrapped ion species are cooled
down through interactions with laser-cooled trapped ions. In-
dications of sympathetic cooling of 25,26Mg+ are present in
Fig. 5. However, as pointed out above, we cannot exclude a
potential contribution of direct Doppler cooling of 25,26Mg+

ions. As demonstration of the sympathetic cooling technique
in the present apparatus, either potassium K+ ions or molec-
ular oxygen ions O+

2 were thus cotrapped with laser-cooled
24Mg+ ions. For laser powers, cooling times, and buffer-gas
pressures similar to those described above, we observe a clear
increase in trapping and cooling efficiency of both co-trapped
species as shown in Fig. 6.

As expected, the final temperature reduction for similar
cooling times and laser powers is not as high as in the case of
direct Doppler cooling. Nevertheless, we observe a reduction
in ToF FWHM for 16O+

2 ions from 113(5) to 58(4) ns and for
39K+ ions from 180(13) to 145(5) ns. Additionally, the num-
ber of trapped ions per bunch increases by a factor of 2.6 for
oxygen and a factor of 2 for potassium. In the present paper,
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(a)

(b)

FIG. 6. Sympathetic cooling of molecular oxygen, 16O+
2 , and

atomic potassium, 39K+ ions. Sympathetic cooling of oxygen at
800 ms loading time and 600 ms cooling time with 20 mW of laser
power. Same settings for potassium. See text for details.

sympathetic cooling experiments have been limited by reli-
able tuning of the intensity ratios of injected isotope species.
With further improvements, sympathetic cooling performance
similar to the results in more specialized work [80,81] can
be expected. This way, ion temperatures approaching the one
of the directly Doppler cooled ions are expected. Monitoring
the cooling dynamics of the ions using a photon detector, not
available in this work, could provide additional guidance in
such a program. However, the present results already show
that sympathetic cooling of atomic and molecular ions is
applicable at RIB facilities.

IV. COOLING SIMULATIONS AND MODEL

A. Ion optical simulations

The trajectories of trapped magnesium ions are simulated
using the ion-optical software package SIMION 8.2 [82].
The simulations include ion dynamics inside the Paul trap,
subsequent ejection from the trap, and transport up to the
ion detector, similarly to the implementation in Ref. [66]. To
obtain an initial ion distribution for laser-cooling simulations,
ions are first left to thermalize in a room-temperature buffer
gas modeled by SIMION’s hard-sphere interaction HS1 [83].
The ion ensemble obtained at the end of this simulation is then
used as a starting point for further laser-cooling simulations,
also performed with SIMION.

The laser-cooling simulation starts with the prethermal-
ized magnesium ions already inside the cooler buncher. The
effect of the laser-ion interaction on trapped-ion dynamics

FIG. 7. Simulated energy for a single 24Mg+ ion (orange) at
each time when a photon-ion interaction takes place. The photon
scattering rate per 50 μs (blue) is indicated on the right y axis. The
simulation is performed for an ion with 0.03 eV initial energy being
cooled by a 200 MHz red-detuned cooling laser with 25 mW power
and 2 mm diameter.

is modeled in a semiclassical Monte Carlo manner. At each
time step of the simulation, the ion’s instantaneous velocity
with respect to the laser-beam direction was used as an input
parameter for a calculation of the Doppler-shifted frequency
detuning from resonance �, i.e., the laser-frequency detuning
from resonance as perceived by the ion, as well as the photon
scattering rate [42],

R(�) = �

2

I/Isat

1 + I/Isat + 4�2/�2
, (2)

where � is the transition width, I is the laser power density,
and

Isat = π

3

hc

λ3τ
(3)

is the saturation power density of the transition, h repre-
sents Planck’s constant, c the speed of light, the transition
wavelength is given by λ and the lifetime τ = �−1 [42].
The calculated scattering rate is converted into a photon-ion
interaction probability. A random number generator signals
a photon event when the returned value is smaller than the
interaction probability. In such an event, the photon momen-
tum is subtracted from the magnesium ion momentum in the
direction of the absorption. The momentum kick due to the
re-emission of a photon is set to be prompt and in a random
direction. Stimulated emission of photons is not taken into
account.

An example of the result of the kinetic-energy evolution of
a single trapped ion and photon scattering rate as a function
of time are shown in Fig. 7. Here, an ion with initial energy
of 0.03 eV interacts with a 25-mW and 2-mm diameter laser
beam that is red detuned by −200 MHz in the absence of
buffer gas. In Sec. V B 1, examples will be presented where
buffer gas is included as well. Each point on the ion-energy
scatter plot represents the ion energy at the time of interaction
with a laser photon. The blue curve represents the instanta-
neous photon scattering rate. The largest drop in ion energy
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takes place in a short time range when the overlap between
ion energy and laser-frequency detuning matches. This coin-
cides with a maximal photon scattering rate, seen as a distinct
photopeak under the right cooling conditions.

B. Numerical cooling model

A second approach to describing the cooling dynamics
models the energy evolution and photon scattering rate of a
trapped ion being laser cooled in the presence of a buffer gas
using a 1D numerical approach. Here, Doppler cooling of a
single trapped ion in the weak binding regime [32], where � is
larger than the oscillation frequency in the ion trap, is assumed
[84] and buffer-gas cooling is added as an exponential decay
term to the equation describing the ions energy evolution as a
function of time [85]. The model applied in these simulations
and the equations shown in this section were adopted from
Refs. [84,85]. This 1D numerical model does not take into
account any micromotion or RF-heating effects in the Paul
trap, nor does it consider ion-ion interactions or stimulated
emission effects.

The ion energy is determined by numerically solving a
differential equation in reduced variables for ion energy E ,
frequency detuning �, and recoil energy Er = (h̄k)2/(2m) as
{ε, δ, r} ≡ {E , h̄�, Er}/E0, where E0 ≡ h̄�

√
(1 + s0)/2, and

�
√

(1 + s0) describes the power-broadened linewidth with the
saturation parameter s0 = I/Isat. The variation of the reduced
energy ε is described with respect to a reduced time T = t/t0,
where t denotes time and t0 = ( �

2
s0

(1+s0 ) )
−1

. The differential
equation describing the energy evolution is given by

dε

dT = − γ (ε − ε1) + 4

3
r

1

2
√

εr
Im(Z )

+ 1

2
√

εr
( Re(Z ) + δ Im(Z )), (4)

with Z = i
√

1 − (δ + i)2/4εr. The first term describes the
buffer-gas interaction using the mobility γ [85,86] and the dif-
ference between instantaneous reduced energy ε and the re-
duced energy attainable by buffer gas cooling ε1 = kBT/E0.
The second term describes the stochastic recoil heating effect
after photon emission, while the final term is used to model the
laser-ion interaction. The fluorescence photon emission rate is
given by

dN

dT = 1

2
√

εr
Im(Z ). (5)

The derivation of this equation is described in Appendix A
of Ref. [84]. In contrast to Sec. IV A, where the laser-ion
interaction was only included after room-temperature buffer-
gas thermalization, Fig. 8 shows the energy evolution and
photon scattering rate as a function of time for a 24Mg+ ion
with 10 eV initial energy being cooled simultaneously by a
300 K helium buffer gas at 1 × 10−5 mbar and a 200 MHz
red-detuned cooling laser with 25 mW of laser power and
2 mm diameter. The mobility of magnesium ions in helium
buffer gas is taken as 2.3 × 10−3 m2 s−1 V−1 [85,87].

The initial cooling is dominated by the exponential buffer-
gas cooling effect until the ion velocity distribution matches
the laser detuning frequency and Doppler cooling becomes
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FIG. 8. Calculated energy for a single 24Mg+ ion (orange) and
instantaneous photon scattering rate (blue) as a function of time for
an ion with 10 eV initial energy being cooled by a 300 K helium
buffer gas at 10−5 mbar and a 200 MHz red-detuned cooling laser
with 25 mW power and 2 mm diameter.

very efficient. This point is indicated by the photon fluores-
cence peak around 0.38 s in Fig. 8. This agrees well with the
experimental data as shown in Fig. 4(d), where a significant
fraction of the ions is cooled within 100 ms, considering the
limited knowledge of the exact initial ion energies, buffer-gas
pressure, and laser-ion overlap in experimental conditions.
Under similar conditions, but in the absence of buffer gas,
the photopeak would occur only after 137 s according to the
numerical cooling model.

This indicates the importance of the background buffer gas
in reducing the overall cooling time of the ion. The cooling
times in the absence of a buffer gas would be prohibitively
long for use at RIB facilities. The limit of 300 K in the case
of buffer-gas cooling is indicated by the horizontal dashed
lines in Figs. 7 and 8. The final energy reachable according
to this numerical model is a balance between the buffer-gas
and laser-cooling effects and depends on variables such as
buffer-gas pressure, temperature, laser frequency detuning,
and power density.

The findings in Refs. [84,85] show that laser cooling is
most efficient when the laser-frequency detuning corresponds
to half the width of the velocity distribution of the ions. As an
alternative for speeding up the cooling process of hot trapped
ions using low-pressure buffer gas, one could in principle
use a fast-scanning laser that matches the ions’ instantaneous
velocity distribution [88]. With a fixed laser frequency and
no added buffer gas, laser cooling of a 10-eV magnesium ion
would take >100 s. However, according to the numerical cool-
ing model, matching the laser-frequency at every moment in
the cooling process would reduce this time down to <50 ms.
This would require a laser with output power of 25 mW to
chirp the laser frequency in a controlled manner over a range
from −32 GHz detuning down to near 0 MHz detuning within
50 ms according to the time dependence as shown in Fig. 9. In
this small time-step calculation, the frequency detuning was
adjusted to the optimal one for the ion’s instantaneous energy.
This allows for a high photon scattering rate and strong ion-
energy reduction during the full cooling time.
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FIG. 9. Optimal laser-frequency detuning (blue) and correspond-
ing ion energy (orange) as a function of time needed for cooling
down a 10 eV 24Mg+ ion in absence of a buffer gas as obtained from
the 1D numerical model.

C. Comparison of both approaches

Results of the laser interaction introduced in ion-optical
Monte Carlo simulations were benchmarked against the 1D
numerical cooling model without buffer gas as shown in
Fig. 10. In this comparison, the initial position and velocities
of ions in the simulation were fixed to the axial direction of
the Paul trap cooler buncher to reduce SIMION’s 3D model to
1D only. Both the ions’ kinetic energy, starting from 0.03 eV
and the photon scattering rates are presented for different
laser-frequency detuning settings. The agreement between the
two methods, despite their different modeling, is excellent.

As can be seen from Fig. 10, the time needed for cooling
the ions strongly depends on the laser frequency: The cool-
ing efficiency for red-detuned laser frequencies depends on
the photon-scattering probabilities over time. In the absence
of a frequency-detuning, the ion energy remains unaffected
[Fig. 10(a)]. Data in Figs. 10(b)–10(d) showing the laser-
cooling effect of red-detuned laser frequencies of −20, −200,

Time (ms)Time (ms)

Numerical cooling model

Ion-optical simulations

-20 MHz

-200 MHz

-1500 MHz

-20 MHz

-200 MHz

-1500 MHz

(a)

(b)

(c)

(e)

(f)

0 MHz0 MHz

(d)

(g)

(h)

FIG. 10. (a)–(d) Kinetic energy and (e)–(h) scattered photon rate
for the 1D numerical model (orange) and ion-optical simulations
(blue) as a function of time for different laser detuning frequencies.

FIG. 11. Time-of-flight spectrum of Doppler-cooled 24Mg+ ions.
The experimental data are compared to ion-optical simulations. Both
are obtained for a laser frequency detuning of −600 MHz with re-
spect to the D2 transition, a laser power of 25 mW, and a cooling time
of 150 ms. No residual gas is considered in the simulation. The only
free simulation parameters are the ToF offset and the ion intensity,
which were matched to experiment for better comparison.

and −1500 MHz indicate a significant cooling-time differ-
ence. This agrees with the experimental observations from
Sec. III, where the laser-detuning frequency is identified as
a key parameter for laser cooling efficiency.

D. Experimental benchmark of simulation and model

To evaluate the quality of the 3D ion-optical simulation, its
results in terms of obtained ToF distributions are compared
to experimental data. Under varying experimental conditions,
ions are cooled, extracted from the Paul trap, and their flight
time recorded at the position of the ion detector, see Fig. 1.
Previous studies established good agreement between exper-
iment and simulation when exclusively buffer-gas cooling is
performed [66]. This conclusion is confirmed by the present
paper, see for instance Fig. 2(a). An example of a ToF distribu-
tion for Doppler-cooled 24Mg+ ions is shown in Fig. 11. The
simulated data reproduces the shape and width of the exper-
imental ToF peak, including a tail toward longer times. This
provides evidence for the validity of our simulation approach
when also considering the laser-ion interactions.

A more comprehensive comparison is given in Fig. 12.
It summarizes the obtained FWHM of ToF spectra such as
the one shown in Fig. 11 when varying the laser frequency
detuning. Here, the experimental data are compared to results
of (a) the numerical cooling model and (b) ion-optical sim-
ulations, where the effect of buffer-gas and laser cooling are
simultaneously included for both. To reduce the computation
time, both approaches start from room-temperature ions that
are subsequently cooled by a laser with a saturation parameter
s0 = 3.27 for the duration of 150 ms. This differs from ex-
periment, where the ions are injected into the cooler buncher
with an estimated initial energy of >7 eV and are cooled for
600 ms. Note that, in the simulation, the exact cooling time has
no influence on the results, provided that the equilibrium state
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FIG. 12. Width of the experimental ToF signal of 24Mg+ ions
as a function of the cooling-laser frequency at a residual buffer-gas
pressure of 1 × 10−8 mbar. Experimental data are shown as blue
squares. Results from (a) the numerical model described in Sec. IV B
and (b) ion-optical simulations described in Sec. IV A for different
buffer-gas pressures. To obtain (a), the ion temperature obtained from
the 1D Model is translated into a ToF width by employing the found
relationship of Fig. 2(b). For reference, the experimental ToF width
without injecting the laser beam into the Paul trap is shown as a grey
band.

has been reached. This can also be seen in Figs. 7 and 8, where
the ion energy remains constant once the cooling equilibrium
is obtained.

As indicated in Fig. 12, the results of the 1D model and
3D simulation qualitatively agree with the experiment over
the entire frequency range. As the most prominent feature
in the data, a strong increase in the FWHM of the ToF signals
the change from laser cooling to laser heating. This effect is
clearly visible in the experimental data as well as in the 1D
model and 3D simulation when low residual gas pressures are
used. If the laser frequency matches the transition frequency
of the D2 line exactly, the laser has no net effect on the ion
energy [Figs. 10(a) and 10(e)]. Thus, at this frequency, all
curves in Fig. 12(c) cross the grey band which represents
the experimental ToF width for room-temperature buffer-gas

cooling without a laser injected into the Paul trap. This is also
the case for the experimental data, but the sharp increase in the
ToF width is shifted by a few tens of megahertz to red-detuned
laser frequencies, see inserts of Fig. 12. This is attributed to
potentially two reasons. First, the accuracy of the employed
wavelength meter for the 560 nm fundamental laser light is
30 MHz, given the used calibration wavelength. This leads
to a 60 MHz uncertainty on the absolute frequency of the
cooling laser. Second, incomplete ion cooling before reaching
equilibrium or the presence of residual gas smear out the
otherwise sharp cooling-heating transition. The latter effect
can be seen in both the 1D model as well as the 3D simulation
for pressures exceeding ∼1 × 10−5 mbar, although the exact
shape of this transition differs slightly in the two methods.

More generally, the buffer-gas interactions reduce the
effect of the laser-cooling. This is also visible on the red-
detuned, laser-cooling side. It results in a higher ToF FWHM
when buffer-gas interactions are included in simulations and
the opposite effect is present for a blue-detuned laser fre-
quency. Far from the transition frequency, where the relative
importance of buffer-gas cooling is the largest, 3D ion-optical
simulations agree better with experimental findings than the
1D numerical model. This is likely due to the more accurate
implementation of buffer-gas cooling by use of the hard-
sphere modeling.

In summary, both the 1D model and 3D simulations re-
produce the experimental ToF data, which indicates that the
relevant cooling physics is well captured. This provides con-
fidence that other ion-bunch properties, not accessible in
experiment, can be reliably studied by means of the developed
cooling models. Moreover, the same tools can be employed to
evaluate the implications of laser cooling of RIBs for specific
experiments.

V. EXPERIMENTAL APPLICATIONS

The technique for cooling an ion ensemble using a com-
bination of low-pressure background gas and laser cooling
as presented here is beneficial for many RIB applications.
Such applications using short-lived radioactive ions include,
for instance, trapping and laser or sympathetic cooling for
high precision spectroscopy, (collinear) laser spectroscopy on
atomic and molecular ions, or mass measurements.

A. Mass spectrometry

1. Demonstration of an improved mass-resolving power
in a multireflection time-of-flight device

To demonstrate the improved beam emittance and the
potential use for mass measurements at RIB facilities,
Doppler-cooled ion bunches are injected into a 1.5-keV MR-
ToF device [65–69] and the mass-resolving power after laser
cooling is compared with buffer-gas and residual-gas cooled
ions. To this end, the mass-resolving power R is investigated
as a function of storage duration in the MR-ToF spectrometer.
The obtained data shown in Fig. 13 is compared to a fit using
the following equation:

RNa = m

�m
= t

2�t
= t0/Na + ta

2
√

�t2
a + (�t0/Na)2

, (6)

033229-10



DOPPLER AND SYMPATHETIC COOLING FOR THE … PHYSICAL REVIEW RESEARCH 4, 033229 (2022)

FIG. 13. Mass resolving power for the 24Mg+ ion signal as a
function of storage time in the MR-ToF device for three different
cooling mechanisms. Solid lines are fits of Eq.(6) to the data. Dashed
lines denote the saturation resolving power R∞.

describing the mass-resolving power in an MR-ToF spectrom-
eter [50]. Here Na is the number of turns in the MR-ToF
instrument and t0 = 17.35 μs represents the time it takes for
the ions to reach the ToF detector without trapping in the
MR-ToF device. �t0 denotes the FWHM of the ToF signal
due to initial conditions (20 ns for laser cooling and 80 ns for
buffer- and residual gas cooling) and ta = 6.7 μs the period
of a single revolution in the spectrometer, which are both
measured. �ta describes the increment in ToF-distribution
width induced during each period due to aberrations and was
left as the only free fitting parameter.

For Dopper-cooled magnesium ions, an improvement of
a factor 4.6 in mass-resolving power R∞ from 57 000 for
standard buffer-gas cooled ions to 261 000 was observed. A
mass-resolving power of 50 000 is reached after 250 revo-
lutions for laser cooling, which is five times faster than for
residual gas cooling and 2.6 times faster than for standard
buffer-gas cooling. We note in passing that the present limit
of the mass-resolving power for buffer-gas cooled ions seems
to be due to collisions between ions and residual gas in the
MR-ToF device: Adding buffer gas in the cooler buncher
increases the pressure in the MR-ToF region as well, where
collisions increase beam losses, very similar to the effects
described in Ref. [89]. Therefore, the mass-resolving power
can only be determined up to about 30 ms of storage time, cor-
responding to roughly 4500 revolutions in the MR-ToF mass
spectrometer. Additionally, if the cooling in the Paul trap is
only due to collisions with residual-gas atoms, the pressure in
the MR-ToF device is lower, and hence larger mass-resolving
powers can be reached than for standard buffer gas cooling.
The resolving power obtained for residual-gas cooled ions is
R∞ = 125 000. An adverse effect, on the other hand, is that
the storage efficiency of magnesium ions in the Paul trap is
strongly reduced for residual-gas cooling as compared with
buffer-gas and Doppler cooling.

The ToF spread of an ion bunch in an MR-ToF device not
only relies on the temperature of the ion ensemble but can
also be affected by other variables such as the strength of
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FIG. 14. Simulation (dashed) and experimental (full) ToF and
energy-spread results for varying Paul-trap extraction field strengths
of Doppler and buffer-gas cooled ions. Both observables are eval-
uated at the ion-detector position without trapping in the MR-ToF
device.

the electric field used for extraction from the Paul trap [90]
or whether the MR-ToF instrument is operated in a so-called
isochronous mode [91]. In this mode, the MR-ToF electrode
potentials are tuned to minimize the ToF dependence on ion
energy. The measurements shown here were all performed in
isochronous operation and using the same Paul-trap extraction
field of about 2 V/mm.

We note that when minimizing the ToF spread by varying
the extraction field from the Paul trap, a trade-off happens
between ToF- and energy spread as emittance remains con-
served. This is confirmed in the ion-optical simulations shown
in Fig. 14. There it is shown that a reduction in ToF peak width
by variation of the extraction field significantly increases the
energy spread of the ions. Once the energy spread is too large
and stretches beyond the isochronous region of the MR-ToF
operation, the resulting mass-resolving power is eventually
decreased.

The central advantage of laser cooling for MR-ToF mass
spectrometry is that both the ToF and energy spread of
the ion bunch are strongly diminished at the same time.
Figure 14 illustrates the significant improvement in both
ion-bunch properties by laser cooling over buffer gas. Once
again, the experimental data on the ToF width are well
reproduced by ion-optical simulation. Recalling that the lon-
gitudinal emittance equals to �E�t at the time-focus point,
it is a consequence of the reduced overall ion-beam emittance
facilitated by laser cooling which enables an improved MR-
ToF performance as compared to standard room-temperature
buffer gas.

2. Impact on phase-imaging-based
Penning-trap mass spectrometry

Penning trap mass spectrometry is currently the most pre-
cise and accurate approach to determine the mass of charged
particles, stable or radioactive [92]. It is based on the mea-
surement of the cyclotron frequency of an ion confined in
a strong and uniform magnetic field. Among the techniques
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available for cyclotron frequency determination, the PI-ICR
technique [52] provides a superior resolving power and preci-
sion compared to other techniques under typical experimental
conditions. In essence, PI-ICR relies on measuring the phase
evolution of an ion’s motion inside the Penning trap. The
ion is ejected from the Penning trap onto a position-sensitive
detector, which enables the reconstruction of the phase of
the motion and, thus, its cyclotron frequency. Accordingly, the
mass-resolving power is directly proportional to the spatial
spread of the ions hitting the detector [92]. Therefore, by
reducing the ion beam’s radial spread, the application of novel
beam preparation and cooling techniques has the potential
to greatly impact the precision and resolving power obtained
through PI-ICR.

To verify the conceivable impact of the techniques de-
scribed in this paper to PI-ICR measurements, we perform
simulations of a hypothetical PI-ICR procedure where 24Mg+

ions are isotropically cooled to a given temperature inside the
Paul trap employed in this experiment. The ions are sent to a
Penning trap, where they are captured, accumulate a phase for
a fixed amount of time, and are subsequently released toward
a detector, where their spatial distribution is recorded. The
Penning trap is modeled after the measurement Penning trap,
operated by the TITAN Collaboration at TRIUMF [93], whose
preceding simulations for employing the PI-ICR technique are
described in Ref. [94]. The injection into the Penning trap
is optimized for best trapping efficiency using an ion cloud
of T = 300 K as reference, and an analysis of the spatial
distribution of ions hitting the detector is performed with sev-
eral beam temperatures down to 1 mK, the Doppler limit for
cooling 24Mg+ ions using the D2 line. It is important to note
that PI-ICR’s performance is highly reliant on the transversal
emittance of the beam. Therefore, unlike the strictly longitu-
dinal cooling performed in the experiment described in this
paper, PI-ICR requires such cooling to be performed in all
dimensions.

The results of the simulations are presented in Fig. 15.
Overall, the FWHM of the detected beam image is propor-
tional to the square root of the beam temperature. At 300 K,
our simulations yield a beam spot FWHM of 1.75 mm, simi-
larly as observed in well-established PI-ICR systems [52,95].
At sub-Kelvin temperatures, the beam spot FWHM is reduced
by more than one order of magnitude, down to 220 times at
1 mK, which translates to a similar improvement in precision
(δm/m), not having considered possible systematic effects.
The improvement in mass precision and resolving power in
a PI-ICR measurement should scale accordingly until other
uncertainty contributions become equally or more relevant,
such as the detector’s spatial resolution, and imperfections and
instabilities of the ion extraction field.

B. Laser spectroscopy

1. Demonstration of isotope shift measurements through
observation of laser cooling-heating

transition in time-of-flight measurements

The abrupt transition from laser cooling to laser heating
takes place at the resonance frequency that corresponds to
the isotope-dependent energy difference between the two in-
volved electronic states. In our paper, this transition from

(a) (b)

(c)

(d)

FIG. 15. (a) The spatial FWHM of the detected beam image after
extraction from the Penning trap, as a function of beam temperature.
In comparison to room temperature beam preparation, sub-Kelvin
beam temperatures can yield an improvement in the precision of a
PI-ICR measurement of well over an order of magnitude. (b)–(d) Ex-
ample of simulated ion beamspots on the detector for three different
ion cloud temperatures with their respective beam-spot sizes.

cooling to heating is visible as a steep increase in ToF width
as seen in Figs. 5 and 12. This abrupt change in ToF width
can thus be used to determine the resonance frequency and,
consequently, also isotope shifts between different magne-
sium isotopes with nuclear spin I = 0. Unlike conventional
isotope-shift measurements, this method does not require pho-
ton detection or extra laser steps for photoionization [47].
This method relies on the laser-frequency-dependent effect of
Doppler cooling on the trapped ion momentum distribution,
and probing that distribution through ToF measurements.

A scan of the cooling-laser frequency over cooling and
heating transitions of both 24Mg+ and 26Mg+ ions is shown in
Fig. 16. The sudden rises in FWHM are marked as the posi-
tions of the respective resonance frequencies. Their frequency
difference corresponds to the isotope shift between the two
nuclides.

The isotope shift extracted from this measurement,
δν26,24 = 3090(4)stat{26}sys MHz, is in good agreement with
the literature value δν26,24

lit = 3087.560(87) MHz, obtained
from a high-precision spectroscopy experiment [96], and our
value is comparable in precision to collinear laser spec-
troscopy with fast ion beams at RIB facilities.

The systematic error quoted in our result stems from two
contributions. First, the (relative) accuracy of the employed
wavelength meter to which we have assigned a systematic
uncertainty of 20 MHz in isotope shifts between Mg+ ions
following Ref. [68]. Second, it also stems from the pressure
and mass-dependent offset of the cooling-to-heating transi-
tion from the absolute transition frequency. As discussed in
Sec. IV D and shown in Fig. 12, the ion-optical simulations
and the numerical model both predict a small pressure-
dependent shift in the transition from cooling to heating. Our
calculations confirm that this shift is very similar for isotopes
that are close in mass and are measured in the same pressure
conditions, as is the case for the current experiment.
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FIG. 16. Width of the experimental ToF signal as a function of
the cooling-laser frequency, spanning laser cooling and heating of
24Mg+ and 26Mg+ ions. The x-axis offset is taken as the literature
value for the absolute frequency of the D2 (3s 2S1/2 → 3p 2P3/2)
transition in 24Mg+ ions, ν24 = 1 072 082 934.33(16) MHz [96]. Two
inserts on top show a zoom in near the regions of interest of the data
shown in the bottom part.

For isotopes that have larger mass differences, a systematic
shift might occur due to different mass- and pressure-
dependent cooling dynamics. The quoted systematic error
contribution was estimated from the numerical cooling model,
which returns the largest shift. For example, according to
this model, a difference of 10 MHz from the actual iso-
tope shift is expected between 20Mg and 34Mg at a pressure
of 10−5 mbar (initial energy 10 eV, s0 = 3.27, and 600 ms
cooling). The shift between 24Mg and 26Mg remains within
16 MHz over the whole pressure range from 10−6 mbar to
10−4 mbar. Therefore, we estimate the systematic uncertainty
due to the pressure and mass-dependent offset as such. The
total systematic error adds up to 26 MHz.

Both the numerical cooling model and ion optical sim-
ulations shown in Fig. 12 suggest that the systematic error
on the transition frequency and isotope shift determination
could be reduced in future experiments by performing laser
scans at different background pressures, since the different
FWHM curves would cross at the resonance frequency when
the cooling equilibrium is reached. Moreover, the systematic
uncertainty due to the wavemeter can be decreased to a few
megahertz by employing high-end models characterized in
Refs. [97,98]. This technique can in principle be applied in
online RIB conditions for all laser-coolable ions with suffi-
ciently long half-lives to reach the cooling equilibrium. Some
examples include the isotopic chains of Be, Mg, Ca, Sr, Ba,
Ra, Hg, Yb, and Cd, that can either be laser cooled by a single
laser or with the addition of a second repumping laser. The
physics interest in these isotopic chains ranges from studying
exotic nuclear shapes such as halo-nuclei [99] and the shell
evolution [100–104] to King-plot nonlinearities and physics
beyond the standard model [105]. If we focus on the case of
98Cd, for instance, a 10-eV ion would be cooled in 800 ms in
a 10−5 mbar helium buffer gas by a 214 nm laser of 2 mW
laser power and 2 mm beam diameter. This cooling time is

significantly shorter than the 9.2(3) s half-life. Taking into
account standard RIB efficiencies and a yield of 10 ions/μC
[106], such an experiment is feasible. For isotopes of these
elements with very short half-lives (�500 ms) and low yields,
other approaches such as the MIRACLS technique of per-
forming collinear laser spectroscopy in a 30-keV MR-ToF
device [65,66,68] or the CRIS technique of collinear laser ion-
ization spectroscopy [107] are better-suited high-resolution
techniques.

2. Collinear laser spectroscopy

Collinear laser spectroscopy is a leading technique for
precision laser spectroscopy at RIB facilities [46,108]. In
this method, a narrow-band laser beam is overlapped with a
fast ion beam. Counting emitted photons from laser-excited
atoms or ions as a function of the laser frequency reveals the
hyperfine structure of the studied transition and nuclide. The
typically used ion beam energy of 30 to 60 keV results in a
velocity compression which minimizes the Doppler broad-
ening δν due to the ions’ energy spread δE according to
δν ∝ δE/

√
E [109].

Modern applications of the technique employ cooler
bunchers to accumulate and bunch the ion beam before the
ions are sent into the laser spectroscopy beamline. This allows
for a significant suppression of the photon background due to
laser-stray light and detector dark counts by several orders
of magnitude when gating the photon counting on the ion
bunch’s passage through the ion-laser-interaction and optical-
detection region. Usual time spreads of ion bunches at RIB
facilities are on the order of several microseconds [110].

As shown by our results, this can be readily reduced
down to several nanoseconds when employing laser and
sympathetic cooling in the cooler buncher. The ion bunch’s
significantly smaller temporal width, while maintaining a low-
energy spread, will allow for an enhanced sensitivity by a
factor of O(103), narrowing the time-gating of ions passing
through the optical-detection region. In practice, this will
work best with axially segmented detection regions. Then,
the flight time through a single segment is of similar order
as the temporal bunch width itself while the cumulative laser-
interaction and detection time remains of similar order as in
contemporary CLS applications. Additionally, collinear laser
spectroscopy could also benefit from an improved transverse
emittance of a 3D-laser-cooled ion beam. This would maxi-
mize the overlap of the spectroscopy laser and the ion bunch
and could improve the experimental sensitivity further.

C. Optimal future laser-cooling setup

While many of the proposed applications can be directly
implemented in cooler bunchers which are operational in to-
day’s RIB facilities, the cooling performance could be fully
optimized in a dedicated ion-trap system. Based on the proof-
of-principle results from this Paul trap cooler-buncher, we
propose a potential future device for delivering low-emittance
bunched beams of radioactive ions. In the small Paul trap used
in this experiment, the trapping efficiency during injection
was significantly reduced when only residual buffer gas was
present in the trap. Most likely, this was caused by insufficient
cooling during the initial injection into and first oscillations
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FIG. 17. Sketch of a future proposed cooler-buncher design
for delivering low-emittance ion bunches and performing laser
spectroscopy.

in the trap, causing a significant fraction of the injected ions
to be lost at the start of the cooling cycle. Additionally,
the combination of buffer gas and laser cooling in the same
Paul trap speeds up the cooling with respect to laser cooling
alone, but the presence of buffer gas also limits the achievable
temperature. This would be undesired and even detrimental
for experiments with cold trapped ions. Therefore, a future
optimized setup should extend further in the axial direction
and consist of several separate stages for cooling, where the
buffer gas cooling is used primarily for initial cooling after
which the ions are transmitted to a low-pressure Paul trap for
subsequent laser cooling.

The envisioned cooler buncher, shown in a conceptual
sketch in Fig. 17, would therefore consist of three segmented
Paul-trap sections: a higher-pressure buffer gas cooling sec-
tion, a two-stage differential pumping trap for ion shuttling
at intermediate buffer-gas pressures, and, finally, a buffer-gas-
free Paul trap dedicated to laser- and sympathetic cooling to
achieve the low temperatures desired. The final section in-
cludes a photodetector for in situ monitoring of the cooling
dynamics through detection of scattered photons. This will
also allow this section of the device to be used for dedicated
laser-spectroscopy studies using cold, trapped radioactive
ions. These demands require the final stage trap to have
an open structure with photon detection and multiaxis laser
access, e.g., for laser cooling in all three dimensions. Ad-
ditionally, the last stage has to be equipped with an ion
source of stable, laser-coolable isotopes of different masses
for sympathetic cooling purposes of a broad range of co-
trapped ion species. An ion crystal of stable ions can then
be formed before short-lived radioactive ions are injected for
sympathetic cooling, similar as is done for stable (highly-
charged) ions [111,112]. These short-lived ions would at this
point have gone through the previous buffer-gas cooling stage.
This proposed trap spatially separates the buffer gas and laser
cooling, using different trap sections. An alternative approach
might be considered where buffer gas and laser cooling hap-
pen in the same trap, but are separated temporally rather
than spatially. Here, a burst of buffer gas fills the trap for
a short time during injection of the ions. Subsequently, the
buffer gas dissipates from the the trap, which allows laser

cooling to take place at low gas pressures. Such a burst of
gas could be controlled using a piezo-actuated valve. A sim-
ilar development as the latter proposal has been successfully
achieved in Ref. [113], albeit at a timescale of 30 s to reach
3 × 10−11 mbar.

Experiments on cold trapped ions using radioactive species
are of potential use for standard-model tests, fifth force, and
dark matter candidate searches as well as for nuclear struc-
ture physics [57,63,64]. Realizing a setup as described above
would form a first step toward such studies with short-lived
radioactive isotopes at RIB facilities.

VI. CONCLUSIONS

We have introduced and studied, by corresponding exper-
iments and calculations, the cooling of initially hot RIBs to
sub-K temperatures, making use of laser- and sympathetic
cooling in a cooler buncher in the presence of a low-pressure
background gas. This technique was demonstrated to be fast
enough for experiments with short-lived isotopes and can
be readily implemented in current devices at RIB facilities.
By use of these techniques, an improved beam emittance
of Doppler-cooled magnesium and sympathetically cooled
molecular oxygen and potassium ions was achieved. By
combining Doppler cooling with a low-pressure helium back-
ground gas, the cooling time for ions with initial energies of
at least 7 eV is reduced to suitable timescales for experiments
at RIB facilities. Based on the reduction in ToF spread after
extraction from a Paul trap cooler buncher, we estimate a
temperature reduction factor of at least 50 after 200 ms of
cooling, using ion-thermometry techniques. Additionally, our
simulations show that this could be improved even further.

The improved ion bunch properties were further demon-
strated by measuring an enhanced mass resolving power in
an MR-ToF device. The experimental results were in good
agreement with simulations performed in parallel, which in
turn can guide future applications and improvements. As such,
it was shown that the mass-resolving power in PI-ICR mass
measurements could potentially be improved by up to two or-
ders of magnitude. Other RIB experiments, such as (collinear)
laser spectroscopy are also expected to significantly benefit
from the improved ion beam emittance. Furthermore, it was
shown that this technique can also be used for measuring
isotope shifts of Doppler-coolable ions without the need for
photon detection or additional laser steps for ionization.

Overall, the present results open possibilities for future
high-precision experiments with cold trapped ions and signif-
icantly improved beam emittance at RIB facilities. By means
of sympathetic cooling with co-trapped laser-coolable ions,
this approach is universally applicable in providing cold ion
samples and beams to subsequent RIB experiments. This in-
cludes sympathetic cooling of radioactive molecules which
have recently been introduced as attractive new probes for
searches of new physics [10].

As demonstrated in the present paper, the techniques can
be readily implemented in existing instrumentation at RIB
facilities. This will be the focus of our work in the near future.
Ultimately, we envision a dedicated ion trap for laser and
sympathetic cooling in all mass ranges which, in addition to its
function as a next-generation RIB cooler buncher, could serve
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as a platform for high-precision studies for nuclear structure
and fundamental symmetries with trapped, radioactive ions.
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A B S T R A C T

The Multi Ion Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) seeks to extend the reach
of high-resolution collinear laser spectroscopy (CLS) to more exotic radionuclides. In this novel technique,
ion bunches of short-lived radioisotopes are trapped between two electrostatic mirrors of a Multi-Reflection
Time-of-Flight (MR-ToF) device at 30-keV kinetic energy. The same ion bunch can be probed by a spectroscopy
laser for thousands of times compared to a single probing in the traditional CLS measurement scheme. Thus,
the experimental sensitivity is increased by more than one to two orders of magnitude. Extensive simulations
are presented, demonstrating the feasibility of high-resolution collinear laser spectroscopy (CLS) in the newly
envisioned MR-ToF apparatus operating at ion energies of 30 keV. Once the mechanical design and operational
parameters are optimized for the requirements of CLS, the spectral line is neither significantly broadened nor
distorted by the combination of CLS and MR-ToF operation. According to the simulations, the storage efficiency
and the ion–laser overlap are suitable for laser excitation of the majority of the trapped ions. In summary,
> 90% injection and storage efficiency, > 75% ion–laser overlap and a line width approaching the natural line
width of the transition of interest are reached in the simulation.

1. Introduction

For more than four decades fluorescence-based Collinear Laser Spec-
troscopy (CLS) has been employed to determine ground-state properties
of short-lived radionuclides [1–5]. In this technique, a beam of ionic or
neutral atoms is superimposed with a continuous-wave, narrow-band
laser beam. Fluorescence photons from excited ionic or neutralized
atoms are detected by photomultiplier tubes. By scanning the laser
around the resonance frequency, the hyperfine structure of the optical
transition is obtained. To increase the signal-to-noise ratio, current
state-of-the-art CLS experiments employ bunched ion beams formed in
a Paul trap cooler-buncher [2,6]. Due to its high precision, accuracy
and resolution, CLS is a powerful experimental technique for accessing
nuclear spins, electromagnetic moments and mean square charge radii
of short-lived radionuclides and hence provides insight into the nuclear
structure far away from stability.

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

However, conventional fluorescence-based CLS is limited to nu-
clides with production yields of typically more than several thou-
sands or even ten-thousands ions per second [5]. Hence, there is
a strong demand to extend the reach of high-resolution laser spec-
troscopy to the most exotic radionuclides with very low production
yields as available at radioactive ion beam facilities. To this end, in-
novative methods such as Collinear Resonance Ionization Spectroscopy
(CRIS) [7–9], high-resolution in-source laser spectroscopy [10], in-gas
jet spectroscopy [11,12], laser cooling of radioactive ions [13] or more
specialized techniques [14] have been or are being developed. Most
recently, the novel Multi Ion Reflection Apparatus for CLS (MIRACLS),
currently under construction at ISOLDE/CERN, has been envisioned
to improve the experimental sensitivity of fluorescence-based CLS it-
self [15–19]. In this setup, 30-keV ion bunches will be trapped between
two electrostatic mirrors of a multi-reflection time-of-flight (MR-ToF)
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device, allowing the laser beam to probe the ions during each revolu-
tion. Thus, the observation time will be extended and the experimental
sensitivity will be increased by more than one to two orders of magni-
tude [20]. The actual improvement depends on the half-life and mass
of the nuclide, the ionic transition and the achievable trapping time in
the MR-ToF device without significant beam losses through collisions
with residual gas or loss of the bunched-beam structure.

Over the years, MR-ToF instruments have become indispensable
tools for precision mass measurements and mass separation of short-
lived radionuclides at radioactive ion beam facilities throughout the
world, see e.g. [21–30]. As a novel application of MR-ToF devices,
the MIRACLS project aims to extend the reach of fluorescence-based
collinear laser spectroscopy techniques.

As first science cases for MIRACLS, neutron-rich Magnesium (Mg)
isotopes in the 𝑁 = 20 island of inversion [31] and Cadmium (Cd)
isotopes at and beyond the N=50 and N=82 neutron shell closures
will be studied, extending previous measurements with traditional
CLS [32,33]. Nuclear charge radii obtained in these measurements will
serve as important benchmarks for modern nuclear theory, such as the
Fayans-based nuclear density functional theory [32,34–37] or leading
ab-initio methods, which have made remarkable progress over the
last decade [34,35,37,38] and are now capable to predict electromag-
netic ground state properties of exotic radionuclides even in mid-shell
regions [39–41].

In both, Mg and Cd, even–even isotopes form a closed two-level sys-
tem in their ionic structure in which laser-excited ions decay back to the
ionic ground state. As a consequence, they can in principle be probed
indefinitely by a laser beam. Hence, without any pumping to other (hy-
per)fine structure states, these isotopes are ideal first science cases with
maximal sensitivity for the novel MIRACLS approach. Additionally,
development work is ongoing to extend the MIRACLS technique beyond
closed-two level systems [42]. For instance, an additional (broad-band)
laser beam can be utilized to depopulate a dark, metastable (fine-
structure) state or to redistribute the population among the available
hyperfine states.

In previous studies, a MIRACLS proof-of-principle experimental
campaign was successfully performed to demonstrate the potential of
CLS within a 1.5-keV MR-ToF device [15–20]. Additionally, its results
have established the validity of ion-optical simulation tools for CLS in
this setup [15,20]. Hence, the same simulation approach is applied
to design a high-resolution MIRACLS. In order to obtain a spectral
resolution that approaches the natural line width in conventional CLS,
fast ion beams with a kinetic energy 𝐸 of tens of keV are employed.
This minimizes the Doppler broadening 𝜎𝑓 of the measured transition
frequency according to 𝜎𝑓 ∝ 𝜎𝐸∕

√
𝐸 [43], where 𝜎𝐸 is the energy

spread of the ions. However, MR-ToF devices built so far utilize ion
beam kinetic energies around a few keV and mirror potentials of less
than 8 kV [21–30,44–47]. Therefore, a MR-ToF device capable of trap-
ping ions with 30-keV kinetic energy is envisioned for a high-resolution
MIRACLS.

In the present work, extensive simulation studies of this new device
and its injection optics are performed to guide physical design and
initial operation of the setup. Different geometries and combinations
of the electric potentials for the injection optics as well as MR-ToF
mirrors are explored. The design with the best performance achieved
that simultaneously meets the space requirements of the experimental
hall at ISOLDE/CERN is discussed in more detail. Special emphasis is
given to the parameters relevant for CLS at MIRACLS. These are the ion-
storage efficiency, the ion–laser overlap and the Doppler broadening
governed by the energy spread as well as the angular spread of the ions’
motion with respect to the laser beam axis. Moreover, several sources
of systematic effects are investigated in this manuscript. The simulation
results for CLS in the envisioned 30-keV MR-ToF apparatus show the
conceptual feasibility and potential of high-resolution CLS in an MR-
ToF device. This offers a strong foundation for realizing the planned
apparatus.

2. Experimental setup

A schematic overview of the MIRACLS setup currently being under
construction at ISOLDE/CERN is presented in Fig. 1. After formation
of the radioactive ion beam at the ISOLDE target station, electrostatic
acceleration and mass selection by a magnetic mass separator, the ions
are injected into MIRACLS’ linear buffer-gas-filled Paul trap for cooling
and bunching of the ion beam [48,49]. The Paul trap is floated to 50 kV.
Following the extraction of the ions from the Paul trap as ion bunches,
the ions are accelerated to a kinetic energy of 2 keV, i.e. the beamline
beyond the Paul trap is floated to 48 kV, accordingly. Afterwards
the ion beam is focused by three electrostatic einzel lenses (L1–L3)
enabling parallel-to-parallel focusing and bent by a 30-degree deflector
to overlap it with the laser beam. Subsequently, the ions pass through
two more einzel lenses (L4 and L5) and are reaccelerated to 50 keV
shortly before they reach the MR-ToF device. Lens L5 differs from
the other einzel lenses L1–L4 by its much larger focusing capability
given its higher field strength. The reacceleration region consisting of a
conical electrode is modelled after Refs. [50,51]. The 2-keV section of
the transfer beamline is floated to 48 kV, see above, while the vacuum
chambers around the MR-ToF device remain on ground potential.
Hence a HV break is installed between the high-voltage lens L5 and the
reacceleration cone, which is shielded by an inner cylinder to which a
potential of 48 kV is applied.

After reacceleration to 50 keV, the ions are captured at 30-keV
beam energy in an MR-ToF device via the technique of in-trap lift
switching [52]. A 20-kV potential difference has been chosen such that
the ions will easily overcome the maximum in the electric potentials
applied to the mirror electrodes (around 40 kV) when the ions are
injected into the MR-ToF device (see Section 3). Mirror switching is
a technical challenge for a 30-keV MR-ToF device due to the high
potentials needed at the individual mirror electrodes. This motivates
the choice of the in-trap lift for the ion capture and extraction.

The MR-ToF device (see also Section 3) consists of two opposing
electrostatic mirrors with a central drift tube in between (electrode 7,
see Fig. 2(top)). Each electrostatic mirror consists of six electrodes (1–
6). The two mirror electrodes (1–2) that are closest to the central drift
tube provide radial refocusing of the ion cloud. The axial trapping
potential is realized by the four outermost mirror electrodes (3–6).
Between the central drift tube and the mirror electrodes two additional
electrodes (8–9) are installed, which can be used as electrodes for ion
monitoring and diagnostics by pickup of image-charge signals [53]
or, if azimuthally segmented, as deflector electrodes [54]. The inner
diameter of electrodes 7–9 is reduced to 40 mm compared to the inner
diameter of the mirror electrodes of 80 mm in order to maximize
the size of the field-free region in the central drift tube. Given the
sensitivity of the ions’ trajectories to field distortions at the point where
the ions are reflected, the so-called turn-around point, the outermost
mirror electrode 6 is reduced at its outer end to an inner diameter
of 40 mm to shield the MR-ToF region from external electric fields.
Grounded electrodes (0) in front and behind the MR-ToF device provide
an additional shielding from fringe fields [20]. The planned beamline
geometry provides spaces for ion diagnostics along the ions’ path,
including a retractable ion detector downstream of the MR-ToF device.

3. The 30-keV MR-ToF device: design and simulations1

To find suitable MR-ToF geometries and potentials applied to in-
dividual electrodes, trajectories of the ions are simulated using the
ion-optical software package SimIon, version 8.1 [55]. Firstly, the
geometry of all electrodes is defined in a three dimensional grid with
constant node spacing. On every grid point, the Laplace equation is
solved numerically to obtain the electric potential. After definition of

1 This section and the last paragraph of the previous section are partly
reproduced from chapter 5 of the MSc thesis of F.M. Maier, see [20].
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Fig. 1. Schematic overview of the MIRACLS setup for high-resolution laser spectroscopy at ISOLDE, which takes up a floor space of around 1.5 m × 4.4 m. After ion preparation
of the incoming ISOLDE beam in a Paul trap, ion bunches are transported to the MR-ToF device via a ≈ 1.9-m long transfer beamline consisting of totally 5 einzel lenses and a
30-degree deflector. The Paul trap section is floated to 50 kV (blue shaded region, the 2-keV section of the transfer beamline is floated to 48 kV (green shaded region) and the
beamline around the MR-ToF device is on ground potential (grey shaded region). A quadrupole bender installed between the einzel lenses L2 and L3 facilitates injection of stable
ions from an offline ion source for testing and calibration of the MR-ToF components and the ion–laser interaction. The optical detection region consisting of six photo multiplier
tubes (PMTs) is located between the two electrostatic mirrors of the MR-ToF device. The figure is not to scale. See text for details.

Fig. 2. MIRACLS 30-keV MR-ToF device: (Top) Cut view of its electrode structure together with the ions’ simulated trajectories (in red) for 300 ions performing 300 revolutions.
(Bottom) Electric potential along the central axis of the MR-ToF device once for trapping (blue) and once for injection and extraction (red) with an in-trap lift potential of
𝑈lif t = 18.85 kV.

the ions’ initial conditions such as the ion mass, position and energy,
the ion trajectories are calculated for every time step in the previously
calculated fields. It is possible to modify certain aspects of the simula-
tion during the ions’ flight via user programming in Lua, e.g. to include
buffer-gas collisions [56] or time-dependent fields. The resulting ion
parameters such as velocity or position can be recorded at user-defined
planes. Coulomb interactions between ions and between ions and image
charges on the electrodes are not taken into account in the simulations
discussed in the present work. These so-called space-charge effects
are neglected since due to the low yields only up to a few 100 ions
will be stored simultaneously in the 30-keV MR-ToF device in CLS
mode. For the neutron-rich Mg isotopes isobaric contamination is not
expected to be present in notable amounts in the ion beam. In case
of sizeable amounts of contamination, MIRACLS can take advantage of
the MR-ToF’s capability for mass separation. For example, the deflector
electrodes between the central drift tube and the mirror electrodes will
allow to remove unwanted contaminants, see e.g. [54]. Further details
of the simulation procedure and investigations of the accuracy achieved
can be found in the Appendix.

The simulation is started with 24Mg+ ions positioned at the middle
plane of the MR-ToF device, i.e. the plane at the centre of the drift
tube perpendicular to the axis. The ion beam has a transversal rms
emittance of 3 𝜋 mm mrad. The kinetic energy is Gaussian distributed

around a centre of 30 keV with a standard deviation of 0.4 eV. Note
that the simulations of the MIRACLS Paul trap predict a standard
deviation of the energy of around 0.4 eV and a transversal rms emit-
tance of < 1 𝜋 mm mrad [48]. Existing Paul traps (e.g. [57–59]) such
as ISCOOL at ISOLDE show a transversal rms emittance of around
2 𝜋 mm mrad [60]. Hence the chosen rms emittance of 3 𝜋 mm mrad
depicts a worse case scenario in the simulations.

The potentials of the six mirror electrodes are optimized in a Monte-
Carlo manner similarly as performed in Ref. [15]. Due to the risk of
electric discharges across the mirror electrodes, we limit our choice
to potential sets in which the difference in electric potentials between
neighbouring electrodes is less than 40 kV. To reduce the size of the
parameter space of the system the potential of the two innermost
mirror electrodes (1–2) are chosen to be identical. At a later stage,
different potentials can be applied to these two electrodes to allow some
fine tuning in the experiment. The properties of the ions are recorded
whenever they pass the middle plane of the MR-ToF device in collinear
direction. Storage efficiency, ion–laser overlap, Doppler broadening
and increase of ion-bunch width as a function of revolution number
are determined. The storage efficiency is calculated as the fraction of
ions that remain trapped after 100 revolutions. The ion–laser overlap
is computed as an average over all 300 simulated revolutions of the
fraction of ions with a transversal displacement from the MR-ToF axis
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Fig. 3. Electric potential and the change of the Doppler-shifted frequency 𝑓 (𝑥) − 𝑓 (0)
(D2 line in Mg+ ions) for a kinetic energy of 30 keV, once for a 24Mg+ ion flying along
the central axis and once on a parallel line shifted 10 mm off axis. The length of the
optical detection region is marked in orange. The central drift tube itself is extending
from −345 to 345 mm.

smaller than the assumed laser beam radius of either 2 mm or 4 mm
at the middle plane. For simplicity it is assumed that the laser beam
is homogeneous within the assumed radius. The Doppler broadening
is given by the FWHM of the Doppler-shifted resonance frequencies 𝑓
calculated in the laboratory frame,

𝑓 = 𝑓0

√
1 −

(
𝑣
𝑐

)2

1 − 𝑣 cos 𝛼
𝑐

, (1)

where 𝑓0 is the resonance frequency in the rest frame of the ions, 𝑐 is
the speed of light, 𝑣 the velocity of individual ions and 𝛼 is the angle
between an individual ion path and the laser beam axis. The latter is
assumed to be identical to the central axis of the MR-ToF device.

The Monte-Carlo optimization of the potentials applied to the in-
dividual electrodes is repeated for different geometries of the MR-ToF
device, which are all guided by the design of the Greifswald MR-ToF
device operating at 1.3 keV [54,61]. The lengths of the six mirror
electrodes are kept fixed to the values of the Greifswald MR-ToF device
while the inner electrode diameters are enlarged by a factor 2.7 for
better field conformity in radial direction and hence reduced aberra-
tions [62]. Fringe-field suppression fins are added to the individual
mirror electrodes to prevent any fringe fields from outside reaching
into the MR-ToF device, see Fig. 2 (top). The simulations show that
the existence and design of the fringe field suppression fins as well as
the gap dimensions between the individual electrodes have minimal to
no effect on ion–laser overlap or Doppler broadening whereas they can
significantly alter the evolution of an ion-bunch’s temporal width over
revolution number. After modifying the gap size and redesigning the
fringe field suppression fins the bunched-beam structure is preserved
for almost a factor 3 higher revolution number. This is beneficial
for the boost in sensitivity at MIRACLS to suppress background, see
Section 5.3.

Only in a field-free region the ion velocity is fully independent of
an ion’s position in the central drift tube. In practice, remaining poten-
tial gradients result in slightly different velocities and hence different
Doppler-shifted laser frequencies in the rest frame of the ion. Hence,
the length of the central drift tube (electrode 7 in Fig. 2) is chosen to
be 690 mm, such that the change in electric potential along the MR-ToF
axis is less than 0.1 V within a region with a length of 62 cm (see Fig. 3).
For the 3𝑠 2𝑆1∕2 → 3𝑝 2𝑃3∕2 (D2) transition in 24Mg+ ions, for instance, a
0.1-V potential change corresponds to a change of the Doppler-shifted
frequency of less than 3 MHz for an ion with 30-keV kinetic energy.
In the case of the 5𝑠 2𝑆1∕2 → 5𝑝 2𝑃3∕2 (D2) transition in the Cd+

ions a 0.1 V change corresponds to less than 2 MHz change. This is
significantly smaller than the systematic uncertainties of traditional
single-passage CLS, see for instance Ref. [33] for measurements of
exotic Mg isotopes. Given the lifetime of around 3.8 ns of the excited
state in the D1 and D2 transitions for the Mg+ ions [63] and the kinetic
energy in the MR-ToF device, an excited ion will typically travel less
than 2 mm until it decays back to the ground state. For the selected
transition in Cd+, the lifetime of the excited state is around 2.6 ns [64],

Table 1
Potentials for the MR-ToF mirror electrodes as ob-
tained in the Monte–Carlo approach for 24Mg+ ions
with 30-keV beam energy. See text and Fig. 2.

Respective electrode Potential (V)

1 (innermost mirror) −12,469.3
2 −12,469.3
3 23,002.6
4 25,966.4
5 29,648.9
6 (outermost mirror) 39,013.0

hence the travelling distance is even smaller. Thus photons emitted by
ions excited outside the optical detection region at different velocities
(and therefore other resonance frequencies in the laboratory frame) will
not be detected.

A suitable MR-ToF geometry leading to high storage efficiency,
high ion–laser overlap, small Doppler broadening and a small in-
crease of temporal bunch width over revolution number is presented in
Fig. 2 (top). The resulting potential distribution along the MR-ToF axis
is shown in Fig. 2 (bottom) and the individual electrostatic potentials
are listed in Table 1.

4. Simulations of the injection beamline

In the second step of the simulations, suitable injection optics for
the 30-keV MR-ToF device is obtained. To start with a realistic initial
ion distribution in phase space, simulations of the ion preparation in a
dedicated MIRACLS Paul trap cooler-buncher [48] are performed. Ions
are positioned at the potential minimum of the Paul trap and left to
thermalize with room-temperature buffer gas. The buffer-gas cooling
is modelled with SimIon’s built-in hard-sphere interaction model [56].
For a similar Paul trap at the MIRACLS proof-of-principle apparatus,
the buffer-gas cooling simulations show an excellent agreement with
experimental data [13,15]. After extraction of the ion bunches from the
Paul trap, they pass the ion optical elements as described in Section 2.
Subsequently, they are trapped in the MR-ToF device via the in-trap lift
switching technique [52].

The potentials applied to ion-optical elements along the transport
beamline from the Paul trap to the MR-ToF device are optimized via
SimIon’s built-in Nelder–Mead algorithm [65]. The MR-ToF mirror
potentials are kept fixed to the values obtained in Section 3. The
objective function of the optimization has been tailored for minimal ion
losses in the transport beamline and for a maximal storage efficiency
in the MR-ToF device, simultaneously. Once good settings are found
for these, the individual potentials of the transport beamline elements
are varied in the next optimization step around their previous values
to additionally obtain a high ion–laser overlap and a small Doppler
broadening while maintaining the best storage efficiency as obtained
before.

In principle, a small radial ion-beam size is desired in CLS which
allows for an optimal ion–laser overlap with reduced laser diameters
and, thus, little laser stray light and higher power densities. At the same
time, one aims for ion trajectories which are as parallel as possible to
minimize the contribution of diverging ion-beam propagation to the
Doppler broadening. In practice, however, the ion bunch’s angular di-
vergence and transversal spatial width are related to each other through
the conserved transversal emittance. The latter is governed by the beam
preparation in the Paul trap. The repeated reflections in the MR-ToF
device couple the ion’s radial displacement and the angles of their
trajectories. Thus, when observed over many revolutions in the MR-
ToF instrument, one generally obtains a suboptimal laser–ion overlap,
an increased Doppler broadening or both. As a consequence, many
combinations of injection beamline potentials lead to a large storage
efficiency, but only a few of them also result in a good performance for
CLS operation.
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Fig. 4. Doppler broadening (FWHM) and ion–laser overlap for varying deflector
potentials of the 30-degree bender for laser beam diameters of 2 mm and 4 mm. The
points are connected to guide the eyes. Both observables are evaluated at the transversal
middle plane of the MR-ToF device for 300 24Mg+ ions summed over 100 revolutions.

The reacceleration region consisting of a conical electrode leads
to a focusing of the ions directly in front of the MR-ToF device.
Hence the einzel lens L5 (see Fig. 1) with its large focusing strength
is needed to counteract the focusing properties of the reacceleration
region as well as the MR-ToF entrance mirror electrodes to provide a
parallel-to-parallel ion beam injection into the MR-ToF device.

In the last optimization step, the in-trap lift potential is optimized
to yield a minimal broadening of the temporal ion-bunch width. This
means that the beam energy in the MR-ToF device is varied. The ideal
value of the in-trap lift potential is found to be 18.85 kV. Alternatively,
instead of changing the beam energy, all the potentials applied to
the electrodes of the electrostatic mirrors could be scaled accordingly.
The potential of the in-trap lift does not noticeably effect the Doppler
broadening or ion–laser overlap, as long as most of the ions can be
trapped.

The potentials obtained for the ion optical elements of the injection
beamline are listed in Table 2. The potentials utilized for the einzel
lenses can differ by up to 50 V from their set values without signif-
icantly altering the performance of the setup. The potentials applied
to the electrodes of the 30-degree deflector are much more sensitive.
Fig. 4 shows the Doppler broadening and the ion–laser overlap over
the deflector potential. Details on this Doppler broadening are given
in Section 5.2. Whereas the storage efficiency remains above 90%
between 232 V and 245 V, the ion–laser overlap for a 2-mm laser beam
diameter exceeds 70% only in a limited voltage range of 239.6 V to
242.0 V for 24Mg+ ions. This is also the region where the Doppler
broadening is minimal.

For Cd ions the potentials of the 30-degree deflector need to be
changed from 240.6 V to 243.6 V for an optimal performance of the
setup whereas all the other potentials can be kept the same. This small
difference is due to slightly different energies which is a consequence
of different Paul-trap storage and extraction settings between the two
mass ranges of Mg and Cd isotopes.

Table 2
Chosen potential combination for the injection beam-
line electrodes with respect to the 48-kV potential
of the transfer beamline. The deflector is operated
with identical voltages of opposite polarity on the
two plates. The optimal potential of the deflector is
different for Mg and Cd isotopes.

Electrode Potential (V)

Lens 1 −1800
Lens 2 −1400
Lens 3 −2400
Deflector ±240.6 (Mg) or ± 243.6 (Cd)
Lens 4 −1380
Lens 5 −16950

5. Simulated performance of the setup

In this section the simulated performance of the envisioned MIRA-
CLS setup will be discussed for the previously optimized potentials and
geometries including the thermalization of the ions in the Paul trap, the
passage of the ions along the whole transport beamline as well as their
capture and storage in the MR-ToF device. 1000 ions with a selected
mass between 20–34 u (Mg isotopic chain) or 96–134 u (Cd isotopic
chain) are trapped in the MR-ToF instrument for 300 revolutions. In
general, the simulations show that the combined injection and storage
efficiency exceeds 90% and the ion–laser overlap is larger than 75% for
a 2-mm laser-beam diameter. The Doppler broadening is smaller than
the natural line width for all investigated isotopes with a mass between
20–34 u and 96–134 u.

In addition to the nominal case of a 50-keV ISOLDE beam and an
MR-ToF device operating at 30 keV, we have also performed simula-
tions for a 30-keV incoming ISOLDE beam, an in-trap lift of 12 kV
and, thus, an 18-keV MR-ToF device. These lead to slightly worse
ion–laser overlap and Doppler broadening compared to the 30-keV MR-
ToF device as discussed here, but will allow high-resolution MIRACLS.
In case of unexpected HV challenges, a MIRACLS operation at lower
ion-beam energy is possible.

As an example, the results for 24Mg+ ions trapped in the 30-keV
MR-ToF device are discussed in the following.

5.1. Storage efficiency and ion–laser overlap

The evolution of the ion–laser overlap and that of the capture and
storage efficiency as a function of revolution number are presented in
Figs. 5 and 6, respectively. It typically takes a few revolutions until
the ions move on trajectories in the vicinity of the axis of the MR-ToF
device. About 4% of the ions are lost in the MR-ToF device during the
first 7 revolutions (see Fig. 6). The ion–laser overlap fluctuates around
83% for 2-mm laser-beam diameter and around 97% for 4-mm laser-
beam diameter (see Fig. 5). These estimates reflect the ion properties
recorded in the transversal middle plane of the MR-ToF device. How-
ever, the spatial width of the ion bunch increases the further the ion
bunch is away from the transversal middle plane of the MR-ToF device
as visible in Fig. 2 (top). Hence, for a laser-beam diameter of 2 mm
the ion–laser overlap decreases from 83% to 68% from the middle of
the MR-ToF device to the end of the optical detection region. Assuming
a laser-beam diameter of 4 mm, the ion–laser overlap is reduced from
97% in the middle to 95% at the edges of the optical detection region.
The visible oscillations of ion–laser overlap versus revolution number
are attributed to the periodic movement of certain ions, moving in and
out from the area where they can be excited by the laser beam (see
also Fig. 6 in Ref. [15]). Overall, the simulated capture and storage
efficiency as well as the ion–laser overlap allow to excite most of the
ions.
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Fig. 5. Ion–laser overlap versus revolution number for 1000 24Mg+ ions for a laser-
beam diameter of 2 mm (blue) and for 4 mm (red). Both are evaluated at the transversal
middle plane of the MR-ToF device.

Fig. 6. Capturing and storage efficiency versus revolution number for 1000 24Mg+

ions. The efficiency is calculated as the fraction of ions that remain passing the middle
plane of the MR-ToF during every revolution.

5.2. CLS spectra

In a classical fluorescence-based CLS experiment, the number of
fluorescence photons is counted as a function of the laser frequency
to obtain a (hyper)fine spectrum of the selected optical transition.
To simulate the resonance spectrum of the D2 transition in Mg, the
Doppler-shifted frequencies 𝑓 are calculated in the laboratory frame
based on the velocity of individual ions and the angles between an
individual ion path and the laser beam axis according to Eq. (1). For
the simulated 1000 24Mg+ ions, a histogram of the Doppler-shifted fre-
quencies of the D2 transition summed over 300 revolutions is shown in
Fig. 7. The natural line width is neglected in this simulation in order to
clearly distinguish the different contributions to the experimental line-
width broadenings. A histogram of the angles 𝛼 between an individual
ion trajectory and laser-beam axis, summed over all revolutions and
ions, is depicted in Fig. 8. Note that the mean ion trajectory is fully
aligned with the laser-beam axis. The centroid angle is 0.08 degrees
and the FWHM is 0.12 degrees.

A histogram of the kinetic energy of the ions’ first passage through
the middle plane of the MR-ToF device can be seen in Fig. 9. Due
to the energy spread of 0.82(3) eV FWHM and the angles between
ions’ trajectories and laser beam, the Doppler broadening is found

Fig. 7. Doppler-shifted frequency 𝑓 of the D2 line in 24Mg+ ions in a collinear
configuration. Data is recorded at the transversal middle plane of the MR-ToF device for
1000 24Mg+ ions summed over 300 revolutions. In the evaluation of 𝑓 for the histogram
assuming perfect collinearity, the angles 𝛼 are set to 0 to distinguish the effects of
kinetic energy spread and angular spread on the CLS spectra. The overlapping region
between the two histograms is shown in purple. The natural line width is neglected in
this simulation.

Fig. 8. Angles 𝛼 between ion path and MR-ToF axis evaluated at the transversal middle
plane of the MR-ToF device for 1000 24Mg+ ions summed over 300 revolutions. The
top inset shows the ratio of the respective transversal velocity component 𝑣𝑦 and 𝑣𝑧 and
the longitudinal velocity component 𝑣𝑥. Each point corresponds to one ion passing the
central drift tube for revolution numbers 200–202. Because of 𝑣𝑦,𝑧 ≪ 𝑣𝑥, the angle 𝛼 (in
mrad) can be visualized in this figure by using the approximation 𝛼2 ≈ 𝑣2𝑦∕𝑣

2
𝑥 + 𝑣2𝑧∕𝑣

2
𝑥.

The bottom inset shows two trajectories of ions with velocity 𝑣1 and 𝑣2, that are moving
with angles 𝛼1 and 𝛼2 in respect to the MR-ToF axis. Note that the average ion trajectory
𝑣average is fully aligned with the laser-beam axis.

to be 22.1(6) MHz for the ions excitable by a laser beam with 2-
mm diameter and 23.1(6) MHz when all trapped ions are considered.
According to Eq. (1), non-vanishing angles between ion trajectories and
laser-beam axis will always shift the laser frequency observed in the
ions’ rest frame in one direction, i.e. to lower values for the collinear
configuration compared to a shift to higher frequency in an anti-
collinear setup. This results in a shift of the average Doppler-shifted
frequency accounting to around 7.5 MHz, see Fig. 7. Note that this shift
is also present when exclusively considering the first passage through
the optical detection region as it would be the case in conventional
CLS. Such a 7.5-MHz shift in the absolute frequency of the centroid
can be neglected when isotope shifts are measured using CLS since
all measured isotopes are shifted by (almost) the same amount. In the
present simulation, this is verified along the isotopic chains of the Mg
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Fig. 9. Kinetic energy evaluated at the transversal middle plane of the MR-ToF device
for 1000 24Mg+ ions for the very first passage.

and Cd ions, where any isotopic dependence is found to be less than
0.1 MHz.

The leading contribution to the asymmetric frequency lineshape,
especially in the tail towards lower frequencies as depicted in Fig. 7,
is shown to arise from reheating effects in the Paul trap. Some ions
undergo collisions with buffer gas during extraction and reacceleration
from the Paul trap and hence experience a reduction of their kinetic
energy (see Fig. 9). The resulting tail in the CLS frequency spectrum is
thus not specific to the MIRACLS measurement concept but a general
feature of the ion preparation in buffer-gas-filled Paul traps for CLS with
bunched ion beams. The asymmetry, which is arising from the angular
distribution of the ions, is minimal. This can be seen in Fig. 7 where a
spectrum including the effect of angular dispersion is compared with a
spectrum that is assuming perfect collinearity.

Since the centroid of the Doppler-shifted resonance frequency as
well as the Doppler broadening stay constant over revolution number,
the CLS spectrum characteristics for 300 revolutions in the MR-ToF
device are very similar to the first passage. This provides confidence
that line-shape distortions due to the reflections at the mirror electrodes
are well under control once the mirror potentials and ion optics for the
injection into the MR-ToF device are appropriately chosen.

5.3. Evolution of the ion-bunch width

To reduce the influence of background originating from laser stray
light or detector dark counts, current state-of-the-art CLS experiments
employ bunched ion beams [2,6]. Photon signals are only accepted
when the ion bunch is within the optical detection region such that a
time-gated spectrum is obtained. Hence, it is of advantage to preserve
the bunched structure of the beam over thousands of revolutions in
the MIRACLS approach. In the present investigation we thus enforced
the ion bunch to never become larger than half of the revolution
period, i.e. 2.3 μs to 3.0 μs for Mg isotopes and 5.0 μs to 5.9 μs for
Cd isotopes to still maintain a bunched beam structure. The given
ranges are due to the mass dependence of the revolution period. The
increase in ion-bunch width over revolution number can be described
by the dispersion per turn and is desired to be as small as possible.
For fixed mirror potentials and MR-ToF geometry, this is achieved
by selecting an appropriate in-trap lift potential [52]. Due to limited
computing resources, only a few hundred revolutions can be simulated
with sufficient accuracy (see Appendix). In order to estimate the ion
bunch width after many thousands of revolutions, the flight times of
the ions in the MR-ToF apparatus are evaluated with respect to the
time they first cross the transversal middle plane of the MR-ToF device.
The ions are trapped for 100 revolutions and the resulting time spread

Fig. 10. Ion-bunch width (FWHM) versus revolution number for 1000 ions of various
masses. To maintain the bunched ion-beam structure in the MR-ToF device the ToF
peak width should remain below half of the revolution period which is indicated by
horizontal lines for the different masses.

after 100 revolutions is divided by the revolution number to obtain the
dispersion per turn 𝛥𝑡1. The temporal ion bunch width 𝛥𝑡 for a given
revolution number 𝑛 follows as [26]

𝛥𝑡 =
√

𝛥𝑡02 + 𝑛𝛥𝑡12, (2)

where 𝛥𝑡0 is the initial bunch width when the ions pass the transversal
middle plane for the first time. The in-trap lift potential is scanned
across a broad voltage range until the region with minimal dispersion
per turn is found. The evolution of the ion bunch width as a function
of revolution number is shown in Fig. 10 for Mg and Cd ions.

For Mg+ ions the bunched-beam structure is maintained until
150,000 to 190,000 revolutions depending on the isotope, correspond-
ing to a total trapping time of 690 ms to 1.1 s. The half-lives of 20,21Mg
are around 100 ms and the half-lives of 30−34Mg range from 313 ms
down to 20 ms [66]. They are significantly shorter than the maximal
trapping time given by the loss of the bunched-beam structure.

Similarly, Cd ions keep a suitable bunch structure for 120,000
to 138,000 revolutions and hence for 1.2 to 1.6 s. The Cd isotopes
around the N=82 neutron shell closures have half-lives of a few tens
of ms [66] and the majority of the trapped ions is hence decayed
before the bunched-beam structure is lost. Cd isotopes around the N=50
neutron shell closure have half-lives in the order of a few seconds [66]
and consequently lose their bunched structure before the onset of
significant radioactive losses. Based on these results, we conclude that
the bunched-beam structure can be maintained over many thousands
of revolutions for the first science cases allowing a significant im-
provement in sensitivity of the MIRACLS approach in comparison to
traditional single-passage CLS.

5.4. Investigation of high-voltage instabilities

In order to extend the reach of the MIRACLS technique towards
more exotic radionuclides, sufficient photon counts need to be accu-
mulated over time to unambiguously locate the CLS resonance. Hence,
after the measurement of one ion bunch over thousands of revolutions
in the MR-ToF device, this bunch will be released and can be recorded
at an ion detector behind the MR-ToF device for e.g. intensity calibra-
tion. Moreover, in the case of very rarely produced radionuclides, the
data of this ion detector could in future applications be utilized to dis-
card any measurement cycle in which no ion of interest is trapped in the
MR-ToF device and, thus, to further decrease the photon background in
the analysis. To this end, the ion beam needs to be guided onto an ion
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detector positioned off-centred and away from the laser beam, either
by the deflector electrodes in the MR-ToF device or additional ones
downstream of the electrostatic mirror. Due to the MR-ToF capability
to mass separate isobars, the ions of interest can in many cases be
distinguished from contaminants. Subsequently, the next ion bunch
will be injected into the MR-ToF device and the measurement will
be repeated ideally under exactly the same experimental conditions.
However, any drift or fluctuation in the potentials applied to the Paul
trap extraction, the in-trap lift or MR-ToF mirror electrodes, can alter
the kinetic energy of the ions and can hence lead to a shift of the CLS
centroid frequency or to a broadening of the spectral line.

Commercially available power supplies suitable for the proposed
system provide peak-to-peak voltage stabilities 𝛥𝑉 ∕𝑉 < 10−5 within
8 h and residual ripples of less than 10−5 ⋅ 𝑉 +10 mV, where 𝑉 is the
maximal voltage of the anticipated power supplies, i.e. 35 or 65 kV
depending on the potential of the respective electrode in the MIRACLS
apparatus. We expect to have three different types of voltage fluctua-
tions, those on a time scale much below the revolution period of the
MR-ToF device, those on the time scale of a few revolutions in the MR-
ToF device as e.g 50-Hz electrical pick-up and those on a time scale
larger than the full measurement cycle.

The latter can be addressed by regular reference scans. Thus, correc-
tions can be made such that voltage drifts over a time period of a few
hours are well under control, similarly as for traditional CLS. However,
the other two types representing short-term voltage fluctuations can
significantly reduce the performance of the setup.

To estimate the reduction in CLS performance due to these, the
potentials of the individual mirror electrodes in the simulations are
changed every time step while the ions are trapped in the MR-ToF
device, either by adding Gaussian white noise or sinusoidal pick-up to
the MR-ToF mirror potentials.

The Gaussian white noise is implemented via the polar form of the
Box–Muller transformation [67] with a standard deviation of 0.15, 0.25
and 0.5 V. Note that since each ion is simulated independently and the
potentials are changed for each ion, individual ions experience different
fields during their flight time. Neither the storage efficiency nor the
ion–laser overlap are found to be influenced by the added instabilities.
No significant increase of temporal ion-bunch width over revolution
number is observed when Gaussian white noise with up to 0.25 V
standard deviation is added to the individual potentials of the mirror
electrodes.

While there is hardly any visible difference for the centroid fre-
quency, the Doppler broadening starts increasing over revolution num-
ber as visible in Fig. 11. Because of the statistical nature of this process,
the linewidth may temporarily even decrease as visible, for instance,
between revolution number 140 and 180 for the shown simulation
considering fluctuations with a standard deviation of 0.5 V. Thus, in the
scenario of a 0.15-V standard deviation, which is slightly exceeding the
quoted peak-to-peak voltage fluctuations of available power supplies,
20 independent simulations are carried out and the worst case over 300
revolution is considered. This highest increase of Doppler broadening
is found to be 0.009 MHz per revolution. Hence, high-resolution CLS
measurements up to a few thousand revolutions are expected to be
possible without any significant reduction in performance of the setup.

The sinusoidal pick-up is implemented with an amplitude of 0.4 V
and frequencies between 50 Hz and 200 kHz. The amplitude is mo-
tivated by the expected residual ripples of the MR-ToF mirror power
supplies. Arbitrary phases between the individual mirror electrodes are
assumed, including the case in which the sinusoidal pick-up has the
same phase for all electrodes. Neither the storage efficiency nor the
ion–laser overlap are influenced by the instabilities described above.
The centroid frequency follows the sinusoidal behaviour of the mirror
potentials (see Fig. 12 for some selected frequencies), while the Doppler
broadening is nearly constant. As long as the sinusoidal period is
longer than the revolution period and hence the frequency smaller than
200 kHz, the peak-to-peak changes in resonance centroid are the same

Fig. 11. Doppler broadening (FWHM) versus revolution number for the addition
of Gaussian white noise to the potentials of the MR-ToF mirror electrodes. Only
ions excitable by a laser with 2-mm beam diameter are taken into account when
300 24Mg+ ions are evaluated at the transversal middle plane of the MR-ToF device. The
consequences are studied for Gaussian white noise with different standard deviations.

and in the order of 8 MHz for the tested frequencies and phases. This
is also found when a multiple of the revolution period 𝑇 is chosen
for the sinusoidal period. Due to the fact that the photon signal of all
revolutions are added up, a broadening of the line shape will occur,
which is expected to be in the order of 8 MHz.

While for ions within the same ion bunch the phase of the sinusoidal
pick-up is always the same, in the experiment the photon signals of
more ion bunches will be added up to improve statistics and hence an
additional broadening of the line shape will occur in the experiment.
This broadening will be smaller than the natural line width up to a
few 1000 revolutions and hence high-resolution CLS measurements are
expected to be possible even without additional stabilization of the
power supplies.

Voltage fluctuations of the potentials applied to the Paul trap ex-
traction electrodes as well as to the central drift tube of the MR-ToF
device can lead to a broadening of the line shape or a shift in centroid
frequency. Both are however also present in traditional CLS measure-
ments and are thus not expected to degrade the MIRACLS performance
in comparison to the conventional technique.

If the stability of the power supplies is unexpectedly worse than
their manufacturer’s specifications, similar stabilization techniques as
discussed in [68–70] can be applied to the 30-keV MR-ToF device
power supplies to minimize the increase in Doppler broadening.

5.5. Modelling of a realistic in-trap lift switching

Up to this point an ideal high-voltage (HV) switching for the opera-
tion of the in-trap lift is assumed, e.g. instantaneous switching from
18.85 kV to ground potential. However, any real HV switch circuit
exhibits a non-vanishing time constant in the switching process. To
investigate the influence of a realistic HV switch circuit on the perfor-
mance of MIRACLS, we employ two different circuit models to obtain
electrode response functions which can qualitatively describe the trend
in the transient behaviour. Firstly, the voltage behaviour over time is
measured for the in-trap lift switch used at the 1.5-keV MR-ToF device
with 𝑈𝑙 = 700 V in MIRACLS’ proof-of-principle experiment [18,19]
and scaled to 𝑈𝑙=18.85 kV. Secondly, electronic circuit simulations
for a simplified model of the in-trap lift switch of the 30-keV MR-
ToF device are performed with the software LTspice [71]. To obtain
response functions that can be used in SimIon, the potential curves 𝑈 (𝑡)
are fitted with the following function for both models:

𝑈 (𝑡) =

{
𝑈𝑙 for 𝑡 < 0
𝑈𝑙 ⋅ (𝑎 ⋅ 𝑒−𝑡∕𝑡𝑓 + (1 − 𝑎) ⋅ 𝑒−𝑡∕𝑡𝑠 ) for 𝑡 > 0,

(3)
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Fig. 12. CLS centroid frequency versus revolution number for the application of
sinusoidal voltage variations for 300 24Mg+ ions evaluated at the transversal middle
plane of the MR-ToF device. Sinusoidal voltage fluctuations of 0.4 V amplitude with
different frequencies are added to the potentials of the individual MR-ToF mirror
electrodes. The dashed light-blue line shows the case when the sinusoidal period is
given by the revolution period 𝑇 multiplied with a factor of 50. The slight increase
in centroid frequency over revolution number is explained by the chosen geometrical
resolution in this simulation, see Appendix.

Table 3
Fit constants as used for the modelling of the high
voltage switch, as defined in Eq. (3). The second column
(measured) shows the parameters for the in-trap lift at
the MIRACLS proof-of-principle experiment, which are
measured for 𝑈𝑙 = 700 V and scaled to 𝑈𝑙 = 18.85 kV.
The third column (simulated) lists the parameters for the
planned HV switch configuration for the 30-keV MR-ToF
device simulated in LTspice. See text for details.

Parameter Measured Simulated

a 0.992549 1
𝑡𝑓 45.8 ns 42.6 ns
𝑡𝑠 12.84 μs –

The respective fit parameters 𝑎, 𝑡𝑓 , 𝑡𝑠 can be found in Table 3 and the
different switch functions are compared to each other in Fig. 13. We
assume two time constants 𝑡𝑠 and 𝑡𝑓 . The fast component 𝑎 ⋅ 𝑒−𝑡∕𝑡𝑓
is very similar between scaled measurement and LTspice simulation.
However, the scaled measurement shows an additional slow component
(1 − 𝑎) ⋅ 𝑒−𝑡∕𝑡𝑠 which is not present in the LTspice simulations. The
most likely explanation to the observed difference is the incomplete
description of the internal structure of the commercial switch in the
simulations and the resulting uncertainty on the involved electrical
parasitics.

On closer inspection of the simulated centroid frequency and Doppler
broadening over revolution number for 100 24Mg+ ions (see Fig. 14)
no noticeable differences between the ideal switch and the switch sim-
ulated in LTspice are observed. For the measurement-based response
function, it takes up to 20 revolutions until a stable centroid frequency
and Doppler broadening are reached. This is a consequence of the slow
component in the HV switching of the in-trap lift potential. Moreover,
the centroid frequency and Doppler broadening are significantly larger
for the measurement-based switching function compared to the ideal
switch as shown in Fig. 14. Within the first 20 revolutions the ions
see different potentials of the central drift tube for each revolution,
which causes changes in the kinetic energy of the ions over revolution
number and hence a change in centroid frequency of almost 2 GHz.
When assuming the measurement-based response function, the Doppler
broadening accounts for around 42.5 MHz which is in the order of the
natural line width. Hence, high-resolution CLS is also possible with the
measurement-based in-trap lift switching function.

Fig. 13. Different models for the HV switching of the central drift tube are compared.
Blue curve: The voltage behaviour over time is measured for the in-trap lift switch
used at the MIRACLS proof-of-principle 1.5-keV MR-ToF device and the result is scaled
to 𝑈l=18.85 kV. Red curve: LTspice simulations are performed for the components to
be used in the planned configuration of the in-trap lift switch for the 30-keV MR-ToF
device. The inset shows a low-voltage region for several tens of microseconds.

Fig. 14. (Top) Simulated CLS centroid frequency versus revolution number for
100 24Mg+ ions evaluated at the transversal middle plane of the MR-ToF device for
different potential-over-time functions of the in-trap lift switch. In the case of the ideal
switch the simulation is done with 1000 24Mg+ ions. (Middle) A zoom of the top
panel. (Bottom) Doppler broadening (FWHM) versus revolution number taking only
ions excitable by a laser with 2-mm beam diameter into account for different in-trap
lift switching functions. The ions need around 5.05 μs to complete one revolution.

The ions’ kinetic energy after 20 revolutions (corresponding to a
storage time of around 100 μs) is approximately 62 eV larger for the
measured and scaled in-trap lift switch compared to the ideal case.
To obtain the isotope shifts from the experimental data, the measured
Doppler-shifted resonance frequencies 𝑓 in the laboratory frame as
shown in, e.g., Fig. 14 need to be converted to the resonance frequen-
cies 𝑓0 in the rest frame of the ions. This can be done via equation (1)
with 𝛼 = 0. As usually the case in the analysis of CLS data, the ions
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Fig. 15. Difference between the calculated isotope shift 𝛿𝑓calc and the (extrapolated)
literature value [33,72] 𝛿𝑓lit for different assumed ion energies in the determination
of 𝛿𝑓calc in the D1 line. The top figure shows this difference versus revolution number
for 20,24,34Mg+ vs 26Mg+ ions if the determination of the beam energy assumes an
ideal in-trap lift switch (𝐸 = 31115.4 eV), while the actual ion energy is governed
by a realistic HV switching. The middle figure shows the isotope shift difference as
function of revolution number for the actual energy 𝐸 = 31177.5 eV which the ions
end up to have after 25 revolutions in the simulations. The bottom figure shows the
mean difference in isotope-shift determination versus offset from the actual energy
𝐸 = 31177.5 eV, taking all revolutions between 25 and 100 into account. As switching
function for the in-trap lift, the measurement-based switching behaviour is used. See
text for details.

are assumed to move fully parallel to the laser beam axis, hence 𝛼 = 0,
since the angles of individual ion trajectories are not experimentally
accessible. The velocity of the ions 𝑣 is given by

𝑣 = 𝑐

√
1 − 𝑚2𝑐4

(𝐸 + 𝑚𝑐2)2
(4)

with 𝐸 the energy and 𝑚 the mass of the ions.
The calculation of the rest frame frequencies requires precise knowl-

edge of the ions’ energy. For a switch with a slow time constant, the
ions’ energy is a priori not well known and can lead to systematic
deviations in the order of up to a few 100 MHz in isotope-shift mea-
surements [19]. Indeed, by assuming the ion kinetic energy that the
ions would have in case of an ideal lift switching, one would make a
systematic error of up to 240 MHz between 20,24,34Mg+ versus 26Mg+ as
shown in Fig. 15 (top).

When using the actual ion kinetic energy that the ions have af-
ter 25 revolutions in the simulations and when neglecting the first
20 revolutions we have systematic deviations of less than 5 MHz in the
simulated isotope shifts between 20,24,34Mg+ versus 26Mg+ as shown in
Fig. 15 (middle). Fig. 15 (bottom) shows the systematic error in the
isotope shift for different offsets in the assumed ion energy compared
to its literature value. A 5-eV offset in ion kinetic energy leads to a
systematic error of up to 20 MHz.

If the transient behaviour of the in-trap lift switch circuit is well
understood, the shift in energy due to the realistic HV switching could
in principle be corrected in the analysis of the isotope shift. However,
in practice an accurate characterization of a fast 20-kV HV switch
remains a technical challenge which cannot be easily resolved by a
purely simulation approach of the switch circuit.

For this reason, the kinetic energy after a few tens of revolutions in
the MR-ToF device needs to be determined by other means. Once the
kinetic energy is known for one isotope it can be used for the isotope

Table 4
Expected line width broadenings for MIRACLS measurements of the D1 and D2 line in
Mg+ ions. See text for details.

Cause of broadening Broadening (MHz)

Natural line width 42
Doppler broadening (depending on in-trap lift
switching behaviour)

23–42.5

Gaussian white noise on mirror electrodes <0.009 MHz per revolution
Sinusoidal noise on mirror electrodes <8
Total (5000 revolutions) <75
Total (10,000 revolutions) <108

shift calculation along the entire isotopic chain as long as there are
no additional energy shifts between the individual isotopes, as holds
true in the simulations. The beam energy can also be determined via
CLS measurements: The very precisely measured resonance frequencies
𝑓0 of the D1 and D2 line in the ions’ rest frame of either 24Mg+ or
26Mg+ ions can be taken from literature [72]. The kinetic energy can
then be calculated according to Eq. (1) from the measured resonance
frequency in the laboratory frame of the respective stable isotope.
Alternatively, one can determine the rest frame transition frequency 𝑓0
via collinear and anticollinear measurements performed on one specific
isotope within the MIRACLS apparatus itself. Once 𝑓0 is known it
can be used to determine the beam energy in combination with any
collinear or anticollinear measurement carried out at later times. If
the same wavemeter for measuring the laser frequency is used, the
wavemeter uncertainty is almost eliminated and the beam energy can
be determined with a relative uncertainty of 10−5 [73]. This would
correspond to around 0.3 eV at MIRACLS which is a sufficiently ac-
curate estimation of the experimental ion beam energy for MIRACLS,
see Fig. 15 (bottom).

We note that the timing between Paul trap extraction and switching
of the in-trap lift needs to be adjusted for each individual isotope, such
that the isotope of interest is within the field-free region when the lift is
switched for trapping. In the following it is investigated for one specific
isotope, namely 24Mg+, how the energy is changed when the ion of
interest is not exactly in the middle of the in-trap lift when its HV
switching for trapping takes place. In the case of the measurement-
based switching function, a 0.1-μs offset in the switch timing leads
to an offset in the energy of 0.5 eV, corresponding to a systematic
error of 16 MHz in the D1 line of Mg (see Fig. 16). In the case of the
simulated switch circuit in LTspice, a 0.1-μs offset switch timing just
changes the centroid energy by 0.15 eV, corresponding to a systematic
error of 4.5 MHz. The change in the centroid energy due to the offset
switch timing is in the simulations observed to be mass independent in
a range from 20 to 134 u. Provided careful adjustment of the in-trap lift
switch timing for each isotope, no significant systematic deviations are
expected in CLS measurements at MIRACLS. Appropriate timings can be
deduced from the ions’ ToF spectra as recorded on a MagneToF detector
downstream of the MR-ToF device. Once known for one mass, a scaling
to other isotopes is feasible. We investigate this effect nevertheless since
there might be (small) uncertainties in the scaling or inaccuracies in the
timing signals.

In Table 4 a short summary of the expected line broadenings as
relevant for the MIRACLS technique is given, while Table 5 lists the
expected systematic deviations on the isotope shift.

The systematic error on the isotope shift arising due to a limited
knowledge on the kinetic energy on the 5-eV level is less than 20 MHz.
If the switch timing is oppositely offset by 0.1 μs for both isotopes
or if it is offset for only one isotope by 0.2 μs a systematic error
of 32 MHz originates. This results in a total systematic error of 38
MHz for a future measurement of the isotope shift of 20Mg to 34Mg
in the most conservative application of MIRACLS. This is comparable
in magnitude to systematic uncertainties of previous measurements on
exotic Mg isotopes [33]. More recent work in traditional, single-passage
CLS reports systematic errors for isotope shifts over the same mass
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Fig. 16. (Top) Difference between the calculated resonance frequency in the ions’ rest
frame according to Eq. (1) and the literature value [72] versus revolution number for
100 24Mg+ ions in the D1 line. The simulations are evaluated at the transversal middle
plane of the MR-ToF device for different timings between Paul trap extraction and in-
trap lift switching. At time 𝑡 the ion bunch is exactly in the middle of the central drift
tube, when the HV switching is activated. (Bottom) Doppler broadening (FWHM) versus
revolution number taking only ions excitable by a laser with 2-mm beam diameter into
account for different timings between Paul trap extraction and in-trap lift switching.
The measurement-based function for the in-trap lift switch is used.

Table 5
Simulated upper limit of the investigated systematic deviations of the MIRACLS
technique on the isotope shifts for Mg+ ions of mass 𝐴 = 20–34 versus 26Mg. Note
that the limited knowledge of the beam energy is both given by the Paul trap
acceleration potential as well as by the realistic HV switching of the in-trap lift of
the MR-ToF device. By performing simultaneous collinear–anticollinear measurements
the systematic error due to the ion energy is eliminated. See text for details.

Cause of error Uncertainty on
isotope shift (MHz)

Limited knowledge of energy on 5-eV level 20
Non-ideal switch timings of in-trap lift 32

difference by a factor of 2 to 10 smaller, e.g. [37,74–77]. There, they
are related to the uncertainty of the acceleration potential. Given that
an offset in acceleration potential equally effects the kinetic energy of
all studied isotopes, an uncertainty in its determination leads to errors
in the isotope shifts which are correlated along the entire isotopic chain
and increase in size as function of the mass difference to the reference
ion. This effect is common to both, MIRACLS as well as traditional
single-passage CLS. If absolute, nuclear charge radii are known for
at least three isotopes along the studied isotopic chain, a King-plot
analysis can be performed. As a result, the systematic error due to
incomplete knowledge of the acceleration potential is eliminated in
the determination of the other charge radii from the measured isotope
shifts.

For MIRACLS, however, an additional systematic error arises due to
inaccurate settings in the timings of the HV switching. This can lead
to shifts in resonance-centroid frequencies which may vary in size and
direction from isotope to isotope and which are not eliminated in the
extraction of charge radii via a King-plot analysis. In order to minimize
this effect, the consequences of the switch timing on the isotope shift
will be studied for the well-known (stable) isotopes before an online
experiment. Moreover, the correct switch timings can be precisely
determined for abundant (stable) ion species and, then, scaled to its

value for an exotic nuclide. Thus, within the systematic uncertainties
estimated above, we do not expect any significant reduction in the
performance or accuracy of the MIRACLS technique even when a slow
in-trap lift switching is employed.

Finally, if simultaneous collinear–anticollinear laser spectroscopy
measurements are performed, the uncertainties on the ions’ energies are
eliminated [78]. Due to the trapping of the ions in the MR-ToF device,
collinear and anticollinear probing of the ions can be done within the
same measurement and hence no additional time is required, provided
a second laser system is available.

6. Conclusion and outlook

The simulation of CLS in the envisioned 30-keV MR-ToF appara-
tus in combination with the first experimental results of MIRACLS’
proof-of-principle experiment [15–19] demonstrate the feasibility of
high-resolution CLS in an MR-ToF device and highlight the potential
of the novel concept of MIRACLS. Building on the successful bench-
marking of the simulation approach against the experimental 1.5-keV
proof-of-principle data, extensive simulations of the new 30-keV device
and its injection optics have been performed in the present work.
Taking the space constraints in the ISOLDE experimental hall into
account, suitable geometries and potentials for ion beam preparation
and transfer as well as MR-ToF injection and operation have been
found.

These allow for > 90% injection and storage efficiency, > 75% ion–
laser overlap and a line width approaching the natural line width of
the transition of interest. When the electrostatic potentials applied to
the MR-ToF mirror electrodes and ion optical elements of the transport
beamline are optimized for the requirements of CLS, the shape of the
simulated spectral line is neither significantly broadened nor distorted
by the combination of CLS and MR-ToF operation. Additional system-
atic effects such as high-voltage instabilities or non-ideal high-voltage
switches do not lead to any significant reduction in performance of
the MIRACLS technique in the simulations. This indicates that accuracy
and resolution for MIRACLS will be close to traditional single-passage
CLS. However, by trapping the ions in the 30-keV MR-ToF device the
sensitivity of traditional CLS will be enhanced by more than one to two
orders of magnitude.

The construction of the 30-keV MR-ToF device as simulated in this
work is currently ongoing and its commissioning will be topic of a
future publication. The first MIRACLS measurements are foreseen to
be performed on neutron-rich Magnesium isotopes in the island of
inversion and Cadmium isotopes at and beyond the N=50 and N=82
neutron shell closures. Following a similar simulation approach but
focused on mass separation, we are currently investigating a 30-keV
MR-ToF device with the aim to provide high purity radioactive beams
to downstream experiments.
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Fig. 17. Simulated CLS centroid frequency versus revolution number for 1000 24Mg+

ions evaluated at the transversal middle plane of the MR-ToF device for different chosen
grid resolutions.
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Appendix

To improve the accuracy in SimIon the following steps are under-
taken in this work: A 3D solid geometry modelling language is used to
define the respective geometries of the setup in an ASCII file with .gem
extension, which can be directly read in by SimIon. A simplified model
of the beamline is included in the simulations to properly define the
boundary conditions of the potentials. SimIon’s surface enhancement
feature is enabled to better model curved surfaces.

The simulations are split into three different geometrical segments.
In the simulation segments between Paul trap and Lens 4, a geometrical
resolution of 0.5 mm per grid unit is used together with a convergence
objective of 1e−5 V in electric field refinement. For the final, fully
cylindrical symmetric simulation segment including Lens 5 and the MR-
ToF device, 0.1 mm per grid unit and 1e−7 V are used to minimize
computational errors. The maximal size of a time step is given by the
time the ions need to travel one grid unit, but a dynamical reduction
of its size is enabled to improve accuracy when needed, e.g. close to
the electrode surfaces or during the reversal of the axial velocity of the
ions in the MR-ToF device.

The ion parameters are passed on to the next simulation segment at
user-defined planes, perpendicular to beam propagation, via a Python
routine which is executing the respective SimIon simulations for all
geometrical segments. In order to ensure smooth transitions, it is
required that the adjacent segments have identical fields at the common
plane. For the calculation of the ion trajectories relativistic corrections
are enabled in SimIon. However, no differences are noticeable for the
results presented in this work if a fully classical treatment is chosen.

When trapping the ions for multiple revolutions in the MR-ToF
device computational errors may accumulate leading to significant
errors after many revolutions. Hence the simulations in this work are
limited to the first 300 revolutions.

The inaccuracy of the simulations for too large grid spacing is also
evident by a nonphysical change of the energy of individual ions. By
comparing different grid resolutions it is verified that the simulations
have indeed converged as exemplary shown for the evolution of the
centroid frequency and the ion-bunch width over revolution number
in Figs. 17 and 18. While for a geometrical resolution of 0.2 mm per
grid unit the centroid frequency increases with revolution number, the

Fig. 18. Ion-bunch width (FWHM) versus revolution number for 1000 24Mg+ ions with
various grid resolutions.

simulations using 0.1 mm per grid unit are almost constant, yielding
results close to the ones for 0.05 mm per grid unit. In the case of
the evolution of the ion-bunch width over revolution number 0.05 and
0.1 mm per grid unit lead to the same overall behaviour, while 0.2 and
0.5 mm per grid unit would predict a too large increase of ion-bunch
width over revolution number. Hence, 0.1 mm grid spacing provides a
suitable accuracy for our purposes while the setup and run times of the
simulations are still kept reasonably small.
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Abstract

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/∆m 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) fa-
cilities require pure ion beams with high intensity. Ex-
isting mass separators, such as the high-resolution mass
separator at ISOLDE/CERN [1], use dipole magnets and
achieve mass resolving powers R = m/∆m in the order of a
few 1000. Next-generation magnetic mass separators such
as the high-resolution isobar separator for the CARIBU
project [2, 3], the SPIRAL2/DESIR high resolution mass
separator [4, 5] or the CANREB high-resolution separa-
tor 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

∗Corresponding author
Email address: franziska.maria.maier@cern.ch (F.M. Maier)

mass resolving power to suppress isobaric contamination,
i.e. unwanted ions of similar mass.

Recently, Multi-Reflection Time-of-Flight (MR-ToF) de-
vices have significantly gained in importance for the mass
separation of short-lived radionuclides at RIB facilities through-
out the world [7–17]. Since 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 are bouncing back and fourth between two
electrostatic mirrors. Hence, a flight path of several kilo-
meters is realised while the ions are confined in a table-
top instrument. MR-ToF mass separation at high R is,
however, only possible up to a limited number of ions.
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At large ion densities, the Coulomb interactions between
the ions can no longer be neglected and, thus, so-called
space-charge effects degrade the otherwise superb mass
separation capabilities. In particular, phenomena such as
selfbunching [18–25] and peak coalescence [22, 25–27] at
increased numbers of stored ions have been reported in
MR-ToF devices. As a consequence, the ion species do
not separate in m/q any longer when too many ions are
simultaneously confined.

However, virtually all fields of rare isotope science pur-
sued at low-energy branches of RIB facilities would ben-
efit from isobaric pure beams with a high ion intensity.
For some initiatives such as the antiProton Unstable Mat-
ter Annihilation (PUMA) project [28] for the study of the
interaction of anti-matter with radioactive nuclides, pure
radioactive ion beams are an indispensable prerequisite.
Even applications closer to stability like the production
of innovative medical isotopes [29, 30] suffer from isobaric
contamination. An advanced beam purification appara-
tus with a large ion flux could reduce the need of chemical
separation and would hence reduce the radioactive activity
during transport and handling as well as the radioactive
waste.

Magnetic separators are expected to continue exceed-
ing MR-ToF systems in ion flux while the latter remain
superior in attainable mass resolving power. The ulti-
mate configuration would, thus, combine mass separation
in stages in which a high resolution magnetic separator de-
livers a ’pre-separated’ RIB to an MR-ToF device ideally
with a higher ion throughput compared to current state-
of-the-art MR-ToF instruments. Magnetic dipole separa-
tion and MR-ToF separation differ in their time structure
of operation. While magnetic mass separators work for a
continuous beam of ions, a bunched beam structure is re-
quired for MR-ToF operation. Hence a Paul trap acting
as a cooler-buncher is typically installed upstream of an
MR-ToF system.

Employing ion optical simulations including ion-ion in-
teractions, the present work investigates options to in-
crease the mass resolving power of MR-ToF devices and
the maximal ion flux while maintaining the large mass re-
solving power. Our findings suggest that, while the ion
preparation in a cooler-buncher prior to the MR-ToF de-
vice has for most applications no significant influence on
the maximal ion flux possible at a given resolving power,
increasing the kinetic energy of the stored ions from 1.5 keV
to 30 keV could substantially increase the number of mass
separated ions per unit of time.

To benchmark the validity of the simulation approach,
time-of-flight studies of ion bunches extracted from the
MR-ToF device as well as collisional-induced fluorescence
measurements with a 1.5-keV MR-ToF device [24, 26, 27,
31, 35, 36] are carried out. For the latter, we take advan-
tage of inelastic collisions between ions and residual gas
particles leading to fluorescence [24, 37]. The detection of
the emitted photons enables the tracking of the evolution
of the ion bunch’s temporal spread over revolution num-

ber [24] and thereby understand the ion dynamics within
the MR-ToF device for varying numbers of stored ions.

The next section introduces general characteristics of
MR-ToF systems and section 3 describes the experimen-
tal setup consisting of a 1.5-keV MR-ToF device used for
benchmarking the simulation code. In section 4 the simu-
lated mass resolving power is compared with and validated
by the experimental one. Afterwards the simulation code
is employed to investigate the advantages of a 30-keV MR-
ToF mass separator in the context of single-ion counting
experiments where ion-ion interactions are negligible. In
section 5 space-charge effects are taken into account be-
tween the ensemble of one single ion species and between
two different ion species. The simulation results are bench-
marked 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 possi-
bilities to increase it. Our simulation results indicate that
a significantly higher ion throughput is possible when the
ion-beam energy is increased from 1.5 keV to 30 keV. Sec-
tion 7 introduces such a novel 30-keV MR-ToF apparatus,
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, in which the ion bunch is reflected
back and forth between two electrostatic mirrors (see fig-
ure 1). After some revolutions within the confining electro-
static fields in the MR-ToF device the ions are ejected onto
a downstream detector either by lowering the potentials of
the mirror electrodes or by raising the kinetic energy of
the ions via the technique of in-trap lift switching [38].

Important performance characteristics are mass resolv-
ing power, processing time and maximal ion flux. The
mass resolving power (also see equation 2) describes the ca-
pability of the device to mass separate two ion species with
massesm andm+∆m with abundance ratio rab = N1/N2,
where N1 is the number of ions with mass m and N2 is the
number of ions with mass m+∆m.

The processing time tproc describes how long it takes
to mass separate 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).

The maximal ion flux ϕ is given by the number of ions
which can be mass separated per unit of time,

ϕ =
Nmax

tproc
=

Nmax

max(ts, tprep)
(1)
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Figure 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 x 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 [31]. An optical lens system, adapted
from [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 [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.

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

The mass resolving power at the detector plane fol-
lows [12]

R =
m

∆m
=

t

2∆t
=

t0 + rt1 + td

2
√
∆t20 + (r∆t1)2

, (2)

where t is the ions’ total flight time upon extraction from
the Paul trap and ∆t 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 from the Paul
trap to the middle of the MR-ToF device, the storage time
ts = 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. ∆t0 is the initial bunch width
when the ions pass the transversal middle plane of the MR-
ToF device for the first time. Finally, ∆t1 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/(2∆t1). The initial time spread ∆t0

mainly determines the processing time, so how long it takes
to reach a certain mass resolving power R < Rinf . ∆t,
∆t0 and ∆t1 are given as the full-width-at-half-maximum
(FWHM) of the ToF peak width throughout this work.

Note that equation 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 ∆t0, the ion bunch width is steadily in-
creasing with revolution number caused by unwanted ion-
optical aberrations. ∆t0 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 in-
creases almost linearly for the first few milliseconds, until
it approaches Rinf .

The spatial location of the time-focus plane depends
on the extraction 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

1The time-focus point corresponds to the moment when the faster
ions, which are initially at the end of the ion bunch, overtake the
slower ions, which left the Paul trap first.
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close to the detector plane, as necessary for application
of equation 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 technique 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

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 intro-
duced. This setup is used for the experimental studies in
this work, which allow to benchmark the simulation code
and to illustrate and understand important MR-ToF char-
acteristics. Figure 1 shows an overview of the setup. It in-
cludes an electron-impact ionization source similar to ref-
erence [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 as a cooler-
buncher to accumulate ions and obtain bunched beams.
An electrostatic steerer upstream of the Paul trap is used
as a beam gate to control the number of ions injected
into the Paul trap. In the Paul trap, the ions can ei-
ther be cooled by Helium buffer gas at room-temperature
and ≈ 3e-6 mbar Helium pressure as measured in the sur-
rounding vacuum chamber or by performing a combination
of buffer-gas and laser cooling in which the former is done
with the background residual gas present in the system. If
only 300-K beam temperature is required, standard buffer-
gas cooling can be applied and a cooling time of 2 ms is
normally sufficient, depending on the buffer-gas pressure
in the Paul trap. For Doppler cooling a continuous-wave
laser beam with a wavelength of 280 nm is sent into the
Paul trap. Within around 100 ms of ion-storage time in
the Paul trap, the Mg+ ions can be laser-cooled down to
a few Kelvin. More details about Paul-trap operation and
laser cooling in this setup are found in reference [34].

After ion extraction from the Paul trap, the ion bunch
is deflected by an electrostatic quadrupole bender onto the
axis of the MR-ToF device. There, it is captured by the
in-trap lift [38] and trapped for thousands of revolutions
at a beam energy of around 1.5 keV. After a given storage
time in the MR-ToF device, the ions are ejected (again
by activating the in-trap lift [38]) and impinge on a Mag-
neToF detector for time-of-flight measurements. Another
MagneToF detector is installed in front of the MR-ToF de-
vice to allow improved diagnostics of its capture efficiency.
The MR-ToF component itself consists of two opposing

electrostatic mirrors and a central drift tube. Each mirror
is made out of four concentric ring electrodes. The MR-
ToF device has a total length of 384 mm and the central
drift tube has a length of 212 mm. More details can be
found in references [31, 35, 36].

For studies of the device’s mass resolving power, the
outermost three mirror electrodes are passively stabilized
and the second outermost 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 [42, 43].

For collision-induced fluorescence studies, above the
central drift tube of the MR-ToF device an optical lens
system adapted from references [32, 33] and a photomul-
tiplier tube are mounted for detection of the emitted pho-
tons. In order to increase the collision probability of the
Mg+ ions with residual gas particles, the background pres-
sure 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 en-
ergy 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 reference [31]. Firstly, simula-
tions of the ion preparation 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 cool-
ing [34]. A thousand 24Mg+ ions are positioned around
the potential minimum of the Paul trap and left to ther-
malize 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 sim-
ulations as well as in the experiment for this particular
geometry and chosen extraction field strengths.
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To evaluate equation 2 for simulated data, the times
t0 and t1 as well as the initial time spread ∆t0 follow di-
rectly from the simulated ion distribution. In principle, ∆t
after many thousands of revolutions and, thus, the peak
width broadening per revolution ∆t1 would follow from
the simulated ion distribution, too. In practice, however,
only a few hundred revolutions can be simulated with suf-
ficient accuracy. Hence the ions are studied for only up
to 100 revolutions. The peak-width broadening ∆t1 over
100 revolutions is very small for optimized settings. To
observe the small changes of the ion bunch width ∆t 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 determi-
nation of the peak-width broadening ∆t1, the initial time
spread ∆t0 is artificially set to zero when the ions are
captured in the MR-ToF device, see also reference [45].
The resulting time spread ∆t considering all ions after 100
revolutions is divided by the revolution number to obtain
∆t1. For a given scenario (Paul-trap operation, transfer
beam line, MR-ToF mirrors) all required input values for
equation 2 are thus extracted from the simulations and the
corresponding mass resolving power is obtained.

4.2. Optimization of the mass resolving power

To optimize the mass resolving power a similar opti-
mization procedure as described in reference [46] is fol-
lowed. Firstly, the potentials of the four mirror electrodes
constituting one MR-ToF mirror are varied in a Monte
Carlo approach [31] for a fixed initial ion distribution. Sec-
ondly, the potential combinations leading to the largest
Rinf are further optimized employing SIMION’s built-in
Nelder-Mead algorithm [47]. The ion injection simulation
for the best mirror potentials is then optimized via the
Nelder-Mead algorithm for a large transport and trapping
efficiency. Finally, the in-trap lift potential is chosen such
that the time for one revolution t1 is fairly independent
of the potential applied to the in-trap lift and hence the
energy of the ions. Operating the MR-ToF device in this
so-called isochronous mode boosts Rinf . The obtained po-
tentials are stated in table 1.

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
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Figure 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. Figure (b) is the same as
(a) but the simulated peak-width broadening per revolution is mul-
tiplied 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.

4.3. Comparison between Simulations and Experiment

In figure 2(a) the experimental and simulated mass re-
solving power is shown as a function of the storage time in
the MR-ToF device for buffer-gas as well as Doppler cool-
ing in the Paul trap. The measurement procedure of the
mass resolving power is the same as discussed in [34]. Note
that in our Doppler-cooling work only the longitudinal mo-
tion is cooled by the laser beam [34]. For comparison, an
additional simulation with 5-K buffer-gas temperature in
the Paul trap is depicted. The potential tune of injection
electrodes and mirror electrodes has been optimized for
300-K buffer-gas cooling in the Paul trap, but also leads
to very good results for 5-K buffer-gas cooling. This was
confirmed by performing a dedicated potential optimiza-
tion 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 gov-
erned by the initial peak width ∆t0, which shows an ex-
cellent agreement between simulations and experiment, see
also references [31, 34]. For 5-K buffer-gas cooling ∆t0 is
10 ns, for Doppler cooling it is 19 ns (corresponding to
15-K buffer-gas cooling)2 and for 300-K buffer-gas cool-
ing it is 106 ns (measurements performed with the Paul

2Note that this laser-cooling result is due to a particular combi-
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trap settings at the time being, for possible improvements
see section 4.4). Hence, for laser cooling a mass resolving
power of 100,000 can be reached within 4 ms storage time
in the MR-ToF device; for 5-K buffer-gas cooling this can
be achieved in 2 ms whereas for 300-K buffer-gas cooling a
storage time of 22 ms is needed. The ion preparation time
in the Paul trap is for buffer-gas cooling around 2 ms,
whereas it is significantly increased for laser cooling to
around 100 ms given the reduced buffer-gas pressure and
the power density of the cooling laser. Therefore, the total
processing time for mass separation of the ions is longer
for laser cooling than for buffer-gas cooling for these first
laser-cooling measurements [34].

Due to the peak-width broadening per revolution ∆t1,
the mass resolving power approaches the maximally pos-
sible Rinf after some ion storage time in the MR-ToF de-
vice. 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 ∆t1 is decreased and Rinf is significantly
larger compared to room-temperature buffer-gas cooling.

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

The mismatch of the experimental and simulated peak-
width broadening per revolution could possibly be explained
by voltage instabilities of the mirror electrodes or energy
fluctuations prior to the injection of the ions in the MR-
ToF device. To investigate this further, Gaussian white
noise is added to the potentials applied to the mirror elec-
trodes. The Gaussian white noise is implemented via the
polar form of the Box-Muller transformation [49] with vary-
ing standard deviations and the potential is changed every
time step of the simulation and for each ion individually.
As such, we consider voltage fluctuations occurring during
the storage cycle and voltage fluctuations between differ-
ent storage cycles. Figure 3 shows a decrease in Rinf with
increasing electrical noise. However, the experimentally
determined [50] voltage fluctuations have temporal stan-
dard deviations below 0.1 V in agreement with the spec-

nation of low-pressure buffer-gas and laser cooling as explained in
reference [34]. Laser cooling is capable to prepare ion bunches with
even smaller ToF widths and, thus, in principle, also to improve
MR-ToF operation even further. The purpose of the mass resolving
power measurements is to benchmark the simulations and to experi-
mentally show that colder ion beams lead to a faster mass separation
and to an increased Rinf . More modern MR-ToF devices exceed in
Rinf even with conventional ion preparation, but would also benefit
from colder beams for an additional boost in Rinf .
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standard deviation of Gaussian white noise (V)
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Figure 3: Simulated mass resolving power in the limit of infinite rev-
olutions Rinf as a function of the standard deviation of the Gaussian
white noise added to the mirror electrodes of the 1.5-keV MR-ToF
device for Doppler and 300-K buffer-gas cooling. The standard de-
viation of the voltage fluctuations in the experiment are less than
0.1 V as indicated by the black vertical line.

ifications of the power supplies. Hence, only a minimal
increase of the peak-width broadening per revolution is
expected and the factor 3 mismatch cannot be explained
by voltage fluctuations.

Another reason for this mismatch could be the resid-
ual gas pressure in the MR-ToF device in the experiment,
whereas the MR-ToF simulations are performed assum-
ing perfect vacuum. The importance of a good vacuum
quality in the MR-ToF device has been reported repeat-
edly [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 Helium 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 cooling
case. Hence, the mismatch of the experimental and simu-
lated 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 poten-
tials which allows to reach a good mass resolving power in
the experiment. While the initial increase in mass resolv-
ing 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.

3For taking collisions between ions and residual gas particles into
account in the MR-ToF simulations the knowledge of the cross sec-
tions for all ion energies in the MR-ToF device ranging from 0 to
5 keV would be required. (In our MR-ToF mirror configuration, see
table 1, ions are temporarily accelerated up to 5 keV in the refocus-
ing sections (mirror electrode 1) of the electrostatic mirrors.) The
hard-sphere interaction model which is employed for simulating the
buffer-gas cooling of ions of a few electronvolts in the Paul trap may,
however, not be sufficiently accurate for the present purpose and ion
energy range.
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Figure 4: 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.

4.4. Operation of a 1.5-keV MR-ToF device with different
Paul trap preparation 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 in the order of a few milliseconds. Therefore
the initial time spread ∆t0 needs to be as small as possi-
ble. As discussed in the previous section, laser cooling or
cryogenic buffer-gas cooling lead to a much faster initial in-
crease 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 re-
solving power in a short amount of time, a high extraction
field strength is often applied during the Paul trap ex-
traction [39]. The electrostatic potential along the central
axis of the Paul trap in MIRACLS’ low-energy apparatus
is shown in figure 4 for ion trapping and three different
extraction modes. The chosen cooling times in the Paul
trap are always 2 ms. A higher extraction field strength re-
duces ∆t0 at the cost of an increased energy spread of the
ion bunch because of the conserved longitudinal emittance
(see figure 14 in reference [34]).

As a consequence, the peak-width broadening per revo-
lution ∆t1 and thus MR-ToF performance can be degraded
if the energy spread ∆E gets too large4. Figure 5(a) il-
lustrates this interplay between ∆t0 and ∆E on the mass
resolving power in our simulation studies. The Paul trap
extraction scheme with a field strength of 3.3 V/mm re-
sults in ∆E = 2.3 eV and ∆t0 = 106 ns and in a rela-
tively slow increase in R over MR-ToF storage time (blue
curve). For example, R = 1e5 is reached after 22 ms. A
steeper extraction field with 8 V/mm yields ∆t0=33 ns

4∆E is in this work always given as FWHM of the energy distri-
bution of the ions.
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Figure 5: 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 figure 2(a). (b) Minimum stor-
age time ts for reaching R = 1e5. Note that for determination of ts
equation 2 is not applicable for extraction field strengths outside the
range 3-8 V/mm for 1.5-keV beam energy or 65-160 V/mm for 30-
keV beam energy (see section 4.1). (c) Rinf as a function of the
energy spread of the ions for 1.5-keV beam energy and for 30-keV
energy. For 1.5-keV beam energy the revolution period t1 is 6.62 µs
and for 30-keV beam energy it is 1.48 µs.

and ∆E = 5.5 eV (pink curve). Thus, higher mass resolv-
ing powers are obtained in a much shorter storage time.
In particular, R = 1e5 is reached after 6.5 ms, around 3.4
times faster than for 3.3 V/mm. Note that for 5-K buffer
gas cooling ∆t0 does not show any dependence on the ex-
traction field strength as also discussed in reference [34].
When increasing the extraction field strength further to
achieve even smaller storage times in the MR-ToF device
for 300-K buffer-gas cooling, Rinf will significantly decrease
(see figure 5(c)).

Figure 5(b) and 5(c) show the processing time, here
evaluated by the storage time ts needed to reach R >
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1e5, and the ultimate mass resolving power Rinf , respec-
tively, for various energy spreads ∆E of the ion ensem-
ble. Note that for the calculation of ts from the simula-
tions (as shown in figure 5(b)) the time-focus point needs
to be close to the detector, while the determination of
Rinf = t1/(2∆t1) (in figure 5(c)) is independent of the
position of the time-focus point. For room-temperature
buffer-gas cooling, it is again the variation of the extrac-
tion field strength from the Paul trap which allows one to
reduce ∆t0 at the cost of the increased ∆E and vice versa.

As expected, the processing time is shorter (smaller
ts) the smaller ∆t0 and, thus, the larger ∆E (see blue
curve in figure 5(b)). Similarly, Rinf is increasing with
decreasing ∆E (and increasing ∆t0), see blue curve in
figure 5(c). Interestingly, this is only true above about
∆E ≈ 9 eV. There Rinf reaches a maximum below which
Rinf is again decreasing with lower ∆E. This is interpreted
as a consequence of a too soft extraction field strength
which has a negative impact on the transversal phase space
and thus, also on the peak-width broadening per revolu-
tion ∆t1 and Rinf . If we artificially change the ion ensem-
ble’s energy spread while maintaining the same transver-
sal phase space5, then Rinf keeps growing for smaller and
smaller ∆E, as expected.

For comparison, figure 5 also shows the MR-ToF per-
formance for ion bunches cooled via laser cooling or a cryo-
genic buffer gas. As discussed above, both methods allow
one to obtain small ∆t0 and ∆E at the same time. Hence,
a fast mass separation in combination with a large Rinf

can be realised.
Alternatively, a fast mass separation with a high Rinf

value may be achieved by increasing the energy-spread tol-
erance 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 [51, 52] from the current typical ∆E/E of around
1% for Rinf > 1e5. This latter value is in agreement with
our simulation studies, too. To our knowledge, 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 ∆E could be raised
by increasing the ion-beam energy E, thus keeping the
∆E/E tolerance.

Such experiments have been reported for 133Cs+ ions
stored at different ion energies within the same MR-ToF
device [53]. For 1.3 keV beam energy, Rinf =4.5e5 was
reached with an energy spread of 14.3 eV while for 750 eV

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

beam energy and ∆E ≈ 6 eV ’only’ Rinf =2.8e5 was ob-
tained. 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 pos-
sible 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 De-
vice

Encouraged by these reports, we next explore the per-
formance of an MR-ToF device operating at even higher
ion-beam energies. Since our MIRACLS collaboration is
building a 30-keVMR-ToF instrument for laser-spectroscopy
applications at ISOLDE/CERN [45], the discussion will
consider this specific ion energy as an example. For a di-
rect comparison between 1.5-keV and 30-keV MR-ToF op-
eration, simulations with a 30-keV beam energy are first
performed within MIRACLS’ low-energy setup as intro-
duced in section 3. To this end, all the MR-ToF and in-
jection 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 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 scaling is
presently not possible in practice due to high-voltage lim-
itations, 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 dis-
cussed 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 ∆E is increased such that a fast
mass separation and high Rinf are attainable in the same
settings. As shown in figure 5, the 30-keV instrument ex-
ceeds the respective low-energy room-temperature simula-
tions on both processing time and Rinf . When investigat-
ing different Paul-trap extraction field strengths and thus
different ∆E, see figure 5(c), the simulation suggests that
much higher Rinf can be reached for the higher beam en-
ergy. For an energy spread of 16 eV, for instance, Rinf

is found to be almost twice as large in the 30-keV instru-
ment 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. 5) resulting in an en-
ergy 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 ∆t0 ≈ 2 ns obtained in
the middle of the MR-ToF device which would allow one

6In reference [39] a record minimum processing time of 1.7 ms is
reported for reaching a mass resolving power of 1e5 for 133Cs+ ions.
The initial time spread mainly governed by the Paul-trap preparation
was 9.6 ns and the energy spread was 16.9 eV.
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to achieve R = 1e5 in only 0.4 ms of storage time. Op-
erating 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 ∆t0 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 en-
ergy 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 characteristics
is its maximal ion flux, i.e. the number of ions which can
be mass separated per unit of time. For many simulta-
neously trapped ions, Coulomb interactions between the
ions cannot be neglected anymore. When different ion
species are simultaneously trapped, these space-charge ef-
fects 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 coales-
cence becomes obvious, space-charge effects can influence
the ion-bunch properties of the trapped ions. Normally,
the peak-width broadening per revolution ∆t1 as discussed
in section 4 leads over time to an increase in the temporal
ion bunch width ∆t. However, when many ions are stored
in the trap ∆t 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
∆t1 for a single species as a first approach to study the
influence of the underlying space-charge effects. In the fol-
lowing, the experimental method of collisional-induced flu-
orescence will be discussed since it allows for in-situ mon-
itoring of the ion bunch within the MR-ToF device (sec-
tion 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 experimen-
tally as a benchmark for MR-ToF simulations including
Coulomb interactions. We explore in simulation and ex-
periment how the ion bunch structure evolves with ion
number during one storage cycle in the MR-ToF device.

Figure 6: 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 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 par-
ticles. Emitted photons, following an inelastic collision,
are detected by the photomultiplier tube installed above
the central drift tube of the MR-ToF device. More de-
tails about the optical detection system can be found in
references [32, 33, 54, 55] and in figure 1.

Figure 6 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 facil-
itate a quantitative comparison of simulations and exper-
iment for the ion bunch properties observed via collision-
induced fluorescence. The extraction of the ion bunch
shape from the simulated fluorescence signal requires pre-
cise knowledge about the detection efficiency of the emit-
ted 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, 54, 55]. For the ray tracing,
100,000 ions are randomly displaced in transversal direc-
tion 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 ini-
tially generated photons which are assumed to be emitted
isotropically. Since only the relative photon detection ef-
ficiency as a function of the position along the ion beam
axis of the MR-ToF device is relevant for the simulations,

7Note that there is no relevant difference in photon detection ef-
ficiency between ion beams with diameters from 2 to 12 mm, which
imposes the upper geometrical limit.
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Figure 7: 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.

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.

Figure 7 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 mid-
dle plane of the MR-ToF device. 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 op-
tical 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 [56].

In figure 8 the simulated photon rate versus time of
photon detection in the optical detection region is com-
pared to experimental data for the zeroth and fourth rev-
olution in the MR-ToF device. Since only the very first few
revolutions are shown and less than 4000 ions are exper-
imentally initially injected into the MR-ToF device (see
paragraph below), space-charge effects can be safely ne-
glected in these spectra. The simulated data are normal-
ized in peakhight 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 validity of the simulation
approach combining the ion optical simulations in SIMION

8The region with less than 0.04 V change in electric potential is
given by −46 mm < x < 46 mm [31].

Figure 8: Photon count rate versus time-of-flight since ion extrac-
tion from the Paul trap for 24,25,26Mg+ ions for the very first passage
through the optical detection region (a) and for the forth 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.

with optical ray-tracing calculations of the emitted pho-
tons.

To obtain an estimate on the experimentally trapped
ion number, data are recorded to count the injected ions as
well as those extracted after 124 revolutions using the Mag-
neToF detectors upstream and downstream of the MR-
ToF device, respectively. These ion detectors have been
calibrated for ion-number determination beyond single-ion
counting following a procedure discussed in reference [56],
which is assumed to be accurate up to around 10,000 ions
per bunch. When an ion bunch consists of more than
around 10,000 ions, non-linearities of the detector response
occur [56] attributed to detector dead-time effects. Based
on the measurements presented in reference [56], it is ex-
pected 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 ob-
served in the spectrum of photons versus time can change
for higher revolution numbers. For example, figure 9 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
interactions lead to a reduction of the ToF peak width
(’selfbunching’) when more ions are simultaneously con-
fined in the MR-ToF device. In both cases, the simulated
photon signal is in excellent agreement with the experi-
mental data. Between 10,000 and 20,000 ions there is no
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notable difference in the photon response in the simula-
tions.

For the simulations, Coulomb interactions between the
individual ions are enabled employing SIMION’s built-in
factor repulsion method [57]. 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 trans-
port 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 negligi-
ble 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 mea-
surements are performed for up to 124 revolutions utilising
different in-trap lift potentials as well as different numbers
of injected ions into the MR-ToF device. When increas-
ing the in-trap lift potential Ulift, the kinetic energy of the
stored ions reduces linearly, Etrapped = Einjected − Ulift.
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 re-
sponse to the 24Mg+ ion passage is shown in figure 10 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 de-
vice is operated in isochronous mode, in which the revolu-
tion 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, irre-
spective of the number of confined ions, see figure 10(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 diffi-
cult to maintain an isochronous mode when more ions are
simultaneously stored.

If an in-trap lift potential of 995 V is chosen, the MR-
ToF device is operated in dispersive mode with dt1/dE <
0. In this mode, the peak width increases over revolution
number, see figure 10(c) and for a higher number of stored
ions the bunch disperses faster, see figure 10(d). Note that
only 400(100) of the initially 8740(520) injected ions can
be extracted after 124 revolutions. The low storage effi-
ciency in the MR-ToF device is a consequence of the vac-
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Figure 9: 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’ low-energy MR-ToF
device. The experimental data (red) is compared to the simulated
ToF spectrum of detected photons (blue). For (b) the ion number is
around a factor 5 larger than for (a).

uum pressure of 1e-7 mbar needed to increase the collision
probability in order to obtain enough statistics within a
few days of measurements. However, this also implies that
more and more ions are lost due to ion-gas collisions the
longer the ions are confined in the MR-ToF device. In
the simulations assuming perfect vacuum, the storage effi-
ciency is more than 90% irrespective of the number of si-
multaneously confined ions as tested for up to 25,000 ions.
These 10% losses take place in the simulations during the
first few revolutions only.

For an in-trap lift potential of 700 V, the relation dt1/dE >
0 holds and the ion bunch is also dispersing (figure 10(e)).
However, if the charge density of stored ions is high enough,
Coulomb interactions lead to the self-bunching effect and
the peak width stays fairly constant over revolution num-
ber (figure 10(f)). This self-bunching phenomenon is well
reproduced by the simulations. For lower numbers of stored
ions in this configuration, there is a small difference be-
tween simulation and experiment, see again figure 10(e).
Among all cases studied, Ulift = 700 V with an interme-
diate ion number shows by far the strongest dependence
of the peak-width broadening per revolution on the exact
ion number, see simulation results in figure 10(e). Thus,
any smaller sized inaccuracies in ion number, either in the
measured ion number, intensity fluctuations or ion losses,
may lead to more notable shifts in this particular configu-
ration.

Generally, for around 20,000 injected ions the experi-
mental peak widths are slightly larger than predicted by
the simulations (see figure 10(b,f)). This effect has been
studied in reference [58] and was attributed to the Coulomb
repulsion in the Paul trap, which is neglected in the present
simulations to keep the simulation times reasonably short.
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Overall, the comparison of the simulations with exper-
imental data with ions of the same species provides con-
fidence in the space-charge simulations. The simulations
with up to 25,000 simultaneously stored ions show a good
qualitative agreement with experimental data. The charge
repulsion factor method in SIMION provides a powerful
tool for our purposes (for a charge repulsion factor up to
at least 250, see appendix 8) while reducing the simulation
time significantly. Given the good agreement between the
SIMION simulations and our experimental data, we con-
sider SIMION as an appropriate tool to estimate the onset
of space-charge effects in MR-ToF devices. Thus, it can
provide a qualitative guidance to reduce space-charge ef-
fects in MR-ToF systems.
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Figure 10: 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.
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5.3. Study of the interaction of two ensembles of different
ion species

After benchmarking the space-charge simulation code
with experimental data for one ion species trapped in the
MR-ToF device, it will in the following be used to investi-
gate the peak coalescence effect in dedicated simulations.
To this end, ions of hypothetical masses 24 u and 24.0096 u
(m/∆m = 2500) and an abundance ratio (see section 2
for a definition) of rab = 9 are thermalized with 300-K
buffer gas in the Paul trap, transported to the MR-ToF
device and stored simultaneously for 150 revolutions at a
beam energy of 1.5-keV. Figure 11 shows the simulated
time-of-flight spectra of the ions after 150 revolutions as
recorded at the middle plane of the MR-ToF device. For
up to around 3000 stored ions the two ion species are well
separated in time-of-flight after 150 revolutions. Starting
from 5000 ions more than 7% of the ions of mass 24 u are
overlapping in time-of-flight with ions of mass 24.0096 u
and hence cannot be fully mass separated anymore. For
25,000 ions a full peak coalescence is observed. However,
some ions lose synchronicity with the main ion bunch (see
figure 11(f)). When the ion number is further increased
less ions loose synchronicity (not shown).

The peak coalescence simulations presented in this work
show a good agreement with earlier simulations performed
in Simbuca [59] and experimental data from the same MR-
ToF device, while it had been operated earlier at Greif-
swald [26, 27]. For those simulations the ion distribution
was initialized directly in the axial center of the MR-ToF
device. The present work goes a step further, and the full
process from thermalization in the Paul trap up to ion
storage in the MR-ToF device has been simulated. This
comprehensive approach is required to predict and opti-
mize the ion flux, i.e. the number of ions which are mass
separated and transmitted per unit time. In the following
this is investigated for various experimental conditions in-
cluding different schemes in the ion preparation prior to
the ion storage in the MR-ToF device itself.

6. Ion Flux Simulations

6.1. Ion flux for ion doublets with m/∆m = 2500

In this section, the maximal ion flux is evaluated for
different Paul trap and MR-ToF operation modes for a
storage time leading to a mass resolving power of 5000.
The m/∆m ratio of the two ion species to mass separate
is chosen with 2500 in order to fully mass separate them
in the limit of single ion counting [12]. The two ion species
have mass m = 24 u and m = 24.0096 u, respectively, and
an abundance ratio rab = 9. While R = 5000 is a very
modest mass resolving power for which next-generation
magnetic separators outperform MR-ToF devices in ion
flux, it is chosen for the simulations in this section as it
is still fully tractable9. It allows conclusions about the

9Due to limitations in computing resources, only a few hundred
revolutions can be simulated with sufficient accuracy and reasonable
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Figure 11: 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.

effects caused by high ion flux in MR-ToF devices at low
R and low mass which are confirmed to be valid also for
the experimentally more relevant larger R and ion masses,
as discussed in section 6.2.

The maximal ion flux is in the following defined by
Nmax/ts, so it is limited by the storage time ts in the MR-
ToF device as well as by the maximal ion number Nmax

that can be confined simultaneously in the MR-ToF device
without notable peak overlap due to the peak coalescence
effect. Note that a more general definition of the ion flux
is given in section 2 (see equation 1), where the ion flux
is defined by Nmax/tproc. As the present work aims to
characterize the behaviour 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 alterna-
tively 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 ∆t0 and the storage
time ts, after which R = 5000 is reached, are shown in

run times. Hence, most of the simulations discussed in the following
are limited to a storage time of 1 ms (corresponding to up to 150
revolutions for 24Mg+ ions with 1.5-keV beam energy).
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figures 12(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-
ure 12(c) for the different Paul trap settings10. The sim-
ulations reveal that for a smaller initial time spread fewer
ions can be simultaneously stored in the MR-ToF device.
This is interpreted as a consequence of ions being closer
together in time-of-flight and thus also in space in longitu-
dinal direction such that the ions will experience stronger
Coulomb interactions, especially effective during their ve-
locity reversal in the mirror electrodes.

The resulting maximal ion flux Nmax/ts, is shown in
figure 12(d) for the different investigated cases. Even though
a given R is reached more quickly for a smaller initial time
spread ∆t0, the ion flux remains within statistics the same.
For a smaller ∆t0 fewer ions can be stored simultaneously
in the MR-ToF device due to the earlier onset of peak co-
alescence. Thus, as long as the half-lives of investigated
nuclides are long enough to allow a mass separation within
the necessary storage time, our simulations suggest that
there is no notable advantage for an MR-ToF device’s max-
imal ion flux using a Paul trap capable to obtain a small
initial time spread ∆t0. If the ion bunch preparation time
tprep in the Paul trap is not neglected and one operates
with settings ts < tprep, a faster mass separation (hence
smaller ∆t0) leads to a reduction of the ion flux defined
via Nmax/max(ts, tprep) since for smaller ∆t0 less ions can
be simultaneously confined in the MR-ToF device.

Experimental ion flux measurements have been carried
out in earlier work utilising the same MIRACLS 1.5-keV
MR-ToF device for A = 28 [26, 27]. These experimental
studies showed that for 1.5e7 ions/s a separation of N+

2

and CO+ ions (m/∆m = 2500) is possible, whereas for
6.25e7 ions/s a significant peak coalescence prevents the
mass separation. The experimentally determined maxi-
mal ion flux is hence very close to the one simulated in
this work, providing further confidence in our simulation
approach (see inset of figure 13).

6.2. Ion flux for larger m/∆m

While the previous simulations illustrated that the ion
preparation has no significant impact on the ion flux as
long as ts > tprep, we discuss next the relationship be-
tween maximal ion flux and m/∆m of the ion species to
be mass separated. In particular, one needs to take into ac-
count that for ions closer in mass the maximal attainable
ion flux significantly drops. Figure 13 shows the maxi-
mal ion flux versus m/∆m of the present simulation work
for MIRACLS’ 1.5-keV MR-ToF device for A = 24 (blue

10The 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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Figure 12: (a) Initial time spread ∆t0 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 extrac-
tion field strengths, the last 4 data points are for an extraction field
strength of 3.3 V/mm and different buffer gas temperatures. Er-
ror bars are smaller than the dots. (b) Necessary storage time ts
to reach the mass resolving power R = 5000 for the different set-
tings. Error bars 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 (m/∆m = 2500) with an abundance ratio
rab = 9. Charge repulsion factors of up to 17 are used to simulate
up to 17,000 simultaneously stored ions in the MR-ToF device.

data points) compared to other experimental and/or sim-
ulation studies (gray data points). Due to too long simu-
lation run times, we cannot easily extend our simulations
in the ’standard’ Paul trap operation to m/∆m > 5000.
For larger m/∆m, we thus perform simulations with 5-K
buffer-gas cooling. This reduces ts to a tractable value
while the maximal ion flux is comparable with the room-
temperature case (see figure 12).

The ion flux simulations for the ORISS MR-ToF device
planned for FRIB [60] are performed with Warp [64], an
open-source particle-in-cell Python package. The simula-
tions are carried out for A = 238 and m/∆m = 238, thus,
separating ions with 238 u from contaminants with 239 u.
They show a reasonably good agreement with the ion flux
simulations from the present work.
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Figure 13: Maximal ion flux versus m/∆m for different low-energy
MR-ToF devices. The simulations for the ORISS MR-ToF device
are performed for A = 238 [60]. The ion flux measurements from
ISOLTRAP are for A = 152 [61], from Giessen for A = 78 [13], and
from TITAN for A = 28, 60, 131 and 151 [14, 62, 63]. The simulated
ion flux values for MIRACLS’ 1.5-keV MR-ToF device for A = 24
are shown in comparison (blue). For m/∆m = 2500 also simulations
in Simbuca [59] were performed for the MIRACLS 1.5-keV MR-ToF
device for A = 28 as well as dedicated measurements [26, 27] (see
inset). All values above or equal m/∆m=1e5 are resulting from only
confining one single ion in the MR-ToF device.
Additional information: The reported ion flux values for TITAN are
the limit for high-precision mass measurements, the ones for mass
separation are expected to be slightly larger. For ISOLTRAP’s ion
flux measurements more than 7% of the ions are overlapping, espe-
cially for m/∆m = 27, 200, which is most likely explaining its offset
from our simulations and the ion flux reported from Giessen.

As mentioned in section 6.1, the measured maximal
ion flux for MIRACLS’ low-energy MR-ToF device [26, 27]
agrees with simulation studies in Simbuca [59] as well as
with the present work (see inset of figure 13 and discussion
in section 6.1).

Also the experimentally reported maximal ion flux val-
ues for ISOLTRAP [61], TITAN [14, 62, 63] and Giessen
MR-ToF devices [13] with different m/∆m are in line with
the simulations performed in this work. Note that at TI-
TAN, a two-step strategy is adapted in which at first MR-
ToF mass separation of 1e6 to 1e7 ions/s with m/∆m <
1e4 is performed followed by a mass selective retrapping
in the Paul trap to remove a large fraction of the con-
taminants. Finally, a high-precision 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].

The overall good agreement with existing measurement
data as well as other simulation codes provides additional
confidence in the present simulation approach. Interest-
ingly, the maximal ion flux seems to be within a factor
of 4 fairly independent of the different MR-ToF designs,
different masses ranging from A = 24 to A = 238 and dif-
ferent abundance ratios between ions of interest and con-
taminants. For a more detailed discussion on the influence
of mass and abundance ratios on the maximal ion flux see
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Figure 14: 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 ex-
traction 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 m/∆m = 2500 are performed with mass 24 u and 24.0096 u,
simulations with m/∆m = 25, 000 with 24 u and 24.00096 u and sim-
ulations with m/∆m = 1.2e5 are performed with 24 u and 24.0002 u.
The abundance ratio is always 9. Charge repulsion factors of up to
80 are used to simulate up to 40,000 simultaneously stored ions.

section 7.3.

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

For many applications at RIB facilities it is required
to be able to provide isobaricly pure beams with higher
ion flux. For this purpose, one may consider to perform
the mass separation very fast and only have maximally
one ion stored in the MR-ToF device at a given time. In
practice, such an approach will face a technical limit ei-
ther by the involved electronics or the ion preparation in
the Paul trap. As an alternative path, one may identify
an MR-ToF configuration allowing to store more ions si-
multaneously in the MR-ToF device without significant
space-charge effects.

As we have shown above, due to its larger tolerance
in energy spread a 30-keV MR-ToF device can be advan-
tageous for a faster mass separation of isobars. As an-
other, possibly even more important benefit, our simula-
tions indicate that the ion-flux can be significantly boosted
when increasing the MR-ToF ion-beam energy. To this end
all the potentials in the MIRACLS low-energy setup are
scaled up in the simulations to allow ion storage in the
MR-ToF device with either 15 keV or 30 keV in analogy
to the discussion in section 4.4. Figure 14 summarises the
results in terms of maximal ion flux for 1.5-keV, 15-keV
and 30-keV beam energies. In all cases, the abundance
ratio between ions of interest and contaminants is 9.

For 1.5-keV beam energy, 5-K buffer-gas temperature
and m/∆m = 1.2e5, space-charge effects become domi-
nant as soon as only a few ions are simultaneously stored
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in the MR-ToF device. Thus, the maximal ion flux is sim-
ply calculated by 1/ts with a storage time ts of 6.2 ms
necessary to reach R = 2.4e5. For 15-keV beam energy,
5-K buffer-gas temperature and m/∆m = 1.2e5 peak coa-
lescence is observed for 10 interacting ions (upper limit in
figure 14). The lower ion flux limit is given by storing only
one ion at a time in the MR-ToF device. For 30-keV beam
energy, 5-K buffer gas temperature and m/∆m = 1.2e5,
no peak coalescence is visible for 10 interacting ions (lower
limit), but for 20 interacting ions effects towards peak-
coalescence become visible (upper limit in figure 14).

Confirming our previous conclusion once more, config-
urations which only differ in their ion preparation yield a
similar maximal ion flux (not shown). When comparing
the ion flux simulations for the three different beam en-
ergies however, it becomes apparent that a factor 6 to 12
higher maximal ion flux is achieved when increasing the
beam energy from 1.5 keV to 15 keV. At 30 keV the in-
crease is even a factor of 13 to 25. Hence, our simulations
suggest that an increase in beam energy of the stored ions
will allow to reach a significantly higher ion flux. This can
be attributed to the observation that for the same tem-
poral ion bunch width ∆t a 30-keV ion beam is further
spatially spread in longitudinal direction compared to a
15-keV or 1.5-keV ion beam.

7. A 30-keV MR-ToF mass separator

7.1. Conceptual Design and Operational Parameters

A dedicated 30-keV MR-ToF system is currently in de-
velopment at ISOLDE/CERN for the purpose of highly
sensitive, high-resolution collinear laser spectroscopy at
MIRACLS [45]. Reflecting its potential for highly selec-
tive mass separation, we propose an MR-ToF system by
reconfiguring the components of MIRACLS’ 30-keV appa-
ratus for improved mass separation. Its performance is
studied in simulations to guide experimental work on a fu-
ture ISOLDE MR-ToF mass separator. An overview of the
proposed setup is shown in figure 15. The radioactive ion
beam produced at ISOLDE is injected into MIRACLS’ lin-
ear room-temperature buffer-gas filled Paul trap, which is
floated to 50 kV. After the ions are extracted as bunches
from the Paul trap with an extraction field strength of
around 14 V/mm, they are accelerated to a kinetic en-
ergy of 2 keV. They pass two einzel lenses (L1 and L2)
before they are reaccelerated to 50 keV at the entrance
of the MR-ToF device. By switching the in-trap lift from
around 20 kV to ground potential the ions are stored in
the MR-ToF device at around 30-keV beam energy until
the necessary mass resolving power is reached.

The removal of the time-of-flight mass separated con-
taminants is either possible by dedicated deflector elec-
trodes installed between the central drift tube and the
MR-ToF mirrors during the ions storage time in the MR-
ToF device [65], by mass-selective ion ejection via a pulsed

in-trap lift [66] or by a Bradbury-Nielsen-Gate [67] in-
stalled downstream of the MR-ToF device, possibly af-
ter a dedicated deceleration region for a reduction of the
beam energy from 50 keV down to a few kiloelectronvolts.
A retractable ion detector downstream of the Bradbury-
Nielsen-Gate (BNG) allows time-of-flight measurements of
the extracted ions as well as beam diagnostics. When
retracting the ion detector the purified ion beam can be
transported to the dedicated experimental setups.

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

The distance between Paul trap and MR-ToF device
should be as short as possible such that the time-focus
point can be matched onto a detector/BNG plane installed
directly downstream of the MR-ToF device for large ex-
traction field strengths from the Paul trap. This enables
a fast mass separation as beneficial for radionuclides with
very short half-lives. Since there needs to be space for
two einzel lenses and a reacceleration region which also
serves as a differential pumping barrier, a Paul-trap oper-
ation with initial time spreads below 16 ns will not allow
to match the time-focus point at the detector plane. As
discussed in previous sections, a fast mass separation will
for most applications not boost the ion flux. Hence, initial
time spreads of around 16 ns are sufficient.

The 30-keVMR-ToF device itself is based on MIRACLS’
instrument as designed for high-resolution collinear laser
spectroscopy [45]. The potential combination of the MR-
ToF mirror electrodes as optimized for collinear laser spec-
troscopy also leads to a reasonably large mass resolving
power, once the length of the central drift tube is properly
chosen. The standard optimization procedure to obtain
suitable injection and MR-ToF mirror potentials (see sec-
tion 4.2), did not reveal a configuration with significant
improved performance in mass separation. The highest
mass resolving power Rinf is achieved for a length of the
central drift tube corresponding to 425 mm, a potential of
−1.6 kV applied to lens 1 and −18.1 kV applied to lens 2
with respect to the 48-kV potential of the transfer beam
line. The in-trap lift potential is found to be optimal at
18.79 kV. For this in-trap lift potential the setup is oper-
ated in isochronous mode, hence the revolution period is
fairly independent of the energy of the individual ions. All
other operational settings and geometries are identical to
the ones stated in reference [45].

7.2. Mass resolving power

The simulated total transport and storage efficiency
from extraction from the Paul trap, ion transfer and ion
storage in the MR-ToF device is found to be 91%. The sim-
ulated mass resolving power for the new 30-keV MR-ToF
system for 24Mg+ ions is shown in figure 16 as a function
of storage time in comparison to the simulated mass re-
solving power for MIRACLS’ 1.5-keV MR-ToF setup, for
300-K buffer-gas cooling as well as for hypothetical 5-K
buffer-gas cooling. In the proposed setup, the simulations
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Figure 15: 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 and 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 space of around 1 m x 3 m.
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Figure 16: 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 it is 4.00 µs.

predict a mass resolving power of 1e5 after a storage time
of 3 ms, corresponding to 750 revolutions in the MR-ToF
device. The maximal achievable mass resolving power Rinf

is 1.15e6. Note that in practice the experimentally achiev-
able 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 sys-
tem, the reduction from simulated to experimental Rinf

has been 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 differen-
tial pumping to prevent He gas from the Paul trap to reach
the MR-ToF device.

7.3. Ion Flux

Figure 17 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
m/∆m is 25,000 for all cases investigated to achieve a mass
separation within less than 500 revolutions. The necessary
storage time for R = 50, 000, in which a full mass sepa-
ration 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 al-
most all simulations there is hardly any dependence of the
maximal ion flux on the abundance ratio (see figure 17(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 num-
ber 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 reheating ef-
fects in the Paul trap due to buffer gas collisions during
ion beam extraction [50].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 figures 17(b-d) for an in-trap lift potential of
18790 V). Thus, the ion flux is only very slightly depen-
dent on mass or studied abundance ratio. The maximal
ion flux however shows some dependence on the in-trap lift
potentials (see figures 17(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 com-
pared 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 m/∆m = 25, 000 is around a factor 70 larger com-
pared 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 remain-
ing factor ≈ 3.5 is attributed to changes in the MR-ToF
design.

Based on the studies in section 6.3, a similar improve-
ment can be expected for higher m/∆m and other masses.
Figure 18 shows the simulated maximal ion flux of MIRACLS’
new 30-keV MR-ToF device for A = 132 and an abun-

11Simulations 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 m/∆m = 2500, a buffer-
gas temperature of either 300 or 5 K and an extraction field strength
of 3.3 V/mm. For the Paul trap in MIRACLS’ low-energy setup the
tail towards higher ToF values is much less pronounced than for the
new MIRACLS Paul trap [50], which is still under commissioning
and optimization.
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Figure 17: Maximal ion flux for m/∆m = 25, 000 in the new 30-
keV MR-ToF mass separator for different masses, abundance ratios
and in-trap lift potentials. (a) Maximal ion flux as a function of
the abundance ratio for A = 24 and 18790 V applied to the in-trap
lift (isochronous mode). (b-d) Maximal ion flux as a function of
the mass number 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 the in-trap lift the
device is operated in selfbunching mode, for 18790 V in isochronous
mode and for 18850 V in dispersive mode. In total always 500 ions
are simulated with different charge repulsion factors up to 30, to
simulate up to 15,000 simultaneously stored ions.

dance ratio of 1 as a function of m/∆m in comparison to
low-energy MR-ToF devices discussed above. In all cases
studied the maximal ion flux of MIRACLS’ new 30-keV
MR-ToF device is significantly larger than the one in ex-
isting state-of-the-art MR-ToF devices.

A further increase of maximal ion flux could be envi-
sioned by stacking several ion bunches simultaneously in
the MR-ToF apparatus similar to reports of stacking differ-
ent ion species [68] or by a further optimization of the op-
erational parameters (e.g. by studying the influence of the
in-trap lift potential in more depth). When there are two
or more different species of contaminants with quite dif-
ferent mass ratios m/∆m, 2-step MR-ToF cleaning could
allow a larger ion flux. Such a 2-step MR-ToF cleaning
could become possible by mass selective retrapping in a
dedicated Paul trap [14, 62, 63] or by beam cleaning with
the deflector electrodes during the first few revolutions of
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Figure 18: Simulated maximal ion flux versus m/∆m for MIRACLS’
l.5-keV MR-ToF device, experimental maximal ion flux for differ-
ent low-energy MR-ToF devices and simulated maximal ion flux for
MIRACLS’ new 30-keV MR-ToF mass separator operating at 30-
keV beam energy. The black and gray data are the same as shown
in figure 13. The simulations for MIRACLS’ 30-keV MR-ToF device
are performed for A = 132. For the 30-keV simulations the charge
repulsion factor is always smaller than 30, except for m/∆m = 2500
where it is 500 in order to simulate 250,000 interacting ions. As
of computational limitations, the number of sample ions used for
R > 80, 000 is decreased from 500 to 300 ions.

one measurement cycle [65].

8. Conclusion and Outlook

Mass resolving power and space-charge simulations for
MR-ToF devices have been carried out, and show a good
agreement with time-of-flight and collisional-induced flu-
orescence measurements performed with the MIRACLS
low-energy MR-ToF device operating at 1.5-keV beam en-
ergy. Building on the successful benchmarking of the sim-
ulation approach against the experimental data, simula-
tions with different beam energies and Paul-trap settings
are carried out. These suggest that the maximal ion flux
can be increased by a factor of 13 to 25 when increas-
ing the kinetic energy of the stored ions in the MR-ToF
device from 1.5 keV to 30 keV. Different ion preparation
schemes to reduce the temporal ion bunch width resulted
in little influence on the maximal ion flux per unit of time.
In these scenarios, the gain in MR-ToF processing time is
counter-balanced by stronger space-charge effects. Hence,
no notable net gain in ion flux is observed. Only when
dealing with very short-lived ions, the Paul-trap prepara-
tion becomes important. For this case a small initial time
spread is preferred in order to reach a given mass resolving
power within a storage time shorter than the half life of
the ion of interest.

Small initial time spreads can either be achieved by
Doppler/sympathetic cooling [34] or cryogenic buffer-gas
cooling. An alternative method is increasing the extrac-
tion field strength during the ion extraction from the Paul-
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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 simu-
lation 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 compromis-
ing 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 simulation 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 ini-
tial stage it is planned to deliver purified beams to PUMA
and possibly traveling experiments. Based on the simula-
tion 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 exist-
ing state-of-the-art MR-ToF systems. Ultimately, such an
MR-ToF system shoud 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. Isobaricly 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, mate-
rial science, production of medical isotopes to rare isotope
studies with antimatter.

Appendix

If not indicated differently, all the simulations are per-
formed with SIMION, version 8.1. Similar to the discus-
sion in reference [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 objec-
tive of 1e-7 V is chosen, for the Paul trap and ion trans-
port 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 m/∆m << Rinf .

Moreover, a simulation with 1000 interacting ions is
leading to the same results as a simulation with 100 in-
teracting ions and a charge repulsion factor of 10 for the
selfbunching, dispersive and isochronous mode. Addition-
ally, it is verified that e.g. 100 ions with a charge repulsion
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 con-
clude that the simulations with up to at least a charge
repulsion factor of 250 lead to reliable results.
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