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Doppler and sympathetic cooling for the investigation of short-lived radioactive ions
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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
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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

033229-2



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

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
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(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).
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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
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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)
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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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