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Many experiments with pulsed ion beams benefit from or even require ion bunches with both small temporal
width as well as small energy spread. To achieve optimal ion-beam preparation, a buffer-gas filled cryogenic
Paul trap is being developed in the context of the Multi Ion Reflection Apparatus for Collinear Laser
Spectroscopy (MIRACLS). There, ion bunches of short-lived radionuclides are trapped in a Multi-Reflection
Time-of-Flight (MR-ToF) device. Thus, the ions can be repeatedly probed by a laser beam compared to only
once in conventional, single-passage collinear laser spectroscopy. To fulfill MIRACLS’ opposing requirements

of a small temporal ion-bunch width and small energy spread, a buffer-gas filled cryogenic Paul trap is
envisioned. Ion-optical simulations confirm the advantages of cryogenic temperatures and the linear scaling
of the beam emittance as a function of the buffer-gas temperature. Beyond MIRACLS, high-quality ion beams
from a cryogenic Paul trap will be beneficial for other precision experiments at radioactive ion beam facilities.

1. Introduction

The well established technique of fluorescence-based collinear laser
spectroscopy (CLS) enables high-precision studies of electromagnetic
properties in short-lived radionuclides [1-3]. However, for the ex-
ploration of the most exotic nuclides far away from stability, more
sensitive experimental methods have to be envisioned. The yields of
such nuclei at radioactive ion beam (RIB) facilities can be as low as
a few ions per second delivered to experiments. This renders conven-
tional, fluorescence-based CLS experiments — with typical detection
limits of 103 to 10* ions per second — unfeasible [4]. The Multi Ion
Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) [5—
10] at ISOLDE/CERN is a new approach to overcome these limitations
by performing CLS measurements in a Multi-Reflection Time of Flight
(MR-ToF) device [11-25]. In such a trap, ion bunches bounce back and
forth between two electrostatic mirrors. This allows repeated probing
of the ion ensemble by the spectroscopy laser. Hence, rare isotopes

are utilized more efficiently compared to conventional, single-passage
CLS which greatly enhances the sensitivity. Combined with ion-beam
energies of around 30 keV, unprecedented in an MR-ToF apparatus, the
high spectral resolution of conventional CLS can be preserved.

The combination of CLS and MR-ToF techniques in MIRACLS con-
stitutes stringent requirements on the emittance of the probed ion
bunches. A low energy spread (AE < 1eV) to minimize the CLS Doppler
broadening is as essential as a temporally narrow ion-bunch profile
(4t < 500 ns) for MR-ToF operation. The latter is important to efficiently
inject the ion bunch into the finite length of the MR-ToF device and
to benefit from a narrow ion-bunch structure resulting in an improved
signal-to-background ratio in CLS measurements [10]. Moreover, the
transverse emittance should be as small as possible to obtain optimal
geometrical overlap of the ion and laser beam while the ion trajectories
are as parallel as possible to the laser-beam axis. Therefore, high quality
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ion-bunch preparation is required. For this purpose, a cryogenic, buffer-
gas filled Paul trap to cool ions below 40K has been envisioned for a
next-generation application of MIRACLS.

As already reported in the 1990s [26], the emittance of ion bunches
in these traps, also called cooler-bunchers, scales linearly with the
buffer-gas temperature. Thus, a cryogenic trap will be able to provide
ion bunches of very low emittance. Such a device will best address
the demands of CLS and MR-ToF operation with maximal benefit for
CLS sensitivity even though the very first science goals at MIRACLS
can already be reached using a room-temperature Paul trap [10].
Specialized cooler-bunchers have explored the advantages of cryogenic
environments cooled by liquid nitrogen [27,28], however, most de-
vices for beam cooling and bunching at RIB facilities operate at room
temperature due to their reduced technical complexity.

The interest in developing a cryogenic cooler-buncher also re-
flects a general push towards next-generation precision experiments
at RIB facilities. Thus, in addition to MIRACLS, other ion-trap or
laser-spectroscopy applications will profit from the high-quality ion
bunches provided by such a cryogenic Paul trap. Among others, these
include laser spectroscopy and future precision studies with radioactive
molecules [29,30] or the antiProton Unstable Matter Annihilation
(PUMA) project for the combination of anti-matter with radioactive
nuclides [31].

In this work, ion-optical simulations are carried out to identify
a suitable design of MIRACLS’ cryogenic Paul trap. The key design
requirements for this trap are listed as follows:

An acceptance that allows to efficiently capture high-emittance
beams delivered by ISOLDE, i.e. up to ~6 7z mmmrad (rms).
Cryogenic cooling of the ion trap to liquid-helium temperatures
to obtain very cold ion samples and thus low-emittance beams of
short-lived radionuclides.

Minimization of a re-heating effect during ion extraction, i.e. the
elimination of ion collisions with helium buffer gas along the
re-acceleration path upon ejection from the Paul trap.!

A compact trap design reflecting existing space constraints at
ISOLDE while facilitating easy maintenance.

After a brief review of the relevant Paul trap principles in Section 2,
the general trap design is introduced in Section 3. The discussion of
the simulation results is organized along the topics of injection into
the Paul trap in Section 4.1, transfer between two pressure regions
in Section 4.2, ion-bunch extraction in Section 4.3 and space-charge
effects in Section 4.3.3.

2. Paul trap principles

In order to confine charged particles in a linear Paul trap, a time-
dependent radio-frequency field in radial direction is combined with a
static axial potential [36]. This creates an effective potential minimum
in all 3 dimensions and enables stable ion storage. The approximate
hyperbolic electric potential in radial direction is established by posi-
tioning cylindrical rod electrodes in a quadrupole configuration, and
can be written as

D(t
o=2002_ 2, )

-

0
with r, being the edge-to-edge half-distance between opposing elec-
trodes. @(¢) is a time-dependent potential difference between adjacent
rods. The form of the time-dependent potential can be either given
as @(1) = Vsin(wt) for a sinusoidal radio-frequency (RF) driver or
@(t) = VS, for a square-wave field. Here, V is the amplitude of the

1 This effect is mentioned in Ref. [28,32-34] but, to our knowledge, has not
been studied in detail. Note that it is not related to RF heating in buffer-gas
filled Paul traps [35,36].
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RF field and w its angular frequency. For a square-wave driven instru-
ments, a duty cycle of 50% is commonly used, alternating between
+V. Operation in this mode has first been introduced in Ref. [37]
and corresponding devices are now commonly known as digital ion
traps (DIT) [38,39]. Their square-wave driven RF field [40] offers some
advantages over conventional sinusoidal RF fields. When the square
wave is generated by fast high-voltage switches, broadband operation
across a wide range of RF frequencies can be achieved without the need
for a tuned circuit, i.e. the RF frequency and amplitude can be readily
adopted to the respective ion mass and charge. Furthermore, the pseudo
potential is deeper in such a DIT compared to a sinusoidal trap for the
same RF amplitude and frequency [39,40].

From Eq. (1) the ions’ equation of motion can be derived, which
has the form of the Meissner equations for square-wave fields [40]. The
dimensionless stability parameter is defined as [40,41]

_4ZeV
mwzr%’

(2)

where Z denotes the ions’ charge state, e represents the elementary
charge and m is the ion mass.

Solving the equation of motion reveals that the radial ion motion
inside a Paul trap is governed by a slow harmonic motion (macro
motion), which is perturbed by a fast micro motion [36,40]. The
stability of the ion motion depends on the parameter ¢. This implies
that only certain combinations of RF frequency and amplitude lead to
a stable ion confinement in radial direction. Up to ¢ =~ 0.712 ions can
be trapped in a square-wave driven Paul trap [40] (or ¢ ~ 0.908 in
sinusoidally-driven traps).

2.1. Buffer-gas cooling

In addition to trapping and storing ions, Paul traps are also used
to cool ions. In the realm of rare isotope science, a commonly used
and versatile technique to prepare high-quality beams is buffer-gas
cooling [26,42]. A buffer gas at pressures of 1072 to 10~*mbar is
typically inserted into the trap. Trapped ions undergo collisions with
the buffer gas, which thermalizes the ion ensemble to the buffer-gas
temperature. This simultaneously results in the concentration of the
ion bunch at the axial potential minimum of the trap. By switching
the endcap potential of the Paul trap to a lower voltage, a cooled ion
bunch with low emittance can be extracted and delivered to subsequent
experiments.

In many cases helium (He) is the gas of choice given its high
ionization energy limiting the risk of ion loss due to charge exchange,
but also other noble gases are used, especially for higher ion masses.
Advantages of buffer-gas cooling are the fast thermalization in the order
of milliseconds and the applicability to all elements from He to the
heaviest species (He* ions require H, buffer gas). These two aspects
explain the attractiveness of this cooling method for RIB facilities.

2.2. Ion-beam emittance

The ion-beam quality is typically characterized in terms of its
emittance. In the context of bunched ion beams, it is important to
differentiate between the longitudinal emittance §,n,, which corre-
sponds to the product of the ion bunch’s temporal width and its energy
spread o ~ 7 - AE - At at the time-focus point, and the transverse
emittance &.,,.. The latter is related to the spatial (4x) and angular
(40) distribution of a beam in the direction perpendicular to the ion-
beam propagation. At the spatial focus point, & ans & 7 - 4x - 40 holds.
Assuming a harmonic trap potential, the longitudinal emittance for
ions extracted from a buffer-gas filled, linear Paul trap can be derived
as [26,27]
595%,10ng ~ 27 In(20) ksT s 3

z
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Fig. 1. Radial and axial cross section of the trap geometry. All dimensions are given in mm. The radius R of the quadrupole rods is 10 mm, same as r, from Eq. (1). The beam
enters from the left through the injection endcap, is cooled and accumulated in the high pressure region 1. Afterwards it is sent through the separation plate to the low pressure
region 2. The entrance and exit hole at the two endcaps both have a radius of 2.5 mm. The trap consists of 13 DC-segments, the first four with a length of 13 mm and the rest
with 8 mm, separated by 2 mm, which adds up to a total trap length of 15 cm. Insulators (black) separate the DC electrodes.

where w, is the longitudinal oscillation frequency in the Paul trap. The
transverse emittance follows

BT

9 =~ 27 In(20 4
595 %,trans ( )w \/T (@)
Here, w,, is the radial macro-motion frequency and E the ion-beam
energy after re-acceleration. Note that Eq. (3) and (4) refer to 95%
of the ions from a given ensemble. At LEBIT, a very good agreement
between experimental and theoretical emittance has been found [27].
The linear dependence of the ion-beam emittance on the buffer-gas
temperature motivates the development of a cryogenic cooler-buncher
for advanced ion-beam preparation. It is, however, important to stress
that these formulas are only valid if there is no ion-cloud re-heating
present during the extraction and re-acceleration process. Moreover, a
deep axial well potential counteracts the radial confinement [43] and
thus may also increase the transverse emittance.

3. Trap design and concept of operation

Since the first application of a linear Paul trap for accumula-
tion, cooling and bunching of radioactive ion beams around 20 years
ago [43], a lot of effort has been invested into the design of these radio-
frequency-quadrupole (RFQ) cooler and bunchers. The MIRACLS Paul
trap has taken inspiration from several existing devices [27,28,40,44]
and adopts some of their features to attain a simple and compact design.

A configuration with four truncated RFQ rods for radial confine-
ment and separate DC ring electrodes with inwardly directed “wedges”
perpendicular to the rods for axial confinement is chosen as shown
in Fig. 1. In this design, the application of the RF field is simplified
compared to the case in which it has to be individually coupled to
segmented rod electrodes which provide both DC and RF fields. A
drawback of our approach is, however, the reduced field strength of the
DC elements due to shielding by the RFQ rods. To overcome the need
for very high voltages, wedges are introduced to increase the effective
DC field inside the trap. The circular DC electrodes are held at fixed
positions by insulating spacers in between. The electrodes are shaped
in a way to remove the spacers from the ions’ line of sight. This prevents
charge-up of the insulators, which might otherwise negatively impact
the trap’s performance.

Moreover, the trap is separated into two pressure regions. In the first
one, the ions are stopped efficiently by a high buffer-gas pressure, while
the pressure in the second region is significantly lower to minimize the
re-heating effect during re-acceleration as explained above. A separator
plate (thickness = 0.5mm, hole diameter = 6 mm) is placed between
the two regions which acts as a differential pumping segment (see
Fig. 1). This approach is simpler, although likely not as effective in
separating the pressure compared to the solutions in Refs. [27,28],
where a third intermediate trap region is present. To obtain a signif-
icant difference in pressure in our trap configuration, helium gas is
exclusively injected into the high-pressure region. The endcap of the
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Fig. 2. Pressure along the trap axis obtained by molecular flow simulations using the
software Molflow [46]. For the simulations, the trap is placed in a CF160 cross attached
to a vacuum pump with a pumping power of 6551/s. Helium gas at room temperature
enters the trap through an inlet located at the beginning of region 1, see Fig. 1. The
pressure regions are indicated by shaded areas.

second region is designed to be permeable (i.e. by using a 50% opaque
mesh) and holes in the DC segments of this region further increase
the buffer-gas outflow. Latter holes additionally allow for potential
radial laser access such that laser cooling inside the Paul trap could
be performed to achieve even colder beams (see Ref. [45] for more
details).

In order to estimate the achievable pressure gradient between the
two trapping regions as well as to the outside of the trap, gas-flow
simulations are performed. For this purpose, the software Molflow [46],
which simulates the pressure distribution in the molecular flow regime
[471, is employed.? Fig. 2 shows that the pressure outside the trap drops
by around two orders of magnitude within 10 to 15 mm. Moreover, a
pressure difference of around one order of magnitude can be achieved
between the first and second region of the trap.

Due to the small length of 10 cm in the first region of the present
trap, its capability to fully stop and capture incoming ions might
not be sufficient in some cases. This is typically the case for higher
masses as will be shown in Section 4.1. However, due to the simple
stacking design of the DC electrodes, additional DC segments could be
added easily to increase the injection efficiency for certain applications
beyond MIRACLS.

2 While the Knudsen regime might be more appropriate for the pressures
utilized in buffer-gas filled Paul traps, it greatly increases the computational
complexity. The molecular flow regime should give a good enough approx-
imation, especially towards lower pressures as demonstrated in Ref. [46].
Additionally, 2-dimensional simulations in a simplified geometry have been
performed with the transitional flow module of COMSOL® [48]. Their results
qualitatively confirm the Molflow simulations in Fig. 2.
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Following the arguments given in Section 2, a square-wave driven
RF field has been chosen over conventional sinusoidal RF fields.

The Paul trap is designed to operate along the following steps. (1)
The ions are decelerated by floating the Paul trap and the associated
injection geometry to an electrostatic potential such that the ions enter
the Paul trap at a few tens to hundred electronvolts of remaining beam
energy. (2) The ions are injected into the high-pressure region 1 where
they are stopped by the buffer gas and subsequently accumulated in a
potential well next to the separation plate. (3) Once all injected ions are
thermalized in the potential well of the high-pressure region 1, they are
transferred into the low-pressure region 2. There, they are once again
thermalized in another potential well located next to the extraction
endcap. Finally, (4) the ions are extracted from the Paul trap and are
re-accelerated. Details of the injection and the re-acceleration optics
will be discussed in Sections 4.1 and 4.3, respectively.

4. Ion-optical simulations

The ion-optical simulations are carried out in SIMION [49], a widely
used software tool for simulations of charged-particles optics. A user
program for the implementation of the hard-sphere model [50] is used
to simulate the ion-gas interactions. These SIMION simulations are
additionally validated with the program IonCool [51]. IonCool is a
dedicated software package for the simulation of realistic ion-buffer-
gas interactions in electric fields, using the (n-4-6) potential [51],
see Appendix A.2 for more details. While IonCool is deemed more
accurate for low-energy collisions, SIMION simulations with the hard-
sphere model are more time-efficient for our computational setup. In
the present work, both models result in similar trends.

The present simulations are performed for two ion species, once for
the lighter (i.e. lower m/z) 2°Mg* ions, which will be an interesting
first physics case for MIRACLS, as well as for heavier 133Cs* ions. For
each case, the RF frequency and amplitude are adjusted to ¢ ~ 04
(see Eq. (2)) for both respective masses and kept the same for all
simulations, unless stated otherwise. For example, for 2°Mg* ions an
RF amplitude of 120V at 1.2MHz is used. Helium serves as buffer
gas and is set to either room temperature (300K) or 40K. The latter
is a rather conservative assumption, since the trap electrodes will be
cooled by a 4K, two-stage cryocooler, which will result in temperatures
significantly below 40K. The 40K temperature in this work acts as
a worst-case upper limit of the final temperature. Low pressure or
high temperature lead to low gas density. Therefore, effects which are
related to both, buffer-gas temperature and pressure, will be simply
referred to as gas density in the following.

The results of the gas-flow simulations (see Fig. 2) are used as
basis for pressure gradients in the following ion-optical simulations.
For computational simplicity in SIMION and IonCool, either a constant
pressure inside the trap or a linear pressure gradient between different
regions is assumed, reflecting their numerical values as found in the
gas-flow simulations. Outside the trap, the pressure is chosen to follow
a linear pressure gradient next to the endcaps and is set to zero at longer
distance from the trap.

Following the concept of operation introduced in Section 3, we
simulate the performance of the Paul trap as follows. First, we perform
simulations of the ion injection without considering any buffer gas
(Section 4.1.1). This simulation step benchmarks different injection
geometries for their efficiency in guiding ion beams of different beam
quality through the hole in the injection endcap. Moreover, it inves-
tigates how well the ions could be transferred to the other side of
pressure region 1 (again without the presence of a buffer gas).

Second, the injection simulation is repeated for the best-performing
injection geometry of the previous step but this time also considering
buffer gas (Section 4.1.2). The capture efficiency, ion losses due to
different processes, as well as the averaged ion-cooling time into the
potential well of pressure region 1 are studied at various buffer-gas
pressures and temperatures.

Nuclear Inst. and Methods in Physics Research, A 1065 (2024) 169471
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Fig. 3. Geometries studied to identify the best injection optics for MIRACLS’ Paul
trap. Ions enter the trap from the right side and are focused by an Einzel lens. The
linear Paul trap itself is placed directly behind the endcap, which is biased to high
voltage (HV). (a) Two additional parallel plates between ground and high voltage. (b)
A crown-shaped electrode on HV, surrounded by a cylindrical electrode on ground (not
shown in the figure). The minimum distance between crown and ground electrode was
3 cm. (¢) A HV-cone and hyperbole on ground potential.

Third, the ion transfer between the two pressure regions is investi-
gated (Section 4.2). Fourth, the ion extraction and re-acceleration is
simulated for different extraction geometries (Section 4.3.1) as well
as for different buffer-gas pressures and temperatures in pressure re-
gion 2 (Section 4.3.2). Finally, the impact of space charge on the
properties of the extracted ion bunches is studied when many ions
are simultaneously confined in the potential well of pressure region 2
(Section 4.3.3).

In each simulation step, 10 sets of 100 individual ions are simu-
lated for each configuration (ion species, beam emittance, geometry,
pressure, and temperature), from which the mean and the standard
deviation of the observable of interest is obtained.

4.1. Injection into the high-pressure region of the Paul Trap

4.1.1. Identifying the injection geometry

The Paul trap for MIRACLS requires suitable injection optics to
decelerate a 40 — 60keV beam with a transversal emittance of ¢,,; =
5 — 6 rmmmrad,® as expected from an ISOLDE beam [33,44]. Three

3 If not stated otherwise, the emittance in this work is given as rms
emittance.
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Fig. 4. Efficiency during ion beam injection for different injection geometries and various incoming beams of 2°Mg* ions with transverse emittances of 3, 6 and 17 7 mmmrad.
O (in °) and r (in mm) denote the angular and the radial standard deviation of the beam, respectively. Further annotations above each beam type indicate unique properties, e.g.
a 1 mm or 1° offset with respect to the Paul-trap axis, and a 5eV energy spread (one standard deviation) of the incoming beam. The label injected counts the ions which entered
the trap through the injection hole and transferred the ones which successfully traveled to the opposite axial end of the pressure region 1, i.e. next to the separation plate. The
letters on the bars are used in the text for guiding the reader. The square-wave RF field has an amplitude of 120V and a frequency of 1.2 MHz, except for high RF with 200V at
2MHz. Unless indicated otherwise, the incoming beam is simulated with an idealized monochromatic energy, i.e. its energy spread is set to zero.

different injection optics are simulated in SIMION (see Fig. 3): simple
parallel plates [27], a crown surrounded by a tube (the tube is not
shown in the figure) following the concept discussed in Ref. [52]%,
and a cone with an angle of ~50° with respect to the beamline axis,
similarly to what is used in Ref. [40]. Other geometries, such as the one
used for the BECOLA [28] and CANREB [53] buncher, likely provide
better injection efficiency, but conflict with some of MIRACLS’ design
constraints. For instance, they require a third pressure region and
would, thus, increase the length and costs of the device.

In all approaches, an Einzel lens is positioned in front of the Paul
trap and its injection optics as a first ion optical element to focus the
incoming beam. The injection hole at the entrance of the Paul trap had
a radius of 3 mm for the first simulations and is reduced to 2.5 mm
from Section 4.1.2 onwards because gas-flow simulations show more
favorable differential pumping for the smaller hole size. Several ion
distributions with different (transverse) emittances are investigated in
the simulations. Radial and angular components of these ion ensembles
are Gaussian distributed.

In all cases, the beam energy of incoming 2°Mg* ions is set to
40keV and the energy spread is zero, unless otherwise specified. The
trap itself is floated to a fixed value of U,y = 39.9keV. Hence,
the ions enter the trap with an energy of ~100eV. A lower entrance
energy would facilitate better ion stopping in the buffer gas but would
lead to increased radial losses due to the increased beam size during
deceleration. We perform these first simulations without buffer gas to
also investigate this radial expansion for different injection optics and
how well it can be counteracted by the radially re-centering RF field.
For this reason, ions are counted as “injected” when they successfully
pass the entrance aperture and as “transferred” when they reach the
opposite end of region one.

In order to identify the best geometry, the distances and dimensions
as well as the potentials applied to the injection electrodes of each
configuration of Fig. 3 and to the Einzel lens are optimized by scanning
over a large parameter space. Since the acceptance of a Paul trap
depends on the phase of the RF field, each ion distribution is injected
at several RF phases and the minimum acceptance is taken as result,
reflecting the worst case scenario.

4 Note that the crown design was initially foreseen for up to a few
kiloelectronvolt. Operation at much higher voltages might increase the risk
of high voltage discharges.

The results of the comparison are summarized in Fig. 4. The differ-
ence between the number of injected and transferred ions can be sizable
in some configurations. This is due to the strong radial dispersion of
the beam during to the deceleration, especially for beams with large
transverse emittance. This can be partly counteracted by a stronger RF
field (h, 1 in Fig. 4). Beams with low emittance (~ 3 7z mmmrad) can
be injected and transferred in all injection geometries with barely any
ion losses (a, b in Fig. 4). Furthermore, beams with an offset in radial
position of 1 mm (f) pose no serious problem for the optics, but an
angular offset of 1° (g, i) leads to significant losses.

An energy spread of 5eV barely reduces the acceptance (e, k).
This is not surprising given the rather large entrance energy of around
100 eV. Another observation is that with increased emittances, the cone
offers higher injection and transfer efficiencies than the other two
options. Even with incoming beams with emittances as large as 17
rmmmrad and the nominal RF field strength of 120V amplitude at
1.2MHz, an efficiency for transferred ions of 50 to 60% is achieved (j,
k, 1). For this reason, the cone design is found to be the overall best
option.

4.1.2. Capture efficiency

Utilizing the cone-shaped injection electrodes, this section focuses
on the efficiency of the ion capture and cooling process into the axial
potential minimum within the first (high-pressure) region of the Paul
trap. To this end, a realistic interaction potential is used for atom-ion
collisions in IonCool simulations. A 40 keV ion beam with a transverse
emittance of & ans yms ~ 5 7 mmmrad and an energy spread of AE = 1eV
(one standard deviation)® is used for the following simulations. At the
starting point, the ion ensemble is Gaussian distributed in radial posi-
tion with random radial velocities, chosen to obtain a certain emittance.
A linear pressure gradient of helium buffer gas from perfect vacuum at
a distance of 10 mm from the injection hole to the nominal pressure
inside the trap, reached at the injection hole, is applied to model the
results from gas-flow simulations (see Fig. 2). In the simulation, the
floating potential of the trap is optimized for each temperature and
pressure to obtain maximum efficiency, ranging from Uy, = 39.95keV
to 39.99 keV.

5 The energy spread of ion beams at ISOLDE may vary with the ion source
utilized. Certain ion beams may thus exhibit larger energy spreads, potentially
leading to reduced efficiencies compared to the values reported here.
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Fig. 5. Ion capture into the trapping region 1 for (a) 2°Mg* and (b) 133Cs* ions. The results are obtained from IonCool simulations (using the n-4-6 potential) of the injection at
40K and 300K. (1) Average cooling time into the trap minimum. (2) Fraction of ions which are trapped and cooled, i.e. captured into the potential well of pressure region 1.
(3) Ions which enter the Paul trap, but are reflected at the separation plate and leave the trap on the injection side again. (4) Ions which are lost at the injection region before

entering the trap. ‘dyn. capt.” stands for dynamic capture as explained in the text.

In the following, the capture efficiency is defined as the fraction of
ions, which are successfully injected and subsequently trapped at the
minimum of the axial potential well. Fig. 5(a) shows the capture effi-
ciency and the cooling time for 2°Mg* ions at buffer gas temperatures
of 40K and 300K, respectively. In this context, we define the cooling
time of a given ion as the time until the ion is less than 1 mm from the
trap minimum in any direction and simultaneously has a momentary
kinetic energy lower than 25.9meV for 300K and 3.4meV for 40K,
respectively.

The average cooling time of the 2°Mg* ions is very short (< 1ms)
for all explored pressures and temperatures, see Fig. 5(a)(1). However,
the capture efficiency, as shown in Fig. 5(a)(2), drops with lower gas
density. This is mainly due to ions which are reflected on the opposite
axial end of the first pressure region and leave the Paul trap at the
injection side, as they lose insufficient energy in the first passing, see
Fig. 5(a)(3). These losses can be mitigated for injection of ion beams by
using dynamic capture (dyn. capt.), i.e. switching the injection endcap
to a higher potential after the ions have entered the trap. This works
efficiently only for already bunched beams. At ISOLDE, the linear Paul
trap ISCOOL [44] could operate in such a role of a ‘pre-buncher’ for
MIRACLS’ cryogenic trap. Additional ion losses are observed in the

injection region before entering the trap, see Fig. 5(a)(4), or may occur
radially inside the trap.

A second set of simulations is performed for 133Cs* ions as shown in
Fig. 5(b). The reduced stopping power of the He gas for heavier ions can
lead to significant ion losses, especially at lower gas densities. This loss
mechanism persists at room temperature even for pressures as high as
2.10~2 mbar, see Fig. 5(b)(3). However, the capture efficiency of around
15% for continuously injected beams at 2 - 1072 mbar can be increased
by dynamic capture to 90%, independently of the gas density, if the
incoming beam is already bunched. The cooling time is not affected by
the mode of injection, see Fig. 5(b)(1).

Compared to lighter ions, a longer cooling time has to be antic-
ipated, but with up to a few milliseconds for 133Cs* ions it is still
shorter than the lifetime of most radionuclides available at low-energy
branches at RIB facilities. While for 2°Mg™* ions an adjustment of the
floating potential of the Paul trap as a function of temperature and
pressure is necessary to achieve optimal efficiency, the injection of
133Cs* jons proves to be much less sensitive to this parameter. It is
hence kept at Uy;,s = 39.99 keV for all 133Cs* simulations.

Overall, it is shown that stopping and trapping of ions is feasible for
light and heavier ions with an efficiency > 80% (higher efficiency could
be achieved by stronger RF fields, if technically available), while for
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even heavier species dynamic capture, a longer trap, or — for operation
at room temperature — a heavier buffer gas (e.g. argon) would be
beneficial.

4.2. Ion transfer between the pressure regions

Re-heating of the cold ion cloud by collisions with helium gas
in the extraction and re-acceleration regions of the trap worsens the
beam quality. The straightforward way to limit the collision probability
outside of the trap, is to reduce the buffer-gas pressure in the trap
itself. However, this reduces stopping power and cooling efficiency for
incoming ions. In order to circumvent these conflicting requirements
for incoming and extracted ions, the trap is divided into a high- and
low-pressure region which is expected to result in a pressure difference
of about one order of magnitude, see Section 3.

The proposed axial potential of the two pressure regions created by
the DC electrodes along the trap axis is shown in Fig. 6. Ions are first
cooled, accumulated and bunched into the trap minimum of region 1
(Fig. 6a). Then, the voltage of the separator plate is switched down
in order to pull the ion bunch into region 2 (Fig. 6b). Afterwards,
the separator plate is switched up again and the next bunch can be
collected. This 2-step process is required to efficiently cool the ions
in the high-pressure region before they are transferred into the low-
pressure region. Moreover, ions can be accumulated independently in
the first trap while an ion bunch is prepared for extraction in the second
trap.

The cooling time after the ion transfer tends to be longer than for the
injection, since the pressure and therefore the capability to cool the ions
is reduced in pressure region 2. For 2°Mg* ions, the simulations show
that the transfer efficiency is close to 100% for sufficiently high gas
densities. Eventually, the efficiency drops with decreasing pressure due
to ion losses in radial direction (e.g. to ~75% at 40K and 10~* mbar).
However, by using a stronger RF field the transfer efficiency could be
increased. On the other hand, the transfer efficiency for 133Cs* ions is
always 100%, but the cooling time of the ion cloud took longer than
10 ms at low pressures. Such a long cooling time of heavy ions could
become a concern for MIRACLS if very short-lived isotopes are probed.
In this case, a compromise between cooling time and emittance after
re-acceleration has to be made.
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4.3. Extraction and re-acceleration

The ion distribution obtained after re-acceleration to a few tens
of kilo-electronvolts out of the Paul trap is a key aspect for MIRA-
CLS. Hence, it is important to understand the influence of the trap’s
operation parameters (e.g. extraction electrodes, extraction mode, gas
density) on the beam emittance. For all following simulations, the
phase of the RF-field is locked during ion extraction to avoid RF
distortions.

4.3.1. Geometry of the extraction optics

The first simulations of the extraction region are done by simply
inverting the injection geometry (Fig. 7a) and applying the hard-sphere
model for ion-gas collisions. Ions are extracted by lowering the endcap
potential from +15V to —10V. However, these simulations reveal that
the re-heating effect due to collisions of ions with He atoms in the re-
acceleration path becomes critical in such a design. A strong electric
field gradient outside the Paul trap quickly accelerates the ions to
higher energies which makes the impact of collision with helium atoms
in this region more severe in terms of ion energy loss and ion trajectory.
Hence, different extraction geometries (see Fig. 7) are investigated to
reduce the electric field gradient in the collision region, i.e. the fraction
of the acceleration path during which the helium gas pressure has not
yet dropped to zero. A common feature of the tested geometries is
thus additional acceleration stages, which enable a small field gradient
directly after the trap followed by the main acceleration in a second
step. This choice is motivated by the results from gas-flow simulations
(see Fig. 2), which yielded a similar pressure gradient for all extraction
geometries (e.g. no cone, single cone or double cone as shown in Fig. 7).
Since the pressure drops around one order of magnitude within 10 to
15 mm on the extraction side, re-heating will take mainly place directly
after the extraction endcap. Thus, facilitated by the two-stage approach
a strong electric field and thus ion acceleration is avoided in this region.

Simulations are performed using 2°Mg* ions with the buffer-gas
temperature set to 40K. Ions are created close to the potential mini-
mum of the low pressure region, where they interact with the buffer
gas. A trapping time is chosen depending on the gas density such that
the ions are fully thermalized prior to their extraction.

A comparison of the resulting energy spread of 2°Mg* ions as a func-
tion of pressure for the four different extraction geometries is shown in
Fig. 8a. A second extraction electrode, with a potential difference of
only 10V between first and second stage, greatly reduces the energy
spread compared to a single cone. A more detailed analysis is given in
Fig. 8b. With a single cone, a collision with a He atom during extraction
can alter the ion’s energy up to several tens of electronvolts while for
the multistage approach it is only a few electronvolts.

Note that the cross sections calculated by the hard-sphere model
might not be accurate for higher energies. In particular, the hard-
sphere model assumes isotropic scattering and a cross section which is
independent of an ion’s kinetic energy. Both assumptions are generally
not valid for higher beam energies, see for instance Ref. [55-57]. In
fact, cross sections of ions scattered by neutral atoms are eventually
decreasing with rising ion beam energy. Thus, we consider the present
simulation results as an upper limit on how much the extracted ion
bunch might be affected by collisions with He atoms within its ex-
traction and re-acceleration path. We expect the actual experimental
impact of this re-heating effect on the ion distribution to be smaller.

A comparison of the multistage geometries (Fig. 8a) reveals that the
double cone (Fig. 7b) and the two stages (Fig. 7c) yield similar results.
Three stages (Fig. 7d) do not provide any additional benefit compared
to two stages, due to the lack of buffer gas between stage two and three
in the simulations. Motivated by the consideration that the double cone
might be better suited as injection geometry if re-injection from the
ejection side is desired, the double cone is used for further simulations.
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4.3.2. Room temperature vs. cryogenic temperature

The main motivation for cryogenic temperatures in the MIRACLS
Paul trap is to reduce the ion beam emittance. A comparison between
room temperature and cryogenic temperatures for 2°Mg* and 133Cs*
ion bunches using the double cone extraction geometry and employing
the realistic ion-buffer gas interaction from IonCool is given in the
following.

The ions are extracted from the trap by lowering the endcap po-
tential from +2V to —18V, see Fig. 9. This leads to smaller energy
spreads compared to the stronger field gradient typically applied for
MR-ToF mass separation, for which a small temporal width of the ion
bunch at the time focus point is desired. The ion cloud’s properties
are evaluated at a transverse plane in a field-free region inside the
grounded tube, shown on the right side of Fig. 7. Note that this position
is not necessarily the time focus point at which the temporal ion-bunch
width A7 would be the smallest. Thus, the given Ar serves to compare
this ion bunch property for different pressures and temperatures (at a
fixed distance from the trap). For the estimation of longitudinal and
transverse emittances all correlations between conjugate variables are
taken into account (see Egs. (A.3) and (A.4)), ensuring their accurate
determination even when not evaluated at the spacial or time focus
points.

A strong pressure dependence of the beam properties (temporal
width of the ion bunch, energy spread, longitudinal and transverse
emittance) can be seen for 2°Mg* ions in Fig. 10. At higher pressures
the positive effect from cryogenic temperatures is reversed due to
strong re-heating caused by the larger gas density at 40K. Below
a certain pressure threshold the effect of re-heating appears to be
minimized, which is around 10~3 mbar for 300K and around 104 mbar
for 40 K. This confirms the necessity of the second low pressure region
in the trap operating at sufficiently low gas densities.

For pressures at and below 10~* mbar where re-heating during re-
acceleration is minimized, a fairly good agreement within a factor 1.5 is
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Note that the DC component of the RF rods was set to 0V with respect to Uy,,.

found between the simulated longitudinal and transverse emittance and
the theoretical ones (indicated with solid lines in Fig. 10c,d), calculated
with Eq. (3) and (4). Potentially, the simulations for 2OMg+ are not fully
converged yet and there are still effects from re-heating present. The
linear dependence of the emittance on the temperature is reproduced
by the simulations. According to the simulations, a reduction in emit-
tance by a factor of 6 can be expected when lowering the buffer-gas
temperature from room temperature to 40K. This agrees rather well
with the theoretical improvement by a factor 7.5.

For 133Cs* ions the longitudinal and transverse emittance are in
even better agreement with the theoretical prediction, see Fig. 10d.
Also here, a factor of 6 improvement at cryogenic temperatures is
obtained.

In contrast to 2°Mg* ions, the pressure dependence of the ion-beam
emittance is less pronounced for 133Cs* ions. This is due to a reduced
energy transfer during collisions with He buffer gas for heavier ions
compared to lighter ones. Thus, the influence of re-heating during
extraction and re-acceleration is much smaller for '33Cs ions. This
implies that the second region of the trap could be operated at higher
pressures for heavier ion species.

At 300K, the temporal ion-bunch width of the 133Cs* ion sample
is with Ar ~ 0.6 ps larger compared to all previously studied examples.
Therefore, a faster extraction mode (i.e. steeper field gradient during
ejection at the position of the trap minimum) might be needed, which
increases energy spread. However, the energy spread could be still
sufficiently small for high-resolution laser spectroscopy, considering
that it is found to be below 0.3 eV in the present extraction scheme.

Relating these results for ion extraction to the results from the ion
transfer between the two pressure regions of the trap (see Section 4.2)
demonstrates, that for 133Cs* the second region of the trap could be
operated at 10~2mbar for 300K and 10~3mbar for 40K. At these
pressure levels, the cooling time is reasonably small and re-heating
during re-acceleration is reduced (see Fig. 10).

Identifying the best compromise in gas density between optimal ion
transfer and lowest emittance is more demanding for 2°Mg* ions. Gas
densities which offer the lowest emittance lead to higher losses during
the transfer from pressure region 1 to region 2 of the trap. As an already
mentioned remedy to this challenge, a stronger RF field could increase
the transfer efficiency.

In general, the choices of pressure and extraction mode have to
be made on a case-by-case basis. Such a decision depends on several
factors, like emittance and efficiency requirements, the ion mass or the
half-live of the trapped radionuclides. Most importantly, these results
demonstrate in simulation that a cryogenic Paul trap can provide ion
beams of largely improved emittance, beneficial not just for MIRACLS
but several other experiments as well (see Section 5).
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The results are obtained using IonCool for ions after extraction from the Paul trap and
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Eq. (3) and (4).

4.3.3. Influence of space charge inside the ion trap on the extracted ion
bunches

Space-charge effects can become a severe challenge when dealing
with large ion numbers. In this case, ion-cloud properties in the trap
are altered due to Coulomb repulsion between the interacting ions. As
a result, the quality of the extracted ion bunch may deteriorate. In
principle, MIRACLS is designed to operate with very exotic isotopes
and thus, small numbers of simultaneously trapped ions are expected
(initially 102-10%; even less at a later stage of the project). The effect
of space charge is assumed to be negligible in this case. However,
using MIRACLS as mass separator [58] or in case of a large amount of
(isobaric) contaminants in the ISOLDE beam, space-charge effects may
play an important role and could affect the performance of the Paul
trap. Therefore, space-charge simulations are carried out in SIMION
using its charge-repulsion method [59].
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Already for 100 simultaneously trapped ions, the explicit appli-
cation of the Coulomb repulsion between all ions is computationally
expensive. In order to study larger ion ensembles without increasing
the computing time, a charge multiplication factor is applied [60]. As
an example, by using a charge multiplication factor of 10, each ion
acts as a bunch of 10 ions. While this method may lack accuracy due
to the neglect of the perturbation of the electric field by the ions’
cloud charge density, it is expected to provide, in a time-efficient
manner, a qualitative understanding of space-charge effects at play
in the Paul trap. We have successfully applied the same method in
Ref. [6,58] to study space-charge effects in the MR-ToF device of
MIRACLS’ low-energy apparatus.

According to the simulation results in Fig. 11, space charge does
not pose a problem for up to 10,000 simultaneously stored ions at
40K and 100,000 ions at 300K. On the other hand, when trapping
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even larger ion ensembles of more than 100,000 ions in the Paul
trap, the advantage of cryogenic cooling vanishes. In fact, cryogenically
cooled ions are confined to a tighter space in the trap than their room
temperature counter parts and thus, space-charge effects appear already
at a smaller amount of ions. These results indicate the importance of
operating the cryogenic Paul trap at MIRACLS only with ion numbers
below 10° at a time.

5. Conclusions

Ion-optical simulations have been performed to characterize a cryo-
genic buffer-gas filled Paul trap for a next-generation application of
MIRACLS’ 30-keV apparatus with the goal to provide ion bunches with
very low emittance. The simulations confirm theoretical considerations
according to which the ion-beam emittance after re-acceleration out
of the trap scales linearly with the temperature of the buffer gas.
Such small emittances are beneficial for high-resolution collinear laser
spectroscopy at MIRACLS, but will also be of advantage for other
experiments at radioactive ion beam facilities. For example, the com-
bination with beam-purification capabilities of the MIRACLS MR-ToF
device makes a specialized cryogenic cooler-buncher also attractive
for several other experimental programs at radioactive ion beam fa-
cilities, such as MR-ToF mass spectrometry and separation [58], laser
spectroscopy of radioactive molecules [29] or the antiProton Unstable
Matter Annihilation (PUMA) experiment [31].
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Table A.1
Parameters used for the (n-4-6) interaction potential in IonCool. Note that uncertainties
from the fit are not included in the simulations.

n B/eV A" C,/eV A Cq/eV A
Mg*-He 8.0(2) 819(119) 1.474 62(6)
Cs*-He 12 5357 1.48 12.94

Appendix. Simulation details

A.1. Convergence

The maximum time step in the simulation is chosen as a tenth of an
RF period, but usual time steps internally used by the programs SIMION
and IonCool are even smaller. For creating the electric field maps in
SIMION, a convergence objective of 1077 V is used. For the injection
and extraction simulations a grid resolution of 0.5 mm/gu (grid unit)
is chosen, which is reduced to 0.3mm/gu for the simulation of the
ion transfer between the two pressure regions. To justify this choice
of resolution, we have compared the longitudinal and transversal emit-
tance obtained from the double-cone extraction geometry (Fig. 7b) for
0.2mm/gu and 0.5 mm/gu in SIMION. A higher resolution does not al-
ter the simulation results, but would greatly increase the computational
demands.

A.2. Use of IonCool

For simulations performed in IonCool [51], the electric field maps
are imported from SIMION. Two models are available for ion-buffer
gas interactions, the hard sphere model and the more realistic (n-4-6)
potential

B C C,
Vin=—-—o -2

i (A1)

with the parameters n, B, C; and C4. The first term is the short-range
repulsive part of the interaction, the second term describes the attrac-
tion between the ion charge with the induced electric dipole moment
of the neutral atom and the third term accounts for the attraction by
quadrupole polarizability. C, can be calculated by the expression [61]

7a
2
where ¢ is the ion charge and « is the polarizability of the neutral
particle.

C,= (A.2)

C, for Mg*-He is calculated according to Eq. (A.2), where a for
helium is taken from Ref. [62]. The other three parameters are obtained
by fitting the theoretical potential energy curves of Mg*-He from
Ref. [63] to the (n-4-6) potential. The Cs*-He interaction parameter
are given in Ref. [51] and the values are listed in Table A.1.

A.3. Emittance

The root-mean-square longitudinal and transversal emittance from
SIMION and IonCool simulations are derived by following formulas:

‘sm'ls,long =7y <E2><t2> - <Et>2 (A.3)
‘frms,trans =7y <x2><P,2¢> - (xPx>2 (A4

Note that = in Eq. (A.4) is already part of the unit  mm mrad. Hence,
it is not added to the numerical values.
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