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Abstract. While laser excitation of the nuclear isomeric transition in 22°Th has been recently achieved for
thorium atoms embedded in large-bandgap crystals, laser excitation and characterization of the nuclear
transition in trapped 22°Th3* ions has not yet been accomplished. To address these experiments, a cryo-
genic Paul trap setup has been designed, built, and commissioned at LMU Munich. Here, we present the
specifications of the new experimental platform and demonstrate its successful operation, showing the
extraction, subsequent ion guiding, mass purification, and trapping of 22Th3* and ??Th3* ions from
a newly designed buffer-gas stopping cell as well as of %¥Sr™ ions from laser ablation of a solid target.
Further, we show sympathetic laser cooling of 22°™ Th3+ by Doppler-cooled #¥Sr ions and the formation

of mixed-species Coulomb crystals.

1 Introduction

Among the presently known about 3400 nuclides with
a total of more than 186000 nuclear levels [1], the first
isomeric excited state of 229Th, denoted as 22°™Th, has
the lowest known excitation energy. At about 8.4eV,
it is in the range of outer-shell electronic transitions,
providing accessibility to the isomeric state with cur-
rent laser technology, thus resulting in a unique stand-
ing of 2?Th among all presently known nuclei. The
existence of the isomeric first excited state 22 Th as
an almost degenerate ground-state doublet has already
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been conjectured from v spectroscopic data by Kroger
and Reich in 1976 [2]. However, it took until 2016 for
the first direct detection of the ground-state decay of
229mTh via the internal conversion decay channel [3]
and until 2023 for the first observation of the isomer’s
radiative decay via vacuum-ultraviolet (VUV) spec-
troscopy of 22" Th embedded in large-bandgap crystals
(CaF3 and MgF59) at the ISOLDE facility [4].
Recently, the first successful laser excitation of the
isomer embedded in CaFs has been reported by PTB
in cooperation with TU Vienna [5] followed by the laser
excitation of 22" Th embedded in LiSrAlFg reported
from UCLA [6]. Shortly thereafter, spectroscopy with
a VUV frequency comb based on high harmonic gener-
ation (HHG) allowed the determination of the 22Th
transition with so far unprecedented precision, resolving
the electric quadrupole splitting of the transition and
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resulting in a value of vy, = 2020407 384 335(2) kHz
for the unsplit transition [7]. This was achieved by
establishing a direct frequency link between the JILA
87Sr lattice clock and the VUV frequency comb brought
into resonance with the isomeric transition in 22Th
embedded in CaFs. Very recently, also laser excitation
in ThF4 was observed [8].

With the radiative half-life of 22 Th being on the
order of 103 s, as theoretically predicted [9] and recently
confirmed by measurements [5-8,10], the resulting nat-
ural linewidth of the transition is on the order of
AFE/E ~107%°, In addition, the nuclear transition pro-
vides low susceptibility to external electromagnetic per-
turbations because of the small nuclear moments. Due
to these properties, 22™Th provides the unique oppor-
tunity to be used as a nuclear frequency standard, a
‘nuclear clock’. While first hints at a possible appli-
cation of 22" Th as frequency standard were already
mentioned by Tkalya et al. [11], the first viable concept
for the implementation of a nuclear frequency stan-
dard based on 2?"Th was proposed in 2003 by Peik
and Tamm [12]. Following the approach of an optical
clock based on 229Th3* ions stored and laser cooled
in a linear Paul trap, a total systematic uncertainty of
1.5x10~1 might be achieved [13], thus competing with
and even surpassing the currently best existing opti-
cal atomic clocks [14,15]. Such a thorium-based nuclear
clock would offer a broad range of applications with per-
spectives in applied as well as fundamental physics, as
outlined in more detail in [16,17]. These applications
range from improved precision of satellite-based navi-
gation systems to relativistic geodesy to the use of a
nuclear clock as a unique type of quantum sensor in
fundamental physics such as the search for ultra-light
dark matter candidates and the investigation of theo-
retically predicted variations of fundamental constants,
particularly the fine structure constant « [18-20].

Complementing the considerable progress achieved
in recent years on the identification and characteriza-
tion of the thorium isomer [5-8,10,21], a consolida~
tion of our knowledge on fundamental properties of
229mTh now has to focus on the spectroscopy of the
nuclear transition in a vacuum environment as spec-
troscopy has so far only been achieved for 22Th embed-
ded in large-bandgap crystals [5-8|. In particular, the
determination of the radiative lifetime 7 of 22™Th
under optimized vacuum conditions has not yet been
achieved, as the best currently available result for the
half-life of trapped 22™Th3* ions of 14007500 s (cor-
responding to a lifetime of 7 = 20207555 s) [10] was
measured at a helium buffer-gas pressure of 0.02 mbar.
Other recently reported results for the radiative lifetime
were measured in large-bandgap crystals and accord-
ingly scaled with n3, where n denotes the refractive
index of the medium. For CaFy as host material, this
resulted in 7 = 2513(60)s [5], 7 = 2557(16)s [7], or
T = 2589(92) s1a:(115)sys s [22]. In MgF5 the scaled vac-
uum lifetime is 7 = 3189(491) s [4], while for LiSrAlFg
as host material 7 = 1860(43)s¢qt(66)sys s [6] has been
reported. In ThF, thin films, a significantly reduced
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lifetime is observed which cannot fully be explained by
the refractive index of ThF, bulk material [8].

In this paper, we describe a cryogenic linear Paul
trap setup which has recently been designed, built,
and commissioned at LMU Munich. This provides the
experimental prerequisites for the determination of the
radiative lifetime under ultra-high vacuum conditions,
as well as to serve as a platform for the spectroscopy
of the nuclear transition for trapped ions and therefore
as backbone for the nuclear clock prototype to be set
up at LMU in the framework of the 'ThoriumNucle-
arClock’ project [23]. In order to achieve the required
long storage times, the linear Paul trap is operated at
cryogenic temperatures and the 229™Th37 jons will
be sympathetically cooled by laser-cooled, co-trapped
88Gr+ jons. Therefore, the experimental platform has to
enable optical access to the central region of the cryo-
genic linear Paul trap for the cooling and spectroscopy
lasers, for fluorescence detection, as well as for ion-
optical beam line components to provide 229(m)Th3+
and 33SrT ions from their respective sources to the trap.

In Sect. 2 we provide a detailed description of the
experimental apparatus and its components including
the ion sources, the ion injection line on one end of
the central cryogenic Paul trap, the ion diagnostics line
on the other end of the trap, as well as the vacuum
system. In addition, we provide a detailed characteri-
zation of all components. In Sect. 3 we describe experi-
ments on thorium extraction from the buffer-gas cell. In
Sect. 4 we show thorium transport to and trapping in
the cryogenic Paul trap, as well as sympathetic cooling
of 229(m)Th3+ by laser-cooled *8Sr+ ions and the forma-
tion of mixed-species Coulomb crystals, and in Sect. 5
we give an estimate of the pressure in the cryogenic ion
trap based on the lifetime of laser-cooled ®¥Sr* ions.
Finally, we present our conclusions in Sect. 6.

2 Experimental apparatus

A cryogenic trap setup has been chosen due to the
requirement of long storage times. The design and
dimensions of the 4-rod quadrupole ion trap are based
on the CryPTEx trap operated in Heidelberg [24,25].
The required cooling of the cryogenic ion trap is pro-
vided by a pulse-tube cryocooler (RP-082B2-F70H,
Sumitomo Heavy Industries). Crucially, vibration isola~
tion is achieved by a commercial vibration-isolation sys-
tem [26] isolating the cryocooler from the trap chamber
by a helium atmosphere with high thermal conductivity.
Previously, this system was used, for example, in quan-
tum computing experiments [27,28] where suppression
of vibrations to below 10 nm was achieved. This allows
maintenance-free operation of the experiment for sev-
eral months at a time.

The experimental setup features a horizontal ion
beam line which is depicted in Fig. 1. Its components
are described in detail in the following subsections and
consist of:
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Fig. 1 Overview of the cryogenic linear Paul trap setup at LMU: Shown is a horizontal cross section of the experimental
apparatus along the ion axis together with a schematic of the laser setup. The needle, located at the top right, indicates the
orientation of Earth’s magnetic field. RFQ: radio-frequency quadrupole, QMS: quadrupole mass separator, MCP: micro-
channel plate, CEM: channel electron multiplier, EM-CCD: electron-multiplying charge-coupled device, AOM: acousto-optic

modulator, EOM: electro-optic modulator

1. A helium buffer-gas stopping cell housing a thin 233U
source emitting 22™Th ions, a radio-frequency
(RF) funnel for collimation, and a supersonic de
Laval nozzle for extraction;

2. A segmented RF quadrupole for phase-space cooling
and bunching of the ions extracted from the buffer-
gas stopping cell (Extraction RFQ);

3. An Ion Guide chamber containing an RF quadrupole
for guiding the 22°™Th jons extracted from the
buffer-gas cell as well as the ®¥Sr ions laser ablated
from a strontium titanate (SrTiO3) target mounted
in this chamber;

4. A quadrupole mass separator (QMS) used to select
the ion species and charge state to be loaded into
the trap;

5. A cryogenic linear Paul trap surrounded by oxygen-
free-copper heat shields and cooled down to about
8K by a vibration-isolated cold head forming the
centrepiece of the setup;

6. A multi-channel plate (MCP) detector, or option-
ally a channel electron multiplier (CEM) detector,
mounted after a second QMS on the other end of
the trap which allows for mass selective ion detec-
tion for diagnostic purposes;

7. A vacuum system consisting of several independently
pumped vacuum chambers. In combination with
small apertures, this allows for differential pumping
of the setup, thus enabling buffer-gas pressures up

to 40 mbar in the buffer-gas cell while maintaining
ultra-high vacuum (UHV) in the trap chamber.

Furthermore, our experimental setup features an imag-
ing system based on aspheric lenses with a collec-
tion efficiency of ~ 1.5% and an electron-multiplying
charge-coupled-device (EM-CCD) camera for detection
of the fluorescence photons from laser-cooled 33Sr+
ions near 422nm and the fluorescence photons from
229(m)Th3+ jons near 690 nm, see Fig. 1. Additionally,
there is a laser system based on commercial exter-
nal cavity diode lasers (ECDL) (DL pro, Toptica) for
laser cooling of 3Sr* and laser spectroscopy of elec-
tronic transitions in 22°0™Th3+. The imaging system
and laser setup were already subject of a previous publi-
cation [29], to which the reader is referred for a detailed
description of those components.

2.1 The buffer-gas stopping cell

The design and characterization of the pre-existing
buffer-gas stopping cells operated at LMU are com-
prehensively treated in the pioneering works of Jiirgen
Neumayr et al. [30,31]. For the purpose of loading our
ion trap with 22°MTh3% jons, a considerably more
compact buffer-gas stopping cell has been set up, see
Fig. 2.
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Fig. 3 Photograph of the ?*3U source mounted on its CF63
carrier flange

The 2?°Th ions are generated via the a decay of
233U with a branching ratio of ~ 2% for the isomeric
state [3,32,33] using a 10kBq 233U source. This source
was fabricated at the TRIGA site of the department
of chemistry at the University of Mainz [34] and is
composed of a 0.5 mm thick circular silicon wafer with
a diameter of 25mm, coated with a 100nm layer of
titanium acting as carrier substrate for the electro-
deposited 233U. It has a central hole with a diameter
of 5mm allowing for laser access along the ion axis.
The source in its mount is shown in Fig. 3. The mount
is insulated from the carrier flange through the use of
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ceramic spacers and screws, thus allowing the source to
be biased with an offset potential.

Since the produced 22°™)Th recoil nuclei leave the
source with kinetic energies up to 84 keV [35], they have
to be thermalized before extraction. This is achieved by
collisional cooling in the ultra-pure helium gas inside
the buffer-gas stopping cell. As impurities within the
buffer gas cause charge exchange through collisions,
thus lowering the ion extraction efficiency from the cell,
the helium gas from a gas bottle (grade 6.0) is fur-
ther purified. The gas purification system is shown in
Fig. 4. Using electropolished stainless-steel tubing with
a diameter of 1/4 inch, the gas is first fed through
a heated catalytic gas purifier (MonoTorr PS3-MTS3,
SAES Group) and then through a liquid nitrogen cold
trap for the freeze out of any remaining contaminants.
This cold trap consists of 19 windings of electropol-
ished 1/4 inch tubing that are submerged in liquid
nitrogen contained in a Dewar with a capacity of 1.51.
Additionally, in order to keep the buffer gas clean,
the vacuum chamber is baked out at a temperature of
130 °C for one day before operation. This assures back-
ground pressures below 5 x 1072 mbar. Further details
are discussed in the context of the vacuum system in
Sect. 2.7. The mass flow of the helium gas into the
buffer-gas cell is regulated by a mass flow controller
(Aera FC780CHT, Advanced Energy) installed after
the purifier. This allows to define the buffer-gas pres-
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5mm

Fig. 5 Left: schematic section view of the funnel elec-
trodes. For the dimensions of the individual electrodes, see
text. Right: photograph of the RF-DC-funnel. Electrodes
and ceramic spacers are stacked onto six mounting rods.
The ring electrodes are electrically contacted via Kapton-
insulated wires ending in UHV-compatible ceramic plug
connectors

sure inside the cell, which is typically set to a value
of 32mbar. Under these conditions, the thorium ions
will be stopped in the helium gas within a length of 1—
2 cm [36], which allows for compact dimensions of the
buffer-gas stopping cell.

In order to extract the ions from the buffer gas, a con-
ical RF-DC-funnel is used to guide the ions towards a
nozzle separating the helium-filled chamber from the
subsequent Extraction RFQ chamber. This ion fun-
nel consists of 29 circular electrodes starting from an
inner diameter of 58.6 mm decreasing to an inner diam-
eter of 5.0mm under an opening angle of 71.6°, as
illustrated in Fig. 5. The first 9 electrodes facing the
source have a thickness of 1 mm and are separated by
a distance of 1 mm. Their inner diameter decreases to
34.4mm in equidistant steps. In a distance of 0.5 mm
from the last of these electrodes, the 20 subsequent elec-
trodes, each having a thickness of 0.5 mm, are mounted
with a reduced spacing of 0.5 mm. Their inner diameter
decreases from 31.6 mm for the first of these electrodes
to 5.0 mm for the last electrode facing the de Laval noz-
zle. The overall length of the electrode structure thus is
37.0mm. The electrodes of the funnel are made of stain-
less steel sheet metal and are stacked onto six ceramic
rods, which provide alignment. The insulators creating
the spacing between them are made of glass ceramics
(Vitronit, VITRON Spezialwerkstoffe). All electrodes
have been electropolished to achieve a smooth surface in
order to reduce the possibility of high-voltage sparking
between neighbouring electrodes. The polarity of the
RF voltage alternates between subsequent electrodes,
which creates a repelling force for ions near the surface
of the funnel. Typically, the RF-DC-funnel is operated
at a resonance frequency of 800kHz and amplitude of
90 Vpp with a superimposed DC voltage difference of
15V from the first funnel electrode to the last electrode
that is closest to the nozzle, resulting in a gradient of
~4Vem™! in axial direction.

The nozzle features a convergent—divergent de Laval
geometry and is fabricated from stainless steel. The
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opening facing the funnel has a diameter of 2.0 mm and
tapers with an opening angle of 90° down to 0.4mm
diameter at the throat of the nozzle. The length of the
throat is 0.3mm. The diameter of the nozzle facing
the subsequent chamber widens to 6 mm at an open-
ing angle of 38°. The nozzle is isolated from its carrier
flange via a metal-ceramic soldering connection. This
allows for the use of the nozzle as an electrode. It is typ-
ically set to a voltage about 0.7V above the voltage at
the last funnel electrode. The geometry of the nozzle in
combination with the difference in pressure between the
buffer-gas cell at 32 mbar and the subsequent chamber,
which is typically pumped to about 10~3 mbar, creates
a supersonic gas jet, dragging the ions off their guiding
electric field lines and into the subsequent Extraction
RFQ chamber.

The extraction efficiency of the buffer-gas stopping
cell has been determined by a measurement for which
the ion detection segment has been directly mounted
after the Ion Guide segment, see Fig. 1. For typi-
cal operational parameters mentioned above, a count
rate of approximately 200 22°(™Th jons per second
has been observed. Assuming a 100 % transmission effi-
ciency through the Extraction RFQ and Ion Guide, as
well as 100 % detection efficiency of the CEM, allows
us to derive a lower limit to the extraction efficiency of
the buffer-gas cell. We further assume that 50 % of the
recoil ions from the source are emitted into the helium
buffer gas. With these values, we arrive at an extraction
efficiency of the buffer-gas cell of > 4 %.

A rough mass spectrum where the mass selectivity
was provided by the Ion Guide is shown in Fig. 6.
The resolution is limited by the voltage source of the
Ton Guide to about 2u/e and a possible contamination
with 233U and its other daughter products cannot be
resolved. However, it shows that other contaminations
are limited to one component at mass 40 and a small
component at mass 60. Furthermore, it shows that only
229(m)Th in charge states of 34+ or lower are extracted
from the buffer-gas cell.

2.2 The Extraction RFQ

In the chamber subsequent to the buffer-gas cell, a seg-
mented radio-frequency quadrupole (RFQ) is mounted
on-axis with the de Laval nozzle at a distance of 1 mm
from the nozzle exit, see Fig. 2. This Extraction RFQ
with an overall length of 174 mm consists of four rods
segmented into eight electrodes, with the first electrode
after the de Laval nozzle having a length of 28 mm, fol-
lowed by four electrodes with lengths of 23 mm each,
two shorter segments, each with a length of 11.5mm,
and the final electrode with a length of 24 mm. The
cylindrical electrodes with an outer diameter of 11 mm
are made from stainless steel and are arranged with
an ion-axis-to-electrode distance of 4.8 mm. They are
mounted on insulating AloO3 rods. A spacing of 1 mm
between the electrodes is ensured by ceramic insulators.
All four electrodes of one segment are biased with the
same DC voltage such that the RFQ is not mass selec-
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Fig. 7 Schematic drawing indicating the way RF and DC
voltages are applied to the Extraction RFQ and Paul trap
(a) as well as the Ion Guide and QMS (b). Note that only
the Ion Guide and the QMS are thus mass selective

tive. The segmentation of the Extraction RFQ, how-
ever, allows for applying a DC gradient along the beam
axis to drag the ions from the nozzle all the way to
the exit aperture of the Extraction RFQ chamber. The
aperture has an inner diameter of 2 mm and is the only
opening in the gas-tight aluminium shield between the
Extraction RFQ chamber and the adjoining Ion Guide,
which allows for differential pumping. As a result of
the segmentation, the RFQ can be used as a buncher.
For this purpose the sixth, seventh and the last seg-
ments (counted from the nozzle towards the Ion Guide)
are equipped with electronics to allow for fast (few ps)
switching of applied DC voltages, assuring the rapid
exit of the ions from the trapping region. The eight seg-
ments are biased individually with DC voltages up to
100V (NHS 60 01p, iseg), which are mixed with an RF
voltage common to all segments. The circuit diagram of
the RF-DC mixing for one segment is shown in Fig. 7a.
The frequency of the RF voltage is set to 790 kHz, and
RF amplitudes up to 360 Vpp are applied.

@ Springer

2.3 lon Guide and Sr ablation source

After the thorium Extraction RFQ, a separate vacuum
chamber follows, which acts as an additional differen-
tial pumping stage before the QMS 2 and the ion trap.
This additional differential pumping stage is necessary
to reach the required vacuum for Coulomb crystalliza-
tion in the ion trap. An aperture with a diameter of
3mm centred at the ion axis is the only opening to
the adjoining QMS 2. It is also responsible for shielding
the different RF fields from each other. A quadrupole
Ton Guide with a length of 269 mm and the same elec-
trode dimensions as the previous Extraction RFQ is
mounted in the chamber. It serves to guide the tho-
rium ions from the Extraction RFQ to the subsequent
QMS 2 chamber. The Ion Guide shares the RF voltage
with the Extraction RFQ (frequency 790kHz and RF
amplitudes up to 360 Vpp, see above). To be able to use
the Ton Guide as a coarse mass filter, the applied RF
voltages are mixed with DC voltages ranging between
+800V (MHV-4, Mesytec) according to Fig. 7b. The
amplitudes of the positive and negative DC voltages are
controlled by a LabVIEW program on the laboratory
PC.

The RF voltages applied to the electrodes of the
Extraction RFQ as well as the Ion Guide are provided
by an RF generator developed at the Justus-Liebig-
Universitiat Giefien [37], which allows for the amplitudes
of the generated RF voltages Urp to be set by DC input
voltages Upc,in, While also providing DC output volt-
ages Ugiag proportional to the RF amplitudes of its out-
puts. Therefore, Ug;q4 can be used as a process variable
in a proportional-integral-derivative (PID) feedback
loop that uses Upc,in as a control variable to actively
stabilize the generated RF voltage amplitudes Urp and
match the amplitudes of both phases with respect to
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Fig. 8 Mass scan of ablated ions from the SrTiOgs target in the Ion Guide performed with QMS 2. The filter width is
A(m/Q) = 2u/e and the integration time is 1s per scan step of 0.1u/e. The ablation laser is operated with a repetition

rate of 5 Hz

each other. This is implemented by digitizing the probe
signals Ugiqg of the two RF phases with an analog-
to-digital converter card (NI-9215, National Instru-
ments) of a field-programmable gate array (FPGA)
module (¢RIO-9064, National Instruments). PID reg-
ulators programmed by LabVIEW on the laboratory
PC and running in real time on the cRIO-9064 FPGA
module calculate control voltages that are sent from an
analog-output card (NI-9264, National Instruments) to
the control input of two power supplies (Voltcraft PPS-
16005, Conrad Electronics). The outputs of these power
supplies are then directly connected to the amplitude
controls Upc,in, of the RF voltage generator. Simultane-
ously scanning the amplitudes of the DC and RF volt-
ages allows using the Ton Guide as a rough mass spec-
trometer, with the resolution limited to about 2u/e by
the relatively large step size of the DC voltage source.

In addition, the Ion Guide is used as an ion catcher
for laser-ablated ®8SrT ions, which are required for the
sympathetic laser cooling of 22°M)Th3+ in the Paul
trap. The principle of the ®8Srt ablation has already
been described in a previous publication [29]; however,
there are some changes to the setup: The solid state
ablation target made from SrTiOgs (Strontium Titanate
Single Crystal Substrate < 100 >, 634689-1FA, Sigma-
Aldrich/Merck) is mounted at a distance of roughly
16 mm from the ion axis, such that the frequency-
doubled Nd:YAG ablation laser (Q-switched Nd:YAG
laser, SN: #03022502, Quantel USA) can be aligned
through a viewport on the opposite side of the vacuum
chamber, see also Fig. 1. Laser pulses with a wavelength
of 532nm, energies of typically 2.5mJ, and durations
of around 5ns are focused to roughly 300 pm onto the
target surface. For each laser pulse, several 1000 ions
are ablated and detected further downstream with the
CEM detector.

The spatial separation of the ablation from the cryo-
genic trapping region in our setup is a result of the
requirement to trap a hundred or more ®¥Sr™ ions with-
out additional photoionization lasers while also assur-

ing that the risk of coating of the trap electrodes due to
the hardly quantitatively controllable output of neutral
and charged particles in the ablation process is mini-
mized. Such a coating would generate patch potentials
on the trap electrodes, which in turn would negatively
influence the motional heating rate or position of the
trapped in ions [38-41].

Thorium ions from the Extraction RFQ as well as
the ablated strontium ions are not yet isotopically pure
at this stage of the beam line. Therefore, the ions
need to undergo a mass filtering process before reach-
ing the trap. A full mass scan of the laser-ablated ions
performed with the QMS 2 quadrupole mass separa-
tor (described in the following subsection) is shown in
Fig. 8. The mass spectrum shows the typical composi-
tion of the SrTiO3 target with the natural abundance
of strontium isotopes being resolved.

2.4 The quadrupole mass separators

The two quadrupole mass separators located on each
side of the central cryogenic Paul trap are identical,
and both are described in this subsection. They serve
two purposes: Firstly, the QMS located between the
buffer-gas stopping cell and the Paul trap (QMS 2)
is used to select the species and charge state of the
ions loaded into the trap. Therefore, it has to separate
the 22Th3* ions from other accompanying daughter
products of the a-decay chain of 233U also contained
in the ion beam extracted from the buffer-gas stop-
ping cell. Furthermore, the ablated 33Sr* ions need
to be separated from titanium, oxygen, and other iso-
topes of strontium produced in fractions according to
natural abundance. For this purpose, a relative resolu-
tion of about (m/Q)/A(m/Q) = 150 is targeted. This
resolution is sufficient to reliably separate 22Th from
225Ra, which is the closest in mass of the daughter prod-
ucts from the 233U decay chain, as well as from 233U,
which is also released from the source. In the 3+ charge
state, these two unwanted ion species are separated
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from 229Th3*+ by A(m/Q) = 1.33, resulting in a min-
imum required resolution of (m/Q)/A(m/Q) = 57.25.
The most strict requirement is set by the separation of
88Gr* from 87Sr resulting in a required minimum reso-
lution of (m/Q)/A(m/Q) = 88, while all other require-
ments set by charge state selection or separating 3%Sr+
from titanium are less strict. It should be noted that
the discussed requirements omit the trace contamina-
tion of the 233U source with 232U, which originates from
the production process of the source [42]. While a res-
olution of (m/Q)/A(m/Q) = 150 will be sufficient to
separate 22°Th from ?*2U in the 3+, 24 and 1+ charge
state, the separation of 229Th3* from 228Th3t would
require a significantly higher resolution due their small
separation by A(m/Q) = 0.33. As the contribution of
228Th to the amount of extracted ions can be estimated
as N228Th/N229Th ~9x107* 1 it is deemed neghglble
Secondly, the quadrupole mass separator between the
Paul trap and the ion detector (QMS 1) serves as an ion
guide towards the detector while enabling the investi-
gation of possible charge state changes after prolonged
trapping by providing charge state selectivity.

2.4.1 Electrode geometry

The design properties of both quadrupole mass separa-
tors match the ones proposed in [43,44]. They consist
of four rods with a radius of r = 9 mm made from stain-
less steel that are segmented into three electrodes each,
accounting for an overall length of 402 mm. While the
region of mass selectivity is created by the central seg-
ment with a length of 300 mm, the two other segments
with a length of 50 mm on each end of the rods serve as
Brubaker lenses [45]. Only the RF voltages, but not the
DC voltages of the mass selective segments are applied
to the segments of the Brubaker lenses. This configu-
ration reduces the defocusing by fringe fields and thus
significantly improves the overall ion transmission effi-
ciency at a given mass resolution. The spacing between
the electrodes amounts to 1mm and is provided by
ceramic spacers. With an ion-axis-to-electrode distance
of ro = 7.98mm, a ratio of r/ry = 1.128 is achieved,
being close to the optimal design value of 1.13 found
by Douglas and Konenkov [46]. The electrodes are sur-
rounded by a grounded cylindrical stainless-steel shield-
ing of 1 mm thickness with an inner radius of r = 32 mm
forming a perforated cylinder with an open area of 51 %
in order to achieve good vacuum conditions inside the
device. Both quadrupole mass separators are equipped
with apertures facing the trap, which have a diame-
ter of 5mm, providing the shielding between the field
regions of the QMS and the linear Paul trap, allowing

! Assuming a contamination of the 2*3U source of
Noasou/Nassu = 3.9 x 1077 based on previous work with
identical source material [42], the ratio of NasgTh/N229Th
can be estimated by NQQSTh/NQQQTh = ()\232U .
N23gu)/()\233U . N233U). With A = ln2/T1/2 and the
half-lives of 233U and 22U being 1.592 x 10° years and
68.9 years, respectively [1], one finds Nazgth/Nosorn =
231 x 10° x3.9x 1077 =9.0 x 107*
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for a smooth transition of the ions from one field region
to the other.

2.4.2 Signal processing electronics

The operation of the quadrupole mass separators
requires the application of RF as well as DC voltages
to the quadrupole rods, see Fig. 7b. Similar to the RF
of the Extraction RFQ and the Ion Guide, the RF volt-
age is provided by an RF generator developed at the
Justus-Liebig-Universitat Giefen [37]. Also these RF
amplitudes are controlled in real time by the cRIO-
9064 FPGA module steered by the laboratory PC.
In order to efficiently separate the a decay daughter
products of 233U from the 2?°Th ions, the quadrupole
mass separators are operated at a mass resolution of
R = (m/Q)/A(m/Q) ~ 150. The achievable resolution
of the QMS is directly affected by the precision of the
applied voltages, described by the relation:

Urr

1
_AUpc _ 1 O
Upc — 2R

Therefore, a relative precision better than 3.33 x 1073 is
required in order to reach the targeted resolution. In
the case of the DC voltage, this requirement is met
by choosing a sufficiently precise power supply (Traco
THV 12-300P/N, TRACO Power Group), which pro-
vides a nominal stability of 5 x 10~ [47]. To achieve the
required precision for the RF amplitude, it is actively
regulated with a PID control directly implemented on
the cRIO-9064 FPGA module.

As the PID algorithm on the cRI0-9064 FPGA mod-
ule processes digital signals, the diagnostic voltages
Udiag are digitized with the use of a second analog-
to-digital converter (NI-9215, National Instruments) in
order to calculate a control variable in the PID feed-
back loop. Similarly, the digital output of the PID con-
trol loop is converted to an analog signal through the
NI-9264 analog-output module. As the output of this
module is limited to a nominal voltage of £10V and a
maximum current of £16 mA [48], the voltage provided
by this module is not sufficient to serve as input voltage
Upc,in for the RF generator, which requires a current of
1 A. Therefore, Upc i is provided through a remotely
controllable power supply ( Volteraft VSP2405, Conrad
Electronics) with the amplitude set by the control volt-
age provided by the NI-9264 module. By investigating
the voltage variations in the RF amplitudes correspond-
ing to 229Th?* and 22°Th?* ions, respectively, it could
be demonstrated that the required precision of better
than 3.33 x 1073 can be reached. This becomes evident
from the results obtained for both quadrupole mass sep-
arators listed in Tab. 1. The listed values are derived
from the measured data shown in Fig. 9, by applying
a Gaussian fit to the data. The bin width of 0.305 mV
of the data corresponds to the nominal resolution of
the analog-to-digital converter NI-9215 (16 bit, £10V)
used to read out the control voltage.
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Table 1 Relative control voltage (Ugiag) uncertainties for
both pairs of QMS rods (denoted as channel A and B) of
both quadrupole mass separators (QMS 1, QMS 2) for the
case where the mass filter is set to 22°Th?* and 22°Th3",
respectively

2Y (Channel A)  £Y (Channel B)

QMS1 (*°Th?*") =~ 6.66-107* ~9.03-107*
QMS1 (°Th?*t) ~6.31-107* ~948-107*
QMS2 (*°Th?**)  ~6.18-107* ~9.70-107*
QMS2 (3°Th3*)  =~6.51-107* ~1.15-107°

QMS 1 (Uset = 4.006V) QMS 2 (User = 3.911V)
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Fig. 9 Fluctuations of the DC control voltages Ugiag, pro-
portional to the amplitudes of the generated RF voltages,
around their setpoints corresponding to 2*Th*" (top pan-
els) and 22 Th®** (bottom panels), for both quadrupole mass
separators. Note the difference in the setpoints between the
two QMS, originating from the slightly different resonance
frequencies of both QMS modules

2.4.3 QMS performance

In a first step, the functionality of the quadrupole mass
separators was investigated with the help of a calibra-
tion ion source. For this purpose, a heated alkali ion
source (TB-118 Aluminosilicate Ion Sources, Heatwave
Labs) containing potassium, rubidium and caesium in
natural isotopic composition was used. In contrast to
the 88SrT ablation source, such a heated ion source
delivers a continuous and stable ion beam, which is
more favourable for calibration. Furthermore, for these
characterization measurements the segments from the
buffer-gas cell to the Ion Guide were removed and the
alkali source was directly mounted in a chamber before
the QMS 2 chamber, compare Fig. 1.
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Fig. 10 Mapping of the stability diagram of the
quadrupole mass separator QMS 2 for the three elemental
species contained in the calibration ion source
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Fig. 11 Mass spectra obtained with the calibration ion
source. The observable contamination with water adducts
can be traced back to an insufficient bake out

By scanning both the DC voltage in the range of 0—
95V and the RF voltage in the range of 0-1150 Vpp,
a stability diagram of QMS 2 was obtained. The result
is shown in Fig. 10, where the characteristic triangle-
shaped region of stability for each of the ion species is
labelled accordingly. The corresponding mass spectrum
of the calibration ion source is plotted in Fig. 11. The
spectrum was obtained with QMS 1 by scanning the
RF and DC voltages simultaneously while keeping the
ratio Urr/Upc constant along the scan line. This leads
to a varying peak width within a broad spectral range,
as shown in Fig. 11. Since both QMS modules are oper-
ated as static mass filters, either filtering for 22Th?*,
229Th3+ or 8881+, they have to be separately calibrated
for the respective ion species in order to account for the
varying peak width. From the results, it becomes evi-
dent that the mass separators can be successfully oper-
ated in the voltage regions required to be selective for
either 88Srt, 229Th2+ or 229Th3* ions.

Furthermore, the transmission of the quadrupole
mass separators at the targeted resolution of (m/Q)/
A(m/Q) = 150 was investigated. Depending on the def-
inition of the peak width A(m/Q), two settings have
been analysed. If A(m/Q) is defined as the width of
the mass peak at 10% of its maximum height, a set-
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ting with a resolution of 150 leads to a transmission of
(30 £ 10) %. When A(m/Q) is defined as the full width
at half maximum (FWHM), a setting with a resolution
of 150 has a transmission of (67 & 10) %.

2.5 The cryogenic linear Paul trap

The cryogenic Paul trap was designed to provide long
enough storage durations for 22 Th9™ ions (¢ = 1,2, 3)
to allow measuring the thorium isomer’s radiative life-
time in vacuum. The radiative lifetime in vacuum has
been theoretically predicted [9] and recently indirectly
experimentally measured [5,6,10] to be in the range of
103 s. In order to reach these long storage times, the lin-
ear Paul trap is operated at cryogenic temperatures of
about 8 K and the trapped 222 Th3+ jons are Sym-
pathetically laser cooled using ®8Sr*. The design of
the cryogenic setup is based on the experience of the
MPI Heidelberg group for highly charged ion dynamics
gained with the CryPTEx cryogenic Paul trap [24,25].

2.5.1 The cryogenic environment

The chosen experimental goals define the following
requirements for the cryogenic environment:

e Reaching temperatures as low as possible in the trap
region in order to achieve optimum vacuum condi-
tions through condensation of the residual gas on
the cold surfaces to reach long storage times;

e On-axis accessibility of the trap (for ion injection)
and access perpendicular to the trap axis (for laser
cooling and optical diagnostics), while minimizing
the required open areas in the heat shielding to pre-
vent thermal radiation from entering the trap;

e Suppressing vibrations generated by the cryocooler
through vibrational decoupling from the trap
mounting.

To reach the desired cryogenic temperatures at the trap,
it is placed inside two nested cylindrical heat shields as
seen in Fig. 12. The inner heat shield is kept at a tem-
perature of about 8 K, while the outer heat shield is kept
at a temperature of about 42 K, providing an intermedi-
ate temperature stage between the 8 K stage of the trap
and the room temperature of the vacuum chamber. The
temperatures are measured and monitored using silicon
diode temperature sensors (DT-670B-CU, Lake Shore
Cryotronics) read out by the corresponding Lake Shore
temperature monitor (Model 218, Lake Shore Cryotron-
ics). The heat shields are fabricated from oxygen-free
high conductivity (OFHC) copper. In order to prevent
the absorption of thermal radiation, the shields are
coated with a 0.5 pm gold layer applied on top of a 8-
10 wm silver layer acting as a diffusion barrier between
the gold layer and the copper. Furthermore, the gold
coating prevents oxidization of the copper when the
system is vented, thus maintaining high reflectivity for
thermal radiation.
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Fig. 12 Section view of the cryogenic Paul trap setup,
showing the linear Paul trap inside the nested structure of
its surrounding heat shields. For better visibility, especially
in the case of the pocket-shaped apertures for the fluores-
cence collecting lens system, the apertures are coloured in
blue, while the two heat shields are depicted in gold

The inner diameters of the inner and outer heat
shields are 220 mm and 296 mm, respectively. Their wall
thickness of 10 mm was chosen in order to also effec-
tively shield external electric fields. Furthermore, both
heat shields are equipped with bottom plates of 2 mm
thickness. The cooling is provided by a two-stage pulse
tube cryocooler (RP-082B2-F70H, Sumitomo Heavy
Industries) with a nominal cooling capacity of 40 W at
45K in the first stage and 1W at 4.2K in the second
stage [49].

In order to suppress the vibrations generated by the
cold head, the cold head can be mounted to the ceiling
of the laboratory and connected to the chamber through
an ultra-low-vibration (ULV) interface from ColdEdge
Technologies [26]. The ULV interface consists of a tube
filled with helium (grade 5.0) acting as an exchange
gas to transfer the cooling power of the cold head to
the Paul trap, see Fig. 13. The thermal connection is
assured by the helium gas between the interleaved cop-
per fingers. If mounted to the ceiling, the only mechan-
ical connection between the cooling head and the trap
chamber is a rubber bellow required for gas tightness.
The lower part of the ULV interface is directly mounted
to the vacuum chamber of the trap and provides two
vibrationally decoupled stages that correspond to the
two stages of the cryocooler. The heat shields are con-
nected to these two stages. For more information on the
working principle and design of the ULV interface, we
refer to [27,28].

The vibration isolation properties of the ULV inter-
face were tested with a piezoelectric vibration sensor
(PCB-352C33, PCB Piezotronics) read out with a sig-
nal conditioner (PCB-682A02, PCB Piezotronics) and
an oscilloscope. For these measurements, the sensor was
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Fig. 14 Power spectral density (PSD) of displacements for

vibrations measured at the cold head (blue) and at the laser

table (orange). The traces in black show a moving average
over a 1 Hz wide window

mounted directly on the cryocooler cold head (near the
cryocooler mount) for the characterization of cold head
vibrations and on the laser table for characterization of
the vibrations transmitted to the laser table. The mea-
sured accelerations at both locations are converted to a
power spectral density (PSD) of the displacements and
are compared in Fig. 14. The vibrations at the laser
table are attenuated by more than 2 orders of mag-
nitude, compared to the vibrations at the cold head.
The root-mean-square (RMS) displacement amplitude
at the laser table is below 8 nm for frequencies above
55 Hz, when integrated over a 1Hz wide window. For
integration over all frequencies above 55 Hz, the RMS
displacement amplitude is 11nm. A more elaborate
characterization of the system by measuring displace-
ments with an interferometer was carried out in [27],
and the resulting vibration amplitudes should also be
applicable to our system.
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2.5.2 Optical access

The trap region is accessible for lasers by incoupling
along the ion axis through CF40 viewports, one in the
buffer-gas stopping cell behind the uranium source and
one in the ion detection chamber. To provide free pas-
sage for the light, the ion detector can be moved perpen-
dicular to the ion axis (see also Sect. 2.6 and Fig. 1). For
further laser manipulation and fluorescence diagnostics
of the trapped ions, the heat shields contain eight addi-
tional openings with a 10mm diameter in the inner
shield and 16.5mm in the outer shield, respectively,
that allow for placing apertures right in front of the
corresponding openings. These eight openings provide
four lines of sight with angles of 30°, 50°, 130°, and 150°
with respect to the trap axis for laser access. In order
to limit the amount of thermal radiation reaching the
trap, all openings are equipped with apertures reducing
the opening to a diameter of 5mm. These 2mm thick
apertures are made from OFHC copper and are coated
with gold in the same way as the heat shields.

Furthermore, the shields contain two openings with a
line of sight perpendicular to the trap axis with diame-
ters of 53 mm in the inner shield and 70 mm in the outer
shield, respectively. One of these openings is equipped
with a lens system (see [29]) collecting the fluorescence
light of the trapped ions. In order to be positioned as
close as possible to the trap, while simultaneously lim-
iting the open area in the heat shields, this opening is
equipped with pocket-shaped apertures reaching inside
the heat shields as seen in Fig. 12. These 1 mm thick
apertures are made from stainless steel and have an
opening of 20mm. The length of the aperture at the
outer heat shield is 105 mm, and the length of the aper-
ture at the inner heat shield is 78 mm. Currently, the
opposite openings in the heat shields are covered with
gold-coated copper plates. In the future, these openings
will be modified to allow for focusing laser light from a
vacuum-ultraviolet (VUV) frequency comb [50] onto a
single 229Th3* ion.

2.5.3 Trap assembly

The Paul trap was designed to have a large trap-
ping volume for the confinement of a large number of
229(m)Th3+ jons. It consists of four segmented rods with
an overall length of 282 mm. Each of the segmented rods
consists of a central trapping electrode with a length of
8 mm followed by an electrode of 30 mm length separat-
ing it from another trapping electrode of 8 mm length
on each side of the centre and ending with 93 mm long
electrodes at both sides. The electrodes have an outer
diameter of 11 mm and are arranged with an ion-axis-
to-electrode distance of 4.8 mm. The electrodes are fab-
ricated from OFHC copper and separated by ceramic
spacers made from Al;Og, resulting in a spacing of
2mm between them. To improve the electrical conduc-
tance of the electrode surfaces, they were coated with
a 0.5 pm layer of gold applied on top of an 810 pm sil-
ver layer acting as a diffusion barrier between the gold
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layer and the copper. The electrodes and ceramic spac-
ers are threaded on an insulating AloO3 rod and held
in place by being pressed together by the terminating
electrodes at both ends of the rod, which themselves are
mounted in Al;O3 centring plates providing mechan-
ical support. These centring plates (coloured in light
blue in Fig. 12) are connected to OFHC copper brack-
ets that are directly mounted to the roof of the inner
heat shield as seen in Fig. 12. Furthermore, the Paul
trap is surrounded by a stainless-steel cylinder attached
to these brackets, providing additional stability for the
mounting. In order to allow for optical access to the
trapped ions as well as electrical access to the trap
electrodes, the cylinder has openings of 100 mm length
at both sides and on the top of the trap as well as a
small opening with a length of 30 mm at its bottom.
The electrical connection of the electrodes is provided
through 2 mm diameter copper wires directly soldered
to them. These wires are pressed to the top of the inner
heat shield in groups of seven with the use of clamps
made from AlyOjs, providing thermal contact to the
heat shield while simultaneously keeping the wires elec-
trically insulated from it. To provide electrical access
to the trap electrodes, Kapton-insulated wires are sol-
dered to the ends of the copper wires at the clamp-
ing point and connected to vacuum-compatible D-Sub-
9 feedthroughs integrated into the wall of the inner heat
shield. The connection to the electrical feedthroughs of
the outer heat shield and the vacuum chamber is pro-
vided through vacuum-compatible flat-ribbon cables. A
photograph of the trap assembly is shown in Fig. 15.
Similar to the other quadrupoles in the setup, the
RF signal for the Paul trap is provided by a generator
developed at Justus-Liebig-Universitat Gielen. Due to

Fig. 15 Photograph of the linear Paul trap mounted inside
the gold-coated 4 K heat shield with its access ports covered
by the corresponding apertures. Note the openings in the
stainless-steel cylinder as well as the pocket-shaped aper-
tures at both ends of the trap
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significant capacitances in the cables and the RF-DC
mixer, the LC circuit has its resonance frequency at
around 2 MHz with an RF amplitude of up to 900 Vpp
if the RF is applied only to two diagonally opposing
rods, while the other pair of rods are grounded. In a
balanced scheme with all four rods contributing to the
overall capacitance, the resonance frequency is reduced
to around 1.5 MHz.

For the creation of a confining potential along the
ion axis, each of the seven trap electrode segments
can be supplied with a DC voltage up to 400V by a
PC controlled precision power supply (HV400, Stahl-
Electronics). The voltage stability provided by the
HV400 is on the order of a few 107 relative to full scale.
In case of the central trap segment, the voltage applied
to each of the four electrodes of this segment can be
controlled separately to allow for micromotion com-
pensation of trapped ions. All voltages applied to the
trap segments can be switched on and off via fast HV
switches provided by Justus-Liebig-Universitat Gieflen.
The switches are triggered by TTL signals from the
output ports of a digital I/O card (NI-9401, National
Instruments) in the cRIO-9064 FPGA module and are
controlled by the LabVIEW software running on the
laboratory PC.

At a later time, the inner walls of the 4K shield
together with some of the other mechanical parts
located inside of the shielding were covered with black
anodized aluminium foil, which is shown in Fig. 16.
These measures were necessary to reduce the stray light
from the laser beams that are guided through the elec-
trode rods into the trap region (for example laser incou-
pling 1 in Fig. 1). For these beams, a reduction of stray
light intensity by more than two orders of magnitude
was observed.

2.6 lon detection

For the detection of ions produced in the ion sources
or ejected from the Paul trap and transmitted through
the beam line, either an MCP or a CEM detector is
mounted on-axis in the detector chamber after QMS 1.
The MCP consists of two plates in chevron configura-
tion (GIDS GmbH) mounted in a commercial assem-
bly (F9890-13, Hamamatsu Photonics) with —1.8kV
applied to the front plate. Signals from ionic impacts
are read out via an anode after the back plate and
further amplified in a modified fast-timing preamplifier
(VT 120, Ortec/Ametek).

Alternatively, a CEM (KBL15RS, Dr. Sjuts
Optomechanik) is used for the monitoring of trans-
mitted ions. It is operated with —2.4kV bias voltage
and read out either with the same Ortec preamplifier
or with a low-noise amplifier (ZFL-1000LN+, MiniCir-
cuits). Due to the compact dimensions of the CEM, it
has been mounted on a linear mechanical feedthrough
and can be moved several millimetres in the vertical
direction to unblock the ion axis for laser access. The
amplified signals of both detector options are converted
to TTL signals by a constant fraction discriminator and
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Fig. 16 The inner surface of the trap chamber coated with
black anodized aluminium foil for stray light absorption

fed to the digital input of the NI-9401 card in the cRIO-
9064 FPGA module for data processing on the labora-
tory PC.

2.7 Vacuum system

The vacuum system of the experimental apparatus has
to fulfil two main requirements:

e The extraction of 222MTh3+ requires UHV condi-
tions in the buffer-gas stopping cell and the adja-
cent Extraction RFQ to suppress contamination of
the buffer gas during operation.

e While the buffer-gas stopping cell is operated at
32mbar, the pressure in the Paul trap needs to
be lower than 10~8 mbar to allow for formation of
Coulomb crystals and even lower to achieve the long
storage times needed for lifetime measurements.
Therefore, differential pumping is crucial in order
to prevent helium from reaching the trap.

An overview of the vacuum system is shown in
Fig. 17. The first stage of differential pumping is pro-
vided by the chamber housing the Extraction RFQ,
which is connected to the buffer-gas cell only through
the de Laval nozzle with its throat diameter of 0.4 mm.
The chamber is equipped with a turbo-molecular pump
(HiPace 300 H, Pfeiffer Vacuum) with a pumping speed
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of 2551571 [51] for helium, which is backed by a dry
scroll pump (XDS35i, Edwards Japan) with a pumping
speed of 35 m®h ™! [52]. During operation, the buffer-gas
stopping cell is kept at 32 mbar, resulting in a typical
pressure of 1072 mbar in the chamber of the Extraction
RFQ. In order to achieve the desired UHV conditions in
the stopping cell and the chamber housing the Extrac-
tion RFQ, special care was taken to only use UHV-
compatible materials for all components therein. Fur-
thermore, the chambers are equipped to be baked out
at a temperature of up to 130 °C via a computer con-
trolled heating system. This system consists of twelve
heating cartridges (Typ. HS-N 454, HS Heizelemente)
providing a heating power of 80 W per cartridge. The
cartridges have a length of 40 mm and a diameter of
4.5mm. Eight of the cartridges are fitted into cop-
per cylinders with an outer diameter of 10mm and
lengths of 40 mm and inserted into corresponding drill-
holes in the corners of the cubic vacuum housing of
the Extraction RFQ chamber. The remaining four car-
tridges are inserted into copper blocks with dimensions
of [-w-h = 70 mm-50 mm-8 mm attached to the octago-
nal vacuum housing of the buffer-gas cell with thermally
conducting glueing pads. Using the built-in thermocou-
ples of the cartridges, their temperature is actively reg-
ulated through laboratory power supplies remotely con-
trolled by an Arduino microcontroller. After the bake
out process, base pressures below 5 x 1072 mbar are
reached in the buffer-gas stopping cell and the Extrac-
tion RFQ chamber. In order to be able to effectively
pump the buffer-gas stopping cell during the bake out
process, it is connected to the Extraction RFQ chamber
through a bypass equipped with a VAT angle valve as
shown in Fig. 2. The bypass as well as the CF100 tube
connecting the turbo-molecular pump to the Extraction
RFQ chamber are heated with silicone heating tapes
(Isopad IT-SiS10, TC-E B.V.), providing temperatures
up to 200 °C. Their heating power is regulated through
analog power regulators (Kemo FG002N, Kemo Elec-
tronic).

The next two stages of differential pumping are pro-
vided by the Ion Guide chamber, which is connected
to the Extraction RFQ chamber through an aperture
opening of 2mm and to the subsequent QMS cham-
ber by an aperture opening of 3 mm, respectively. The
Ton Guide chamber is pumped using a turbo-molecular
pump (HiPace 300 H, Pfeiffer Vacuum), which is backed
by the same roughing pump as the turbo-molecular
pump of the Extraction RFQ chamber. The resulting
pressure in this chamber during buffer-gas operation is
typically in the range of 2 x 10~% mbar.

The last differential stage before the trap chamber is
the vacuum chamber of QMS 2 equipped with a turbo-
molecular pump (:X457, Edwards Japan) with a pump-
ing speed of 3001s~! [53] backed by a second roughing
pump (XDS35i, Edwards Japan). The vacuum cham-
ber of QMS 2 is connected to the central chamber of
the Paul trap through a 5 mm aperture. During buffer-
gas operation, the pressure in the QMS 2 chamber is
2 x 10~ "mbar. The chamber housing QMS 1 is iden-
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Fig. 17 Pumping schematic. Valves in light blue are actuated when switching from operation to idle. Pressures (in mbar)
during operation of the buffer-gas cell are shown in purple (inlet valve open and bypass valve closed). Background pressures
(in mbar) are shown in turquoise (inlet valve closed and bypass valve open). Valves in red are closed for both operation
modes. BGC: buffer-gas cell. RFQ: radio-frequency quadrupole. IG: Ton Guide. QMS: quadrupole mass separator. DET:

detector

tical in construction to the one of QMS 2 also being
connected to the trap chamber via an aperture with
an opening of 5mm. It is pumped by a second turbo-
molecular pump (iX457, Edwards Japan) and backed
by the same roughing pump. In order to compensate for
the lower compression ratio for hydrogen compared to
the HiPace 300 H, an additional turbo-molecular pump
(Turbovac 50, Leybold) can be added in series to the
roughing pump. This results in a pre-vacuum in the
10~* mbar range and to partial pressures of hydrogen
below a few 108 mbar in the QMS chambers.

The central chamber housing the cryogenic linear
Paul trap is pumped by a turbo-molecular pump
(STP 603, Edwards Japan), providing a pumping
speed of 6501s~! [54]. The pump is operated in
series with a second turbo-molecular pump (TwissTorr
84 FS, Agilent Technologies) with a pumping speed
of 491s~! [55] to achieve a lower partial pressure
of hydrogen in the chamber. The Edwards turbo-
molecular pump is directly attached to the bottom
of the vacuum chamber. This is enabled by a cir-
cular hole of 430mm diameter in the optical table
onto which the trap chamber is mounted. Both turbo-
molecular pumps are backed by the same rough-
ing pump (XDS35i, Edwards Japan) that also serves
the two turbo-molecular pumps that evacuate the
quadrupole mass separators. Without operating the
cold head, a pressure in the low 107 mbar region is
achieved. When the cold head is operated, the pressure
outside the 40 K shield decreases below the measurable
range of 5 x 1071 mbar of the pressure gauge (PBR
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260, Pfeiffer Vacuum) [56] attached to the chamber.
However, during operation of the buffer-gas cell, the
pressure rises to about 2 x 107? mbar.

The detector vacuum chamber is connected to the
previous QMS 1 chamber via an aperture with 8 mm
diameter and is separately evacuated by a turbo-
molecular pump (HiPace 80 Neo, Pleiffer Vacuum) with
a pumping speed of 581s7! for helium [57] and as well
backed by the same roughing pump of the quadrupole
mass separator chambers and the trap chamber. For
summary, the background pressures (turquoise) and the
pressures during buffer-gas operation (purple) are also
tabulated in Fig. 17.

3 Thorium extraction

For extraction of thorium ions from the buffer-gas stop-
ping cell, we start with the adjustment of the pressure
of the ultra-pure helium to 32 mbar. The 233U source is
set to a DC offset of 42.0 V and the last segment of the
funnel to 22.5V. Stopped ions are guided via the RF-
DC-funnel through the de Laval nozzle into the Extrac-
tion RFQ. Typically, the nozzle is set to a DC voltage
of about 0.7V above the last funnel electrode (which
implies 23.2V absolute voltage) to provide optimum
ion transmission. We observe that the transmission is
very sensitive to the nozzle voltage, and a nozzle voltage
scan is performed after each time the other parameters
in the buffer-gas cell or Extraction RFQ are changed,
see Fig. 18 for a typical scan.
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Fig. 18 Number of extracted ions as a function of noz-
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Fig. 19 Potential along the ion axis between the super-
sonic nozzle and the switchable endcap electrode of the
segmented Extraction RFQ for several experimental condi-
tions. The potential during continuous extraction is shown
as black dashed line. The state of ion collection with the
ramped up endcap voltage is shown as a blue solid line,
and the state of bunch release as a blue dashed line. The
potential shapes were calculated with the SIMION software
(version 8.1.1.32) [58]

For continuous extraction from the Extraction RFQ,
the DC voltage on the first segment is set to 20.2V,
the voltage on each subsequent segment is reduced by
0.2V, and the endcap aperture is set to 0.0 V, see black
dashed line in Fig. 19. These values are comparable to
the ones used in previous experiments [42].

A mass scan of the ions extracted from the buffer-gas
stopping cell performed with QMS 1 is shown in Fig. 20.
Here, the Extraction RFQ, the Ion Guide, the QMS 2,
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as well as the Paul trap, were set to transmit all masses
above m = 30 u/e. Compared to a test measurement, in
which the signal has been recorded as close as possible
to the output of the buffer-gas cell, here, the detector is
positioned roughly 1.4 m after the output of the buffer-
gas cell. Consequently, the long drift length influences
the mass resolution. For characterization of the content
of the bunches extracted from the buffer-gas cell, the
use of either QMS 1 or QMS 2 is possible. In our case,
QMS 1 turned out to have a better mass resolution than
QMS 2.

Apart from the main peaks originating from
229(m)r1'\1,13—i-7 233U3+7 229(m)Th2+ and 233U2+ with their
respective mass to charge ratios of 76.3u/e, 77.7u/e,
114.5u/e and 116.5u/e, there is also a major contribu-
tion at 40 u/e. Most probably, it results from a contami-
nation of the helium gas with argon, which is not frozen
out completely in the cold trap. In comparison with the
mass spectra measured with the previously used large
LMU buffer-gas stopping cell [3,42,59] the count rates
at the same integration time are reduced by a factor of
20 to 200. This can be mainly explained by the lower
activity of the 233U source of only 10kBq compared
to the 290 kBq in the old setup in combination with a
similar dark count rate of the detector. Unfortunately,
the separability of neighbouring peaks (especially in the
case of 229" Th3+ and 233U3+) is somewhat worse than
in previous experiments. A possible reason is that the
long beam line leads to additional instability compared
to previous experiments.

For bunched extraction from the Extraction RFQ,
the DC voltages of segments 7 and 8 are changed to
10.0V and 9.0V, respectively. In combination with
100.0 V applied to the endcap aperture, a bucket is
formed for accumulating the ions, see Fig. 19. The
RFQ endcap aperture is switched from 100.0 V applied
during accumulation to 0.0V to release the bunches.
During the accumulation in segment 8, thorium ions
are phase-space cooled to room temperature in the
1073 mbar helium buffer gas. Usually, thorium ions are
accumulated for 10s to create a bunch containing sev-
eral hundred ions.

For the extraction of a pure bunch of 229(m)Th3+
ions, the Ion Guide is used as a first coarse mass fil-
ter for ions of mass to charge ratio of 75u/e, which
corresponds to the rising edge of the 229(™Th3+ peak
in the mass scan. Operational parameters for this fil-
tering are an RF amplitude of 172 Vpp and a DC volt-
age of + 11.7V, resulting in the Mathieu parameters of
a = 0.104 and ¢ = 0.766. More precise filtering is then
undertaken with the adjoining QMS 2 for the same mass
to charge ratio and a smaller filter width of choice. In
such a configuration, the RF amplitude is 605 Vpp and
the applied filtering DC voltage £ 49.3 V resulting in
Mathieu parameters of a = 0.112 and ¢ = 0.688. The
pure 229M)Th3+ jon bunch can then be used for Paul
trap experiments.

@ Springer



127 Page 16 of 20

Eur. Phys. J. D (2025) 79:127

80

150 -

100 A

counts/5s

50

Th3*

2+
Th3*(Ar) U
U3 (Ar)

80 100 120

m/Q [u/e]

Fig. 20 Mass scan of continuously extracted ions from the buffer-gas stopping cell performed with QMS 1. The filter width
is A(m/Q) = 2u/e and the integration time is 5s per scan step of 0.1u/e

4 Sympathetic laser cooling and
fluorescence detection

The starting condition for experiments on spectroscopy
of the 229™)Th3+ electronic hyperfine structure or the
direct VUV excitation of the thorium nucleus is the sta-
ble trapping of a laser-cooled 88Sr - 229(m) Th3+ mixed-
species Coulomb crystal.

For sympathetic cooling 3Srt was chosen because
it has similar charge-to-mass ratio as 2290™)Th3+ it
has no hyperfine structure, and it can be comfortably
and effectively laser cooled using two diode lasers at
wavelengths of 422nm and 1092nm [60,61] that drive
transitions of ~ 20 MHz linewidth [62]. The wavelength
of these lasers provides sufficient separation from the
690nm resonance transition 5f F5;p — 6d Ds/p of

229(m) Th3+ ysed for fluorescence detection of the iso-
mer [63,64].

To create a Coulomb crystal within the LMU setup,
the following routine is executed: The Paul trap is
operated in an unbalanced mode with the RF volt-
age applied only to one electrode pair and the other
electrode pair grounded. In this configuration, the
resonance frequency is pushed closer to 2MHz and
higher RF amplitudes of approximately 900 Vpp can
be achieved. By applying DC voltages of 40V to the
central trap segment (segment 4) and 70V to segment
3, respectively, a blocking axial potential is created, see
black dashed line in Fig. 21. After a delay of 100 s with
respect to a pulse of the ablation laser, 70 V are applied
to segment 5 to form the 33Sr* confinement potential,
see black line in Fig. 21. Only a small fraction of the
velocity distribution of the ablated ions is trapped in
this way. However, several hundred mass-filtered 33Sr+
ions can be confined, which is sufficient for the desired
number of co-trapped thorium ions.

Doppler cooling of the 88Srt ions is done with in
total of 4 laser beams collinearly aligned through one
of the viewports at 30° with respect to the ion axis.
The main cooling transition is driven at 422nm with
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Fig. 21 Trapping potentials along the ion axis for the
catching (dashed lines) and confinement (solid lines) of
ablated Sr™ ions (black) and for the capture of 2?Th®"
ions extracted from the buffer-gas stopping cell (blue). The
potential shapes result from the voltages applied to the
seven trap electrode segments as well as the endcap aper-
tures (EC) and were calculated with the SIMION simulation
software (version 8.1.1.32) [58]

a power of 300 pW and a detuning of —10 MHz. Two
additional 422nm laser beams which are detuned by
—200 MHz and —400 MHz with respect to the cooling
transition act as ‘catcher beams’ and improve the ini-
tial 88Srt cooling process as well as the conservation
of the crystal during the following 22°(™)Th3+ jon cap-
ture. The fourth beam for repumping at 1092 nm with
a power of 700 pW prevents the pumping into a dark
state. For more details on the laser setup, see [29]. A
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88Srt Coulomb crystal typically forms after a few sec-
onds and can be observed on the EM-CCD camera via
the fluorescence readout at 422 nm.

After a successful 33Sr* cooling and crystallization,
the axial potential is lowered and reshaped into a
double-well for thorium ion loading (depicted in blue
in Fig. 21). In parallel, the buffer-gas stopping cell is
operated in a stand by mode with the endcap aperture
of the Extraction RFQ ramped up to 100V for con-
stant collection of thorium ions. Following the prepa-
ration of the double-well axial potential, a single tho-
rium ion bunch is then released from the Extraction
RFQ, which contains roughly 100 pure 22°(™Th3+ jons
after mass purification in the QMS 2 (or Ion Guide).
Before the release of the thorium ion bunch, the trap
endcap voltage applied to EC 2 is switched off and is
ramped up again 270ps after the bunch release. The
229(m)Th3+ jons are initially confined in the bathtub-
shaped outer potential well spanning the whole trap
length. As they interact with the continuously cooled
88Gr* jons in the trap centre, they are significantly
slowed down and are confined in the central potential
well. There, a compound Coulomb crystal containing
both 88Sr+ and 22°0™)Th3+ ions is created and can be
further reshaped by changing the axial potential.

In Fig. 22, an example of an initial 14-ion 33Sr*
Coulomb crystal is given together with two recordings
after the implantation of three 229 Th3+ jons. The lin-
ear ion chains in the upper two pictures were recorded
with a potential depth of 0.1 V. To realize the three-
dimensional crystal, a potential depth of 3.0V was
applied. Only the 422 nm fluorescence of ®8Sr+ ions was
detected. Consequently, the 2290™)Th3+ jons are only
visible as dark spots. To visualize the positions of the
229(m)Th3+ jons and to get a better understanding of
the size and shape of the Coulomb crystal, SIMION [58]
simulations were performed using the same trapping
voltage settings as in the experiment. The scale bars in
Fig. 22 are based on the fits of the image magnification
to the simulations. Suitable fits for the image magnifi-
cation turned out to be 5.32(10) in case of the two linear
chains and 5.60(3) for the 3D crystal. The used lens sys-
tem for these experiments is slightly altered compared
to the imaging setup described in [29]. It now only con-
sists of a f = 50mm aspheric lens (25mm Dia 0.25
NA UV-VIS Coated, UV Fused Silica Aspheric Lens,
33-958, Edmund Optics) for photon collection in vac-
uum and a f = 300mm plano-convex lens (LA148/,
Thorlabs) in air for focusing of the collimated fluores-
cence onto the sensor of the EM-CCD camera. Esti-
mating the magnification of the used lens system can
also be done by measuring the distances between the
two lenses, 228.5(5) mm, and the distance between the
second lens and the focal plane, 242.0(5) mm. Reduc-
ing the system to a thin lens allows to calculate the
image magnification to 5.6(1). This is in good agree-
ment with the simulation of the 3D crystal but devi-
ates by 5% from the fit value for the linear chains.
Given the uncertainty of the calibration of the voltage
sources and the approximations used in the simulation,
this is still a reasonable agreement. Consequently, we
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sim. 88Sr*
sim. 229Th3*

Fig. 22 EM-CCD images of the same 14-ion %8Sr™
Coulomb crystal: before (upper image) and after (central
image) the implantation of three 229(m) T3+ jons within an
axial potential depth of 0.1 V. The lower image shows the
3D crystal formed at an axial potential depth of 3.0 V. For
visualization of the thorium ion positions, SIMION (version
8.1 for the upper and centre images and 8.0 for lower image)
Coulomb crystal simulations are added [58]. The integration
time is 1.0s

find that the choice of the SIMION simulation software
is appropriate for the modelling of linear chains and
three-dimensional Coulomb crystals, and can provide
accurate positions of the 22°0™)Th3+ jons within the
mixed-species Coulomb crystals.

The entire trapping routine is automated to facilitate
upcoming spectroscopy measurements and to ensure
reproducibility of the 88Srt - 2290 Th3+ mixed-species
Coulomb crystal preparation process. As discussed in
[29], the envisaged scheme for the thorium isomeric life-
time measurement using single 22 Th3+ ions has to be
repeated many times in order to achieve low statistical
uncertainty.
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5 Vacuum characterization in the trap
region

To check the suitability of our cryogenic Paul trap for
lifetime measurements of the 22 Th3+ isomer, we char-
acterized the ion storage time using ®8Sr™ ions. We
observed the fluorescence of 9 trapped 33Sr* ions over
8 days. During this period, 3 fluorescence decays could
be observed resulting from chemical reactions of the
88Gr* with residual particles in the trap. However, the
ions were not lost, but instead formed 88SrH™ molec-
ular ions. Consequently, a lower limit for the storage
time then lies around 7 = 192 h, which well meets the
requirements.

Since hot cathode ionization pressure gauges are not
capable of measuring pressures below 10~'2 mbar, the
only option is to use the fluorescence lifetime of a
trapped ion as a measure for the vacuum pressure inside
the cryogenic trap volume. As already shown by other
research groups working with cryogenic ion traps, an
estimate for the vacuum pressure can be given using the
Langevin collision model [65-67]. Under the assumption
of Hy as the only remaining gas-phase collision partner
at temperatures of 8 K in the Paul trap and following
the descriptions in [66, pp 168-180], the particle density
of hydrogen is given in dependence of the Langevin rate
coefficient k. This coefficient, in turn, is only defined
by the charge state of the ion, the polarizability of the
hydrogen molecules, and the reduced mass of the two
collision partners, thus

1 (
My = 9.7 x 108 1/m?>. (2)

Further assuming an ideal gas model, the partial pres-
sure of the hydrogen molecules py, in the trap volume
can be estimated to

pi, (8K) = n, kT ~ 1.07 x 10~ mbar.  (3)

The derived value is consistent with vacuum estimates
for other cryogenic ion traps [24,25,66-71].

6 Conclusion

We have presented a comprehensive and detailed
account of the cryogenic Paul trap experiment at
LMU Munich for trapping and sympathetic cooling of
229(m)Th3+ jons by laser-cooled 8Srt ions. Technical
specifications and working parameters are provided as
well as characterizations of the ion sources, the mass
separators, and the Paul trap. With the successful and
controlled loading of 22°™)Th3+ jons embedded in a
88Sr* mixed-species Coulomb crystal, this setup will be
a workhorse for upcoming experiments. Measurements
of the 2290m) Th3+ hyperfine structure as necessary steps
towards the determination of the 22™Th3t isomeric
lifetime in vacuum are to be undertaken in the near
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future. In the long run, this setup offers the prospect
for direct VUV excitation of the nuclear excited state
in 22Th3* ions. It could therefore serve as platform for
a prototype of a trap-based thorium nuclear clock.
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