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Abstract: For the realization of an optical nuclear clock, the first isomeric excited state of thorium-
229 (229mTh) is currently the only candidate due to its exceptionally low-lying excitation energy
(8.338± 0.024 eV). Such a nuclear clock holds promise not only to be a very precise metrological
device but also to extend the knowledge of fundamental physics studies, such as dark matter research
or variations in fundamental constants. Considerable progress was achieved in recent years in
characterizing 229mTh from its first direct identification in 2016 to the only recent observation of
the long-sought-after radiative decay channel. So far, nuclear resonance as the crucial parameter
of a nuclear frequency standard has not yet been determined with laser-spectroscopic precision.
To determine another yet unknown basic property of the thorium isomer and to further specify
the linewidth of its ground-state transition, a measurement of the ionic lifetime of the isomer is in
preparation. Theory and experimental investigations predict the lifetime to be 103–104 s. To precisely
target this property using hyperfine structure spectroscopy, an experimental setup is currently being
commissioned at LMU Munich. It is based on a cryogenic Paul trap providing long-enough storage
times for 229mTh ions, that will be sympathetically cooled with 88Sr+. This article presents a concept
for an ionic lifetime measurement and discusses the laser-optical part of a setup specifically developed
for this purpose.

Keywords: nuclear clock; 229-thorium; laser cooling; laser spectroscopy

1. Introduction

Beginning with its first discovery in 1921 by Otto Hahn [1], a large amount of in-
vestigations on nuclear isomerism has been carried out in the past 100 years and is still
ongoing [2]. So far, according to the NUBASE2020 evaluation, there are 1938 different
excited nuclear states reported with lifetimes ranging from 100 nanoseconds to years (in-
dicated by superscript ‘m’ for ‘metastable’ behind the mass number) [3]. However, the
first isomeric excited state of 229Th has a very particular role because of its exceptionally
low excitation energy of 8.338± 0.024 eV [4–7]. Already before the direct experimental
proof of existence of 229mTh in 2016 [8], it was considered to take advantage of this nuclear
transition lying far below the typical few 100 keV to several MeV values of nuclear excited
states: Peik and Tamm suggested to use the thorium isomer as the passive reference in a
nuclear optical frequency standard promising better stability and accuracy than atomic
clocks [9]. The systematic frequency uncertainty of such a nuclear clock was estimated to
reach 1.5× 10−19 [10,11] and would thus outperform the precision of current atomic clocks,
which currently reach values entering the 10−19 range [12]. However, the motivation for
the realization of a nuclear clock is not restricted to precise time keeping. The clock-driving
two-level system experiences additional fundamental interactions due to its sensitivity
to the strong force compared with an electronic transition in the atomic shell. A nuclear
frequency standard can be used as a quantum sensor capable to push the limits of, e.g.,
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dark matter research or the quest to study variations in fundamental constants (please see
references [13–16] for further reading).

In recent years, knowledge on the thorium isomer, 229mTh, has been increasingly
expanded. Apart from the excitation energy, the lifetime of the neutral isomer studied with
the internal conversion (IC) decay channel [17] also the nuclear, magnetic, and electric
quadrupole moments, as well as the isomer shift, for the determination of the isomeric
hyperfine structure could be quantified [18]. However, the direct laser excitation of the
thorium isomer is still awaited, together with the experimental determination of another
important property for the creation of a nuclear frequency standard: the radiative lifetime
of the charged thorium isomer. Theory estimates its range to be 103–104 s [19–22], and it is
predicted to be strongly dependent on its chemical (i.e., electronic) environment [21]. Based
on this theoretical model presented in [21] and experimental results from the radiative
decay in a crystal environment, a recent study provides an estimate of the ionic isomeric
half-life exceeding 2000 s [7].

This article follows previous descriptions of the setup currently being commissioned
at LMU Munich [23] with a special focus on the technical realization of the laser-optical
part of the experiment.

2. Description of the Experimental Setup Dedicated to the Radiative Lifetime
Measurement

Two main prerequisites to measure the radiative decay time of 229Th ions in their
first isomeric state are the suppression of non-radiative decay channels, like internal
conversion, and, when using an ion-trap-based approach, ion confinement at least as
long as the estimated lifetime. Both requirements can be fulfilled within a linear Paul
trap operated in a cryogenic environment under excellent vacuum conditions and thus
sufficiently long storage time. According to previous findings in cryogenic Paul traps,
characteristic vacuum pressures in a trap chamber lie in the upper 10−10 mbar range, close
to the measurement limits of standard active line gauges [24]. This means that vacuum
pressures in the cryogenic environment can only be estimated using the ion storage time
and have been reported to lie below 10−13 mbar [24–26].

Herein, we further only briefly explain the Paul trap device developed at LMU,
introduced in [23] and described in more detail in an upcoming publication [27].

The radiative lifetime of the isomeric state is planned to be measured using hyper-
fine structure spectroscopy (HFS) at 690.32 nm and 984.19 nm to target the 2F5/2 → 6p
2D5/2 and 2F7/2 → 6p 2D5/2 transitions in 229/229mTh3+ [23] with natural linewidths of
FWHM = 28 kHz and FWHM = 210 kHz, respectively [28]. Depending on their respective
nuclear state, the hyperfine splittings of thorium ions differ from each other by several MHz
according to calculations on the basis of experimental results in [18,28] and also visible in
the level scheme of Figure 1. One condition, however, to resolve the hyperfine structure of
thorium and to spectrally distinguish between the isomeric state and the nuclear ground
state is the cooling of trapped ions below 1 K.

In consequence, the envisaged measurement, in parallel to the electromagnetic ion-
trapping setup, requires an efficient cooling mechanism for 229Th3+. Here, sympathetic cool-
ing with laser-cooled 88Sr+ will be used. The laser-optical setup comprises four continuous-
wave diode laser systems and one pulsed Nd:YAG ablation laser. The latter will be used to
generate free 88Sr+ ions, which will be co-trapped with thorium ions in the linear Paul trap
and simultaneously Doppler-cooled at 422 nm, where Photons at 1092 nm wavelength will
ensure efficient repumping from the metastable 4d 2D3/2 state (Figure 2). Thorium ions are
then expected to form Coulomb crystals with the 88Sr+ ions.
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Figure 1. Level schemes of 229Th3+ on the left and 229mTh3+ in the first isomeric excited state on
the right. Clearly visible are the differences in the hyperfine structure transitions depending on the
nuclear state.

In a second step, two other diode lasers at 690 nm and 984 nm will be used to perform
the hyperfine spectroscopy of thorium. Analogous to the diode lasers at 1092 nm, the one
at 984 nm is required as repumper to prevent the generation of dark states.

To save space on the optical table, lasers and their optical arrangements are stored in
five 19′′-rack drawers. Enhanced vibrational stability is provided using heavy steel-plate
drawers (87404, 19′′ Rack Drawer 4U; Adam Hall GmbH, Neu-Anspach, Germany) with a
maximum load capacity of 25 kg and a ball-bearing slide-in rail for smooth opening and
closing. Additionally, the breadboards carrying the laser setups inside the drawers are
decoupled from the drawer walls and mounted on rubber feet (AV4/M; Thorlabs GmbH,
Bergkirchen, Germany), damping vibrations above 100 Hz.

The transport of light from the respective drawer to the Paul trap vacuum chamber
is achieved with the use of polarization-maintaining optical fibers. For the fibers as well
as for the cables connecting the lasers to their controllers and power supplies, all drawers
are provided with feedthroughs in the casing. However, in order to maintain optimal dust
protection and laser safety, the holes can be covered with synthetic foam.

2S1/2

2P1/2

2D3/2

421.67 nm

1091.79 nm

88Sr+

Figure 2. Level scheme of 88Sr+ used for Doppler cooling with one main cooling cycle at 422 nm and
a repumping cycle at 1092 nm.

2.1. A Cryogenic Paul Trap for the Storage of 229mTh3+ Ions

The thorium ion extraction from the buffer-gas stopping cell follows the approach of
previous works [5,8,17]. However, in this setup, the buffer-gas stopping cell is compactified
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and customized to the needs of the targeted few-ion storage in the cryogenic Paul trap.
As depicted on the left side of Figure 3, a 233U source of 10 kBq activity is mounted inside
the stopping cell providing thorium ions via α-decay with a 2 % population branch to
the first isomeric excited state. The source is made of a silicon substrate covered with a
titanium–uranium coating of 100 nm in thickness and has a diameter of 25 mm. To keep
free access to the ion axis, the source features a center hole of 5 mm in diameter.
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Figure 3. Schematic overview of the cryogenic Paul trap setup dedicated to 229mTh3+ radiative
lifetime measurement. Visible is a horizontal cross-sectional cut of the trap vacuum chamber along
the ion axis with a not-to-scale but logical arrangement of the different laser setup sections.

Released ions from the source are stopped in 32 mbar ultra-pure He buffer gas, col-
limated in an RF-DC funnel, and eventually dragged by a supersonic gas jet through a
de Laval nozzle into a segmented radio-frequency quadrupole (RFQ) in the following
vacuum chamber. The RFQ, acting as ion guide, phase-space cooler, and ion buncher, forms
a continuous ion beam, which is sent to the adjacent quadrupole mass separator (QMS
1). Here, the accompanying α-decay daughter products of the 233U decay chain and other
thorium ion charge states are removed before pure 229(m)Th3+ ions enter the trapping region.
The linear segmented Paul trap is surrounded by two temperature shields (at 40 K and at
4 K) separating the cryogenic region from the surrounding vacuum at room temperature.
For more details on the design of the cryo-trap, the reader is referred to [24,27,29].

In addition, a second QMS (QMS 2) is located behind the Paul trap in a configuration
symmetric to the first one for the filtering of a second ion species to be co-trapped with
thorium ions and acting as sympathetic cooling mediator. For laser access, the vacuum
chamber has several free-view axes through the trap center. One is along the ion axis itself,
and five more are distributed at different angles relative to it (30°, 50°, 90°, 130°, 150°). The
viewports of each view axis are AR-coated at the wavelengths of the four diode lasers
(Fused Silica Viewport, AR-coated on both sides at 420 nm, 690 nm, 980 and 1092 nm, and
mounted on a CF40 Flange; MPF Products Inc., Gray Court, SC, USA).

2.2. Preparations for Sympathetic Laser Cooling with 88Sr+ Ions

Regarding the cooling of thorium ions, the direct laser cooling of 229Th3+ [28,30], as
well as the sympathetic laser cooling of 232Th+ with 40Ca+ ions [31,32], has been previously
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reported. We chose the sympathetic cooling approach with 88Sr+ ions, which are free of
hyperfine structure, as mediator to remove motional energy from the trapped thorium ions.
This choice was mainly due to the easily accessible cooling cycle of strontium with diode
lasers available at the required cooling wavelengths of 422 nm and 1092 nm, respectively.
Another reason for using strontium was the respective mass-to-charge ratio of m/Q = 88.0,
which is reasonably close to the one of thorium, m/Q = 76.3, thus providing favorable
cooling conditions via Coulomb interaction. Since the m/Q ratio also dictates the trap
parameters, the trapping potentials can be chosen pretty similar for both ion species.

We expect to confine 50 to 100 229Th3+ ions in our Paul trap, thus statistically ending
up with 1 or 2 of them in the isomeric state. For the efficient sympathetic cooling of such
number of thorium ions, at least the same number of strontium ions is required. We
can achieve this with the ablation of 88Sr+ from a solid-state target, similar to reports in
the literature [33–35]. Our target material is a SrTiO3 crystal (Strontium Titanate Single
Crystal Substrate <100>, 634689-1EA; Sigma Aldrich, Merck KGaA, Darmstadt, Germany)
mounted at a distance of 610 mm from the Paul trap center behind QMS 2 (see Figure 3)
in a room-temperature environment. Atom or ion ablation in close vicinity of a Paul trap
under cryogenic conditions has been reported by several groups [29,34,36,37]. However, in
these cases, surface ion traps with low numbers of loaded ions were mainly used. The aim
for the efficient loading of potentially hundred and more strontium ions generated without
additional photoionization lasers brought the decision to collimate and mass filter the ions
before trapping. Furthermore, the direct ablation of ions from a solid target is a hardly
quantitatively controllable process that generates a huge number of charged and neutral
particles, which can coat the electrode surfaces. Therefore, ablation outside the cryogenic
trapping region minimizes the risk of generating patch potentials on the trap electrodes,
which in turn would have a negative influence on the motional heating rate or the position
of the trapped ions [38–41].

For better collection of ablated strontium ions, an additional segmented RFQ (rod
diameter of 11 mm, preceding QMS 2; ion-axis-to-rod distance of 5.1 mm) consisting of two
outer segments of 40 mm and one central segment of 20 mm in length is foreseen. Two
circular electrodes with 3 mm apertures on the ion axis act as endcaps and protect QMS 2
from ablation residuals. The SrTiO3 target is mounted at a distance of 25 mm from the ion
axis, faces the central RFQ segment and can be aimed for through the free space of 4 mm
in width between the rods. This extra RFQ in the vicinity of the strontium target is in the
following referred to as Strontium Extraction RFQ .

The ablation of 88Sr+ can then be carried out with a frequency-doubled Nd:YAG laser
(Q-switched Nd:YAG laser, SN: 03022502; Quantel USA Inc., Bozeman, MT, USA) running
at 532 nm with pulse durations of around 5 ns and tunable repetition rates up to 50 Hz. The
system can be operated with pulse energies of up to 125 mJ, but for our application 3–5 mJ
is sufficient. The laser beam is focused on the target with a spot size of about 300 µm and
impinges at an angle of 90° with respect to the ion axis after passing a vacuum viewport.

A mass scan of ions created in the ablation process, performed with QMS 2, and mea-
sured with an MCP detector at the position of Extraction RFQ (please see Figure 3) revealed
the charged particle spectrum and can be seen in Figure 4. For this target specification, no
RF voltages were applied to the electrodes of Strontium Extraction RFQ.

The cooling cycle of strontium ions requires laser radiation at 421.67 nm, driving the
main cooling transition from 5s 2S1/2 to 5p 2P1/2, and at 1091.79 nm, depleting the dark
state 4d 2D3/2. For the main cooling transition, we use a commercially available ECDL (DL
pro HP 420_029338; TOPTICA Photonics AG, Gräfelfing, Germany) with an output power
of 41 mW.

Dark-state depletion is performed with another diode laser (DL pro_021546; TOPTICA
Photonics AG, Gräfelfing, Germany) with an output power of 72 mW. Characterizing the
beam with a profiler camera (CinCam CMOS-1202; Cinogy Technologies GmbH, Dud-
erstadt, Germany) after the laser head by applying a Gaussian fit, revealed an elliptical
beam shape with a major beam diameter in the horizontal direction of dx = 3.28 mm and a
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minor beam diameter in the vertical direction of dy = 0.94 mm. For better fiber coupling
efficiency, the beam shape can be corrected to lower ellipticity with a Galilean telescope of
cylindrical lenses.

The calculated saturation intensity values of the respective laser cooling transitions
lie at 352.54 W/m2 (for 422 nm) and 1.52 W/m2 (for 1092 nm) and the laser power can
be adjusted depending on the focus in the trapping center to reach at least twice the
saturation intensity.
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Figure 4. Mass scan obtained with QMS 2 of the ablated ion species from an SrTiO3 crystalline target.
The ablation laser was run with a pulse energy of about 2.5 mJ at a 5 Hz repetition rate. Visible are
mass peaks at A = 47 (47Ti), A = 88 (88Sr), and A = 63 (TiO).

Even though both lasers are temperature-stabilized and exhibit a very narrow linewidth
on short time scales down to 150 kHz at 5 µs integration time according to the manufacturer,
they undergo wavelength drifts over time in free-running mode. Since both transitions
in the cooling cycle have linewidths in the megahertz range (20.21± 0.80 MHz at 422 nm
and 1.51± 0.32 MHz at 1092 nm [42]), a special wavelength stabilization for both lasers is
needed to prevent them from falling out of resonance during typical experimental periods
of up to hours.

Concerning stabilization, the 422 nm laser plays a special role because it serves as
master laser for the second Sr cooling laser and also for the thorium spectroscopy lasers.
This requires initial stabilization of the 422 nm wavelength to an external absolute reference,
thus creating a master laser, and, in a second step, the stabilization of all other lasers relative
to the master.

Following previously reported Sr-ion cooling approaches [43–49], we stabilized our
master laser on the 5s 2S1/2 (F = 2) → 6p 2P1/2 (F′ = 3) atomic transition in 85Rb at
ν = 710 962 401 328± 40 kHz [50]. This procedure was motivated by the fact that the
Rb transition lies only 440 MHz to the red side of the main cooling transition in 88Sr+ [44,46]
and a frequency shifter can be used.

In order to detect the Doppler-free absorption line in the hyperfine structure of 85Rb,
saturated absorption spectroscopy was performed with a setup comparable to the one by
Shiner et al. [50] and also visible in Figure 5: after passing a polarizing beamsplitter, the
422 nm laser with linear horizontal polarization enters a borosilicate vapor cell (GC25075-
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RB; Thorlabs GmbH, Bergkirchen, Germany) containing a natural isotope ratio of 72.17%
85Rb and 27.83% 87Rb [51].

(a)

42
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M
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FC

FC

PDOI P

PBS PBS

PBS

PBS

RbCλ/2

λ/2

λ/2 λ/2

λ/4

ND

λ/2

(b)
Figure 5. The 422 nm laser setup assembled in a rack drawer is depicted in a photograph
(a) and for better visualization also as a schematic (b). The following abbreviations are used:
M = mirror; OI = optical isolator; P = polarizer; λ/2 = half-wave plate; λ/4 = quarter-wave plate,
ND = neutral density filter; PBS = polarizing beamsplitter; RbC = rubidium gas cell; FC = fiber
coupler; PD = photodiode.

With a suitable heater and a controller (GCH25R, TC200; Thorlabs GmbH, Bergkirchen,
Germany), the cell temperature is stabilized to 90 °C. The transmitted light then passes a
quarter-wave plate and a neutral density filter (ND 0.5) before it is back-reflected through
the setup up to the beamsplitter. In this way, the required probe beam for saturated
absorption spectroscopy with turned polarization and lower intensity with respect to the
initial pump beam is generated and reflected to a fixed-gain silicon photodetector (PDA8A2;
Thorlabs GmbH, Bergkirchen, Germany). Feeding the detected signal directly to the digital
laser controller (DLC pro; Toptica Photonics AG, Gräfelfing, Germany) enables the instant
readout of the absorption signal in rubidium. Scanning the applied voltage of the piezo
crystal, controlling the position of the grating with respect to the laser diode of the 422 nm
laser, scanned the laser frequency and revealed the absorption spectrum of 85Rb/87Rb gas
over the spectral range of interest, as shown in Figure 6.

Stabilizing the laser to the chosen atomic transition, visible in the saturated absorption
spectroscopy result, is also achieved using the internal locking electronics of the DLC pro.
The top-of-fringe locking scheme is applied, which is based on the lock-in technique, in
combination with a PID controller (proportional–integral–derivative controller). In order
to generate an error signal of the absorption signal, the laser frequency is additionally
frequency-modulated on top of the frequency scan. This additional modulation is achieved
by changing the laser diode current by ±0.07 mA at a frequency of 20.4 kHz. Such mod-
ulation of the absorption signal can then be used in a next step to acquire its derivative.
The derivative in turn acts as the error function for two PID controllers to regulate the
diode current and the piezo voltage, keeping the laser frequency at the zero-crossing of the
chosen absorption peak.

Once stabilized to the external reference, the 422 nm laser can act as master laser for
the other three laser systems.

Stabilizing several lasers to a fixed reference wavelength can be performed using
either a scanning transfer cavity or a wavelength meter. The latter is used here because it
is deemed to be the technically easier-to-implement method with commercially available
devices and with sufficient accuracy for ion-trapping experiments [52,53]. Consequently,
the stabilized 422 nm laser together with the other three free-running diode lasers are sent
to a wavelength meter (WS7-60; High Finesse GmbH, Tübingen, Germany) with absolute
accuracy of 60 MHz via optical fibers and a suitable fiber switch (MC8 Multimode Switch;
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eight inputs, FC/PC, 12 ms switching time; High Finesse GmbH, Tübingen, Germany). The
wavemeter can then be calibrated in fixed time intervals to the 422 nm laser as external
reference and continuously measure all four wavelengths. The measured data are then
read out by a LabView-based routine running on an FPGA-based data acquisition system
(NI myRIO-1950; National Instruments Corp., Austin, TX, USA) and further fed to three
different PID controllers to directly counteract any wavelength drifts by adjusting the
respective piezo voltage for the laser grating position with control voltages in the range
0–5 V.

The wavelength stability of the stabilized laser system at 422 nm, that can be measured
over one hour with the wavelength meter, lies at 2.9 MHz (standard deviation), which is
comparable to previous measurements in a similar configuration [52]. Due to the waveme-
ter’s specified precision limit of 2 MHz and the additional accuracy limitations introduced
by the multimode fiber switch, this can be considered the maximum transferable stability
for the three slave lasers. With regard to strontium laser cooling, roughly 3 MHz frequency
stability is sufficient because of the broader linewidth of the main cooling cycle and the
expected power broadening for the repumper transition at 1092 nm.
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Figure 6. Piezo scan of the 422 nm laser frequency over the hyperfine structure resonances in 85 + 87Rb
with two zoom-in steps on the chosen reference transition in 85Rb (red). The generated error signal
for the top-of-fringe locking technique is visible in orange. Note that different data were taken for the
different plots, which results in a change in the piezo voltage axis.

Replacing the multimode fiber switch either with another commercial device or a
custom solution similar to the one used in [54] is expected to further improve the readout
stability of the wavemeter. If the wavemeter locking technique still turns out not to fulfil
the requirements for thorium laser spectroscopy, the existing stabilization scheme has to be
upgraded by an additional transfer cavity lock. In combination with an absolute reference,
such a scanning transfer cavity can provide improved control over fast frequency drifts
and thus overall improved long-term frequency stability [28].

Although it is stabilized, the 422 nm laser still needs to be shifted in wavelength before
it can be used for Doppler cooling. The above-mentioned 440 MHz frequency upconversion
with respect to the rubidium transition frequency is achieved with an AOM (acousto-optic
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modulator) double-pass configuration placed in an additional rack drawer, which can be
seen in Figure 7.

As the laser light leaves the polarization-maintaining fiber, it passes a zero-order
half-wave plate in order to orientate the polarization axis of the light perpendicularly to
the AOM base plate for optimum efficiency in the +1st diffracted order after the first pass
through the AOM crystal. The diffraction performance of the SiO2 crystal built into the
AOM (MQ240-A0; 2-UV; AA Opto-Electronic, Orsay, France) turned out to be very sensitive
to any light polarization deviating from the optimum direction (in contrast to TeO2, which
is also found in AOM devices). Therefore, the incident beam and the outgoing beam after
the second pass through the AOM have to be separated in space, which is less elegant than
separation using a different light polarization for the incident and outgoing beams.

This can be achieved by aligning the incoming beam vertically off-center through a
plano-convex lens (f = 150 mm) to focus on the active area (1.0 mm × 0.2 mm) of the crystal,
as visualized in Figure 7c. After the first pass, the +1st diffracted order is separated from
the 0th and 2nd orders with two razor blades and sent vertically off-center through another
plano-convex lens (f = 150 mm) before it hits a cat‘s eye reflector (180° prism reflector).
When exiting the prism reflector, the beam is shifted upwards and passes again through
the whole lens system with the AOM in the focus position, before it is finally coupled into
a polarization-maintaining fiber with a D-shaped mirror. In this way, it is also possible to
scan the laser frequency around the resonance in 88Sr without changing the frequency of
the stabilized laser system itself. We can apply modulation frequencies between 190 MHz
and 255 MHz at RF signal power of 2.1 W (or 33.2 dBm) and reach diffraction efficiency
over the whole modulation frequency range from 32% to 65%.

(a)

M

λ/2 FC

A
FC

D-M

M

AOM
A

L

Pr

L

λ/2

M

(b)

ν
in νin + 220 MHz

νin + 440 MHz AOM
Prism

f = 150 mm f = 150 mm

(c)
Figure 7. A detailed visualization of the AOM setup with a photograph of the respective rack drawer
(a), a schematic top view (back-reflected second pass through the AOM partially not visible below the
incident beam) (b), and a lateral view for a better understanding of the spatial separation of first and
second passes (c). In the lateral schematic, the 0th and the +1st diffraction orders cannot be resolved.
The following abbreviations were used: M = mirror; D-M = D-shaped mirror; L = lens; A = adjustable
iris; FC = fiber coupler; Pr = prism; λ/2 = half-wave plate.



Atoms 2023, 11, 108 10 of 16

2.3. 229mTh3+ Hyperfine Structure Spectroscopy

Our two external cavity diode lasers running at 690 nm and 984 nm were home-built
on the basis of the Ricci–Hänsch or Littrow–Hänsch ECDL design [55,56]. We used com-
mercially available laser diodes (HL6738MG and L980P030; Thorlabs GmbH, Bergkirchen,
Germany) and holographic gratings (GH13-18V (1800/mm) and GH13-12V (1200/mm);
Thorlabs GmbH, Bergkirchen, Germany), which were mounted in a brass construction
fixed in rigid aluminum housing. The lasers are actively temperature-stabilized by Peltier
elements (TECH11; Thorlabs GmbH, Bergkirchen, Germany), that also isolate the lasers
from the housing. Control of the laser temperatures, diode currents, and piezo volt-
ages for grating adjustment is performed with an additional pair of TOPTICA DLC pro
laser controllers.

Before the two laser beams can be sent to the vacuum chamber for hyperfine structure
spectroscopy, they need to be modified in their respective spectrum to address either 229Th3+

or 229mTh3+. For this purpose, the respective laser shall be guided through an electro-optic
modulator (EOM) that is driven with selected RF voltages, which is a common procedure
in atomic and laser physics experiments [30,57–60]. Exactly at these radiofrequencies, the
EOMs (PM705 for 690 nm and PM980 for 984 nm; JENOPTIK Optical Systems GmbH, Jena,
Germany) generate spectral sidebands around the chosen center frequencies, which in turn
drive all necessary hyperfine transitions to prevent the generation of dark states during
spectroscopy. A more detailed overview of the respective EOM drive frequencies and the
envisaged transitions is presented below in Table 1.

Table 1. Calculated EOM drive frequencies to target either the nuclear ground state of 229Th3+ or
its first isomeric excited state. These contemplations are based on simulated hyperfine structure
spectra derived from the experimental findings and their uncertainties in [18,28]. Numbers in round
brackets denote the required EOM sideband order to drive the respective transition. The reference
frequencies (fref) are considered without any uncertainties. However, the considerable uncertainties
of the modulation frequencies for isomeric HFS stem from the non-negligible error of the isomer shift
based on experimental results.

fref 434.5 THz (690 nm) 304.4 THz (985 nm)

Adress... 229Th3+ 229mTh3+ 229Th3+ 229mTh3+

fcenter = fref −
14.2± 7.6 MHz

fref +
4.2± 82.6 MHz

fref −
268.5± 8.0 MHz

fref +
171.3± 81.7 MHz

Driven HFS
transitions F = 3→ F′ = 2 (0)

fmod1 = 472.1± 4.4 MHz 193.0± 55.4 MHz 49.0± 0.9 MHz 558.3± 79.1 MHz
Driven HFS
transitions F = 0→ F′ = 1 (1) F = 2→ F′ = 2

(−1)
F = 3→ F′ = 3

(−2) F = 5→ F′ = 4 (1)

F = 1→ F′ = 1 (2) F = 3→ F′ = 3 (1) F = 4→ F′ = 4 (3)
F = 5→ F′ = 5

(−1)
F = 5→ F′ = 4

(−2)
F = 6→ F′ = 5

(−1)
fmod2 = 20.1± 2.8 MHz 245.7± 124.4 MHz 627.5± 4.1 MHz 17.8± 70.6 MHz

Driven HFS
transitions

F = 3→ F′ = 4
(−3)

F = 4→ F′ = 3
(−1) F = 1→ F′ = 0 (2) F = 2→ F′ = 1 (1)

F = 4→ F′ = 3
(−2) F = 2→ F′ = 1 (2) F = 4→ F′ = 3

(−1)
fmod3 = 418.6± 8.8 MHz 332.3± 151.0 MHz

Driven HFS
transitions

F = 2→ F′ = 3
(−1)

F = 1→ F′ = 1
(−1)
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The electronic system to generate and combine the RF frequencies before application
to the respective EOM, follows the design by Uchiyama et al. [60]. However, we use direct
digital synthesizer boards (AD9914; Analog Devices Inc., Wilmington, MA, USA) instead
of stabilized VCOs.

According to the chosen set of EOM drive frequencies, for both lasers, two slightly
different central laser frequencies are necessary to reach all required hyperfine transitions.
Since both lasers also have to be stabilized to one fixed wavelength, it would be less
advantageous to switch the wavelength during a spectroscopy experiment. Therefore, it is
necessary to bridge the frequency differences between the two center frequencies of 690 nm
and 984 nm, respectively, with AOMs in a way similar to that employed for the 422 nm
laser. By simultaneously changing the AOM as well as the EOM drive frequencies, we plan
to switch back and forth between the two excitation schemes in a convenient way without
changing the stabilized laser source.

Prior to such an experiment, it is necessary to measure the linewidth of each 229/229mTh3+

hyperfine transition in the cryogenic environment of our trap. In this way, the applica-
bility of the chosen sideband frequencies can be once more assessed, and uncertainties,
minimized.

Another important device for testing and later monitoring the EOM sideband gen-
eration is the scanning transfer interferometer. Our confocal version at LMU consists
of two plano-concave mirrors (# 168366; reflectivity of 99.8 % at 422 nm, 690 nm, 985 nm,
1092 nm; diameter of 12.7 mm; radius of curvature 200 mm; LAYERTEC GmbH, Mellingen,
Germany) at a distance of L = 200 mm glued on an INVAR rod with a mounted piezo
actuator (HPCh150/12-6/2; Piezomechanik GmbH, München, Germany), which results
in a confocal free spectral range of νFSR = c0/4L = 375 MHz. For better decoupling from
the environment, the cavity is located in an evacuated housing with two opposing view-
ports (Fused Silica Viewport; AR coated on both sides at 420 nm, 690 nm, 980 and 1092 nm;
mounted on a CF40 Flange; MPF Products Inc., Gray Court, SC, USA) on the cavity axis.

2.4. Four-Wave Incoupling into the Ion Trap

All four laser wavelengths can be sent collinearly into the ion trap via the view axis
at 30° with respect to the ion axis by aligning them into a polarization-maintaining pho-
tonic crystal fiber (PCF) (PCF-P-5-3-18E-500; 370–1200 nm; Schäfter & Kirchhoff GmbH,
Hamburg, Germany) in the first place. Before the fiber incoupler (60FC-LSA-4-M4-24;
f = 4 mm; Schäfter & Kirchhoff GmbH, Hamburg, Germany), all wavelengths can be sepa-
rately adjusted in power and polarization and are then overlapped with dichroic mirrors.
Since the viewport is 237 mm away from the trap center, the achromatic fiber outcoupler
(60FC-LSA-4-M4-13; f = 4 mm; Schäfter & Kirchhoff GmbH, Hamburg, Germany), which is
optimized for small beam widths at a 400 mm distance, can be adjusted and delivers the
collimated beam diameters for the different colors enlisted in Table 2.

Table 2. Measured beam diameters at a distance of 400 mm from the fiber outcoupler.

Wavelength (nm) Beam Diameter (µm)

422 484
1092 561
690 550
984 527

The measured beam diameters lie reasonably close together, such that nearly uniform
illumination of the trapped ions with all four wavelengths can be expected. The actual beam
waists of the differently colored beams will never coincide due to the chromatic aberrations
of the collimator lens. With Rayleigh ranges exceeding 200 mm for all beams, there is
enough room for adjustments, however. In the current configuration with incoupling
foreseen at 30° with respect to the ion axis, the actual overlap with the trap center is
of elliptic shape with a major axis of roughly 1 mm. If the overlap with the ions turns
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out not to be sufficient, the beam width can easily be increased in a similar way for all
four wavelengths.

2.5. Fluorescence Imaging Setup

For the imaging of the trapped and laser-cooled Sr ions at 422 nm and the readout
of thorium ion spectroscopy at 690 nm, we use, in the first step, an aspheric lens (25 mm
Dia 0.25 NA, UV-VIS Coated, UV Fused Silica Aspheric Lens, 33-958; Edmund Optics,
Barrington, NJ, USA) with effective focal length (EFL) of 50 mm for fluorescence photon
collection and collimation. This lens is mounted in a fixed position in a lens tube in vacuum
outside the 40 K region but with a free-view axis perpendicular to the ion axis and exactly
46.5 mm (which corresponds to the asphere‘s back focal length (BFL)) away from the Paul
trap center. This was technically achieved with two pocket-shaped apertures mounted at
the respective heat shield and giving access to the 4 K area at a distance of 40 mm from
the trap center. In order to keep the penetration of the heat shield as small as possible,
the apertures giving free sight on the trapped ions only have a diameter of 20 mm and
thus reduce the solid angle for photon collection to 28°. After collimation, the light is sent
outside the vacuum chamber through the AR-coated CF-40 viewport and guided with
three dielectric mirrors before it passes another pair of the same 50 mm aspheres. Between
them, an adjustable iris is mounted for the spatial filtering of the generated second image.
Subsequently, the recollimated light is focused with an achromat (25 mm Dia. × 150 mm FL,
VIS-NIR Coated, Achromatic Lens, 49-362; Edmund Optics, Barrington, NJ, USA) specified
for a wavelength range of 400–1000 nm on the detector of the EM-CCD camera (C9100-
23B; Hamamatsu K. K., Hamamatsu, Japan). The overall magnification of the imaging
setup with the achromat’s focal length of 150 mm results to be M = 3. Depending on the
fluorescence of interest and also for background light reduction, the light can be filtered as
a final step in front of the camera.

All in-air lenses are mounted in lens tubes and can be adjusted in their relative
distances. The EM-CCD camera itself is mounted on a three-dimensional stage for opti-
mum positioning.

The first imaging tests of the setup revealed a resolution of better than 7 µm and a
total field of view of around 1 mm, which would be sufficient for the observation of at least
100 trapped and cooled ions as an estimated distance of around 10 µm.

The estimations of the overall fluorescence photon collection and detection efficiency,
taking into account the transmission or reflectance of the optics as well as the EM-CCD’s
quantum efficiency, are around 0.94 % at 422 nm and 1.27 % at 690 nm, respectively. The
main reason for better efficiency at the longer wavelength is the characteristic quantum
efficiency of the EM-CCD camera.

2.6. Methodology for the Radiative Lifetime Measurement

The envisaged measurement scheme to target the radiative lifetime of 229mTh3+ implies
the use of the HFS-related spectral differences between the nuclear ground state and the
isomeric state [23]. The continuous-wave diode lasers at 690 nm and 984 nm overlap with
the total number of trapped thorium ions and are either configured to address the electronic
HFS of thorium ions in the ground state or to drive the HFS transitions of the isomeric state.
By switching back and forth between the different settings, the detected fluorescence light
either stems from nuclear-ground-state or isomeric ions.

In a first step of the measurement, Sr ions will be loaded into the cryogenic Paul
trap and laser-cooled until crystallization, before the thorium ions are loaded from the
opposite side. We expect 10 to 100 229Th3+ ions to be embedded in the strontium crystal
and sympathetically cooled. Ideally, we achieve the co-trapping of 50 thorium ions and
50 strontium ions to end up with 1 isomeric thorium ion in a linear chain of around
1 mm length.

In a second step, the fluorescence intensity of the isomeric state thorium ion will
be measured with the 690 nm and 984 nm lasers in the respective configuration. At that
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time, all thorium ions in the nuclear ground state will be dark. Directly after the recorded
disappearance of the isomer, the 690 nm and 984 nm lasers will be switched to only address
the hyperfine structure transitions of the ground state ions. Then, it will be possible to verify,
if the thorium ions will still be confined in the trap and will not have been lost due to heating
processes or molecule formation. With a validated record of the fluorescence lifetime,
the whole measurement cycle will start from the beginning, and a series of successful
measurements will be able to be acquired for statistical evaluation.

Alternatively, once the thorium and strontium ions will have formed a coulomb
crystal, a fixed switching rate (i.e., 0.5 Hz) between the two different spectroscopy laser
configurations and a continuous readout of the fluorescence light could be applied. In this
way, the confinement conditions of thorium ions could be monitored more frequently, and
the readout error per lifetime measurement would still be quite low compared with the
expected lifetime.

The systematic uncertainties limiting the accuracy of the lifetime measurement can be
divided into major and minor uncertainties. We assess the flight time of the thorium ions
from the extraction cell into the trap as well as the switching times of trap electronics to be
negligible factors. Such uncertainties lie in the order of µs and are small in relation to the
expected radiative lifetime of at least 2000 s [7].

A more critical aspect is the choice of a suitable starting point of the measurement.
The actual decay of the isomeric state is directly correlated with the alpha decay of the 233U
source, which is a stochastic process. On the other hand, we can control the extraction of
thorium ions by switching the RF voltage of the funnel structure in the gas cell on and off.
So, the extraction has to be triggered as a function of the loading and cooling of strontium
ions. Shortly before they are sufficiently Doppler-cooled in the trap center, the RF funnel
is turned on, and only recently released thorium ions (via alpha decay of the233U source)
are extracted from the stopping cell. Since only a low number of thorium ions is required,
extraction, collection in the RFQ, and loading into the trap should occur on a time scale of
hundreds of ms to s.

A conservative estimate of the overall uncertainty per measurement results to be in a
range of tens of seconds to a minute, which would still be acceptable with respect to the
long isomeric lifetime to be measured.

3. Conclusions and Outlook

The radiative lifetime of the first isomeric excited state of 229Th3+ so far remains the
last major experimentally unknown characteristic property of this unique isomer. With its
link to the linewidth of the nuclear transition, it also defines the requirements to construct a
future optical oscillator for a nuclear frequency standard. We present an updated and more
detailed view of the cryogenic Paul trap setup at LMU designed to measure the radiative
lifetime with a focus on the laser-optical part of the experiment.

Apart from the general strategies for the trapping and sympathetic cooling of thorium
ions with Doppler-cooled 88Sr+ in a cryogenic environment, it is also discussed how the
229Th3+ nuclear ground and first excited states can be addressed and distinguished with
hyperfine structure spectroscopy.

The current experimental work at LMU focuses on strontium-ion-loading and Doppler-
cooling tests to further characterize the apparatus and to deliver the first proof-of-principle
results. As a next step before actual spectroscopic measurements, the extraction and
confinement of thorium ions has to be demonstrated in a considerably more compact
geometry than that of our previously used setup. This raises additional challenges for the
efficient removal of buffer gas before entrance into the cryogenic Paul trap. Once the setup
is fully operational and demonstrated to be a reliable device to confine thorium ions using
spectroscopic nuclear-state readouts, it is further planned to directly excite the nuclear
ground state. To this end, a resonant VUV frequency-comb-based laser system (presently
under development at Fraunhofer ILT in Aachen, Germany) will be integrated into the
cryogenic trap for identifying the nuclear resonance with narrow-band laser spectroscopic
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precision, thus reducing the nuclear transition frequency uncertainties from the THz level
to the kHz level. In this way, the presented apparatus could serve as a prototype for a
nuclear clock and could be used for additional characterization and parameter optimization,
paving the way for the first application [9].
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