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Abstract

A tunable vacuum-ultraviolet (VUV) laser source based on four-wave frequency mixing in xenon
is presented. Using seed radiation from two continuous-wave lasers, the system allows for precise
control of the VUV frequency and is developed for the resonant laser excitation of the Th-229
nucleus to its low-energy isomeric state. The system is prepared to operate in a wide scanning
range from 148 nm to 155 nm. The source produces pulses of 610 ns duration with up to 40 ]
energy and is coupled via a vacuum beamline to a linear radiofrequency ion trap. In a first
implementation of VUV laser spectroscopy of trapped Th™ ions we excite three previously
unknown resonance lines near 149 nm wavelength to electronic levels that are close to the Th-229
isomer energy. The resonances are detected and analyzed via fluorescence of the excited Th™ ions.
An analysis of the lineshape is used to estimate the linewidth of the VUV radiation to be in the
range of <6 GHz, dominated by phase noise that is enhanced in harmonic generation and in the
four-wave mixing process. The prospects for the use of the system in nuclear laser spectroscopy of
Th-229 are discussed.

1. Introduction

The low energy of about 8 eV above the ground state makes the 2>*Th isomeric state accessible to laser
excitation, but the experimental realization of this phenomenon remains a demanding challenge. Direct laser
excitation of the thorium isomer is a complex task because of the significant uncertainty in the nuclear
transition wavelength lying in the vacuum ultraviolet range (VUV) around 150 nm and because of
challenges in the development of the laser radiation sources in this range [1]. Since suitable nonlinear optical
crystals for frequency conversion from continuous-wave (CW) lasers are not available for this wavelength
range, harmonic generation from femtosecond frequency combs [2, 3], and four-wave-mixing (FWM)
conversion of pulsed laser radiation [4—6] in gases are considered as the most promising light sources for the
laser excitation of the isomeric state in 22 Th.

A pulsed VUV radiation source using resonance-enhanced four-wave difference mixing in xenon gas can
provide high-intensity pulses of tunable VUV light from 122 nm (10.2 eV) to 168 nm (7.4 eV) [7]. The VUV
radiation pulse power of the source is in the range of 10'* photons per 6-10 ns pulse for the wavelengths
150-160 nm. Typical power spectral densities obtained in four-wave mixing experiments are in the range of
1 pW Hz™ L. The spectral brightness of such a VUV source is quite high for the energy range of the thorium
isomer, making four-wave difference mixing in xenon a useful tool for nuclear laser spectroscopy of 2 Th.

Here we present a VUV laser source based on four-wave difference mixing in xenon. The source is
developed for the spectroscopy of trapped thorium ions and we demonstrate the excitation of three electronic
transitions in 22Th™ in the range of the nuclear isomer energy. The experiment allows us to characterize the
VUV source for laser spectroscopy and demonstrates that the source can be used for the excitation of the
isomer in 22 Th. We note that there is also considerable interest in laser excitation of trapped ions of other
elements in this wavelength range, for example for proposed optical clocks with Pb?* [8] and Sn** [9] or for
laser cooling of Al [10]. Similar techniques like the ones demonstrated here may be employed in those cases.
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Figure 1. Schematics of the VUV source based on resonance-enhanced four-wave difference mixing in xenon gas for laser
excitation of trapped Th ions.

2. Experimental apparatus

The experimental setup for the VUV laser excitation of thorium is shown schematically in figure 1. It consists
of two CW Ti:sapphire ring lasers with two pulsed dye amplification stages, a frequency tripling unit (THG),
a Xe gas cell for the four-wave mixing, an ultra-high vacuum VUV beam line, a radio-frequency (RF) ion
trap [11], and thorium spectroscopy diode lasers (not shown in figure 1, see [11, 12]).

The VUV radiation is generated in the Xe cell by resonance-enhanced four-wave mixing at the frequency
Qvuv =2 x Q1 — Q, (see, for example [7, 13-15]). Two Ti:sapphire CW lasers (MBR-110, Coherent and
Matisse 2 TR, Sirah Lasertechnik) are used as seed lasers for the pulsed dye amplifiers. The frequency of the
first CW Ti:sapphire laser is stabilized to excite, after frequency tripling, the two-photon resonance
5p°'So — 5p°(°P5 ), )6p [1/2](J = 0) of Xe at 80 119 cm ™" (2 x ;). The corresponding fundamental
wavelength is 748.8 nm. The second CW Ti:sapphire laser is tunable and provides a wavelength in the range
from 765 nm to 800 nm to define the difference frequency (£2;) of the four-wave mixing process [4].

The two amplifiers (PulsedAmp 5x, Sirah Lasertechnik) are pumped by one lamp-pumped pulsed laser
(SpitLight 2000, InnoLas Laser) with a repetition rate of 30 Hz, a pulse energy of 1 ] at 532 nm, and a pulse
duration of ~ 10 ns. The amplifiers are operated using the laser dyes Styryl 8 (LDS 751) and Styryl 11 (LDS
798), generating laser pulses with a typical energy of 50 mJ and 25 mJ, respectively. Both amplifiers
incorporate a stimulated Brillouin scattering (SBS) cell to suppress amplified spontaneous emission. These
cells cause a negative frequency shift of the output radiation with respect to the seed laser of about 2 GHz.
This shift is taken into account for all frequencies given in this paper. The output beam of the first amplifier
is frequency tripled using two barium borate (BBO) crystals in a single pass configuration. The first BBO
crystal generates the second harmonic (SHG) at 374.4 nm of the amplifier output radiation. The SHG
radiation is then separated from the fundamental radiation using a dichroic mirror. Its polarization is rotated
by 90° using a half-wave-plate, before recombining it with the fundamental beam. SHG and fundamental
radiation are then converted to 249.6 nm (£2;) in the second BBO crystal. The half-wave-plate enables us to
optimize the frequency tripling, achieving an output energy of 4 mJ per pulse at ;.

Both amplified laser beams at frequencies 2; and {2, are expanded with telescopes with an expansion
ratio of 1:1.5 and 1:1.2, respectively, before being combined with a dichroic mirror and focused into the Xe
cell using an achromatic objective consisting of a fused silica lens and a MgF, lens. These telescope expansion
ratios are selected to achieve beam waists for the UV and IR radiation in the focal point of <100 zm. The
waists of the two beams are measured using the knife-edge technique.

At the exit of the Xe cell an off-axis MgF, lens (f = 150 mm) is used to split the co-linear VUV, UV, and
IR radiation [16]. The diameter of the lens is 50 mm and the off-axis displacement is about 15 mm. The
separated UV and IR beams are reflected to a beam block using a D-shaped mirror. To keep the VUV
radiation deflection angle constant over the frequency tuning range, the position of the MgF, lens can be
shifted perpendicular to the incoming propagation of the laser beams. The VUV beam is passed through a
3 mm wide slit milled in a ceramic plate to reduce residual stray light from the UV/IR beams in the direction
of the experiment. The ceramic plate is mounted on a linear translation stage allowing the slit to be moved in
and out of the VUV beam.

A Ce:YAG scintillator crystal is mounted on the same plate next to the slit for visual inspection of the
VUV beam position. The scintillator emission is detected with a CMOS camera. Two more Ce:YAG
scintillators are mounted on translation stages further along the beam line to provide a visual control of the
VUV radiation.



10P Publishing New J. Phys. 25 (2023) 083026 ] Thielking et al

Cu electrodes Quadrant photocathodes (C1-C4)

Anode (A) ¥ \ LP filt
< o) N +HV/I\ ilters

) Gated
RF switch  integrator

g 15

BN
=t [ b
% 02 Anode cI—>E —

= J‘
T Quadrant Laser pulse

Cu-detector Trig

Macor holders

Figure 2. Design of the quadrant photo-electron detectors and readout electronics for VUV beam alignment.

The beam can be steered to pass through the ion trap center using two high-reflective mirrors, each
mounted on a motorized mirror holder. The first mirror has a concave shape (R ~ 1200 mm) to create a focal
point close to the trap center.

To ensure the correct beam alignment, two precision beam position detectors are used in our system. In
analogy to quadrant photodiodes used for detecting the position of laser beams, we developed quadrant
detectors based on the photo-electric effect (see, for example, [17, 18]). Each consists of four copper
photocathodes (C1-C4) and a common copper ring anode (A) (figure 2). The detectors are mounted on XZ
vacuum manipulators and a central hole with a diameter of 1 mm serves for the initial position adjustment
of the detector in the vacuum chamber to a reference laser beam. During operation, electrons are ejected
from the photocathodes when exposed to the VUV beam, since the energy of incident VUV photons exceeds
the work function of copper. The ejected electrons are then collected by the anode, which has a potential of
4300V applied to it. The photo-currents of the individual photocathodes are converted to voltage using
50 2 resistors and smoothed using low pass filters with a cutoff frequency of 15 MHz. The four signals are
then applied in repeated sequence to a gated integrator (SRS SR250) using an RF switch. The gated integrator
output signal is in turn read out in the same sequence by a computer program. The signals are converted to
an absolute beam position, which provides feedback to the motorized mirror holders to adjust the beam to
the centers of both detectors.

To measure the VUV pulse energy, we use a vacuum-compatible pyroelectric detector (PEM 24 VUV, SLT
Sensor- und Lasertechnik). The detector is mounted to the side of the beam line, separated from it with a
CaF, viewport, and individually evacuated. The VUV beam can be directed toward the detector with a
mirror mounted at 45° incident angle on a translation stage, which is located directly in front of the ion trap
chamber.

3. Operation and characterization of the VUV source

The 1o-uncertainty range of the presently most accurate wavelength determination for the Th nuclear
transition reaches from 148.27 nm to 149.13 nm [19]. We therefore optimize the VUV laser system in this
wavelength range for the highest possible pulse energy, while maintaining the ability to scan over a wider
range with the same set of parameters. The highest mean power over the frequency scanning range is
achieved at a xenon pressure of 500 Pa and a detuning of 2€2; from the two-photon resonance of 150 GHz,
obtaining up to 27 uJ of VUV pulse energy. A limiting factor is the xenon resonance line

5p° 1Sy — 5p°(*P5 ,)6s? [3/2]°(J = 1) at 146.96 nm, causing a loss of phase matching for higher pressures
when approaching this wavelength.

For further optimization of the laser parameters for the latest predicted thorium isomer wavelength we
investigate the relation between the generated VUV pulse energy and the pulse energies of the UV and IR
beams (figure 3). To this end, we reduce the UV pulse energy by reducing the THG efficiency using the
aforementioned half-wave plate. The UV and VUV pulse energies are recorded while the IR pulse energy is
kept constant at 16 m]J (figure 3(a)). In a second measurement, the UV power is kept at 3 m]J while the IR
power is reduced by reducing the pump power of the pulsed amplifier using a polarizer (figure 3(b)).

The observed linear relation between VUV and UV pulse energies differs from the expected quadratic
dependency of a two-photon transition. This can be caused by an intensity-dependent loss of Xe atoms
through photo-ionization, leading to a saturation of the four-wave-mixing process [13, 14]. The linear
dependency between VUV and IR power is expected due to the single IR photon in the FWM process,
indicating no saturation with respect to the IR pulse energy in this range.
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Figure 3. VUV pulse energy as a function of (a) UV and (b) IR pulse energy. The straight lines are drawn to guide the eye.
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Figure 4. Cavity transmission resonances of the second harmonic radiation at 374.4 nm.

To reach an extended scanning range including previously predicted values for the isomer energy, we also
investigated a laser configuration using a DCM dye amplifier and a difference photon wavelength of 650 nm
to generate 155 nm radiation. VUV pulse energies of up to 40 1] were achieved with 2 kPa xenon pressure. By
reaching 40 1] VUV pulse energy an appearance of a saturation effect is observed at the IR pulse energy
>30 m]J. With an appropriate selection of dyes the tuning range from 150 nm to 155 nm can be covered with
a nearly constant power level [7].

We also investigate the linewidth of the VUV radiation, since the excitation rate of the nuclear transition
in the upcoming experiments is determined by the spectral brightness of the VUV source. For an initial lower
limit estimation we measure the linewidth of the two amplifiers by coupling their output radiation to a
confocal cavity with a free spectral range of 1.5 GHz. Both amplifiers show a linewidth of ~200 MHz, close to
the Fourier limit set by the pulse duration and in agreement with the specifications given by the
manufacturer. We assume that the third harmonic generation inserts the main contribution to the linewidth
of the VUV source. The expected linewidth of the VUV source can be estimated from the linewidth of the
amplifier using the enhancement factor of 3 for the spectral density of the THG radiation (see, for example
[20]) and the additional enhancement factor of 2 due to the two-photon excitation in Xe. The radiation of
the second amplifier used for difference-frequency generation also affects the VUV line. Therefore, the
expected linewidth of the VUV source is approximately 4 GHz.

To estimate the broadening effects, we measure the linewidth of the second harmonic radiation at
374.4nm generated in the frequency tripler using a second confocal cavity with a free spectral range of
1.5 GHz. The record of the cavity transmission signal is shown in figure 4. The cavity signal demonstrates
transmission resonances on the top of a significant offset which indicates the presence of phase noise in the
radiation spectra of the second harmonic. Therefore, the phase noise conversion yields an additional
broadening of the amplifier linewidth. However, the cavity measurement does not allow us to derive the
phase noise pedestal width due to its non-Lorentzian shape and the relatively small cavity free spectral range.

4
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Assuming an unknown conversion of phase noise and no background signal on the detector, we fitted a
sequence of Lorentzian functions to the recorded transmission signal. The best fit shows a linewidth of
~450MHz at 374 nm. However, this can only be assumed as a lower limit due to the unresolved phase noise
contribution. In order to determine the effective linewidth of the FWM radiation source in the VUV range
we perform spectroscopic investigations of 2**Th™ resonance lines as described in the following section.

4. VUV spectroscopy of trapped Th™ ions

High-lying electronic states of Th™ in the range of the nuclear excitation energy have already been
investigated with laser spectroscopy in [21]. Only states of even parity were addressed because a two-step
excitation scheme from the even parity electronic ground state was used. In contrast, the VUV excitation
reported here addresses electronic states of odd parity with single photon transitions, which have so far not
been known in this energy range. We therefore employ a wide scanning of the VUV source in the range
around 148 nm to search for electronic states. Spectroscopy via fluorescence detection is combined with the
detection of resonance-enhanced ionization to Th*" in order to clearly identify these transitions. The width
of the resonances is used to determine the linewidth of the VUV radiation.

4.1. Spectroscopy setup

For the VUV excitation of thorium ions we use a linear Paul trap as described in [11]. The trap is loaded with
Th™ ions by ablating a metallic thorium target using a pulsed Nd:YAG laser and it has the capacity to store
about 10° 22Th™ ions. Using argon buffer gas at 0.1 Pa pressure, we cool the ions to room temperature and
depopulate metastable states via collisional quenching [11]. The 4th harmonic radiation at 266 nm of a
Q-switched solid-state laser with a pulse energy of ~20 1] and 1 kHz repetition rate is used for
photodissociation of molecular Th* compounds that form in reactions with impurities in the buffer gas
[22]. The operation parameters of the ion trap allow to store both singly and doubly charged thorium ions
simultaneously or to make it stable only for Th*.

Figure 5 shows a simplified partial level scheme and the transitions relevant to our investigations. The
amount of trapped Th™ ions is monitored by laser excitation and fluorescence detection of the strong
resonance line at 402 nm, using a diode laser in ECDL configuration. In our previous experiments with
two-photon excitation of high-lying levels in Th™ [22] we observed the appearance of Th*" ions correlated
with the fluorescence decay signal of Th™ as a result of resonantly enhanced multi-photon ionization.
Because our VUV source provides even higher pulse power we expect the appearance of two-photon
ionization via a high-lying electronic state in parallel with the single photon excitation of the level. We
therefore also monitor the trapped 2**Th*" amount using a second ECDL at 459 nm to excite the
21784 cm™! level. The radiation of both ECDLs is aligned counter-propagating to the VUV beam. Pulses of
the lasers are formed by acousto-optic modulators at a repetition rate of 1020 Hz, chosen as a multiple of the
VUV repetition frequency. The same repetition rate is chosen for the photo-dissociation laser. The excitation
pulse of the 402 nm laser diode is shifted in time from the VUV pulse to ensure that the VUV interacts with
the Th™ ions predominantly in their ground state. Nevertheless a non-vanishing population of lower-lying
states is present [11, 21, 22].

The fluorescence of the excited thorium ions is detected using three photomultiplier tubes (PMTs) with
different spectral responses. Two PMTs with narrowband filters are used to determine the amount of Th™
and Th*" ions and a broadband third PMT is used to detect the fluorescence during the VUV excitation. It is
equipped with a long pass filter (300 nm cut off wavelength) blocking VUV and UV photons, since the stray
light during the intense VUV pulse would saturate the PMT. Fast gated integrators and gated photon
counters are used to evaluate the PMT signals during selected detection windows.

4.2. Spectroscopic signals
While scanning the VUV source in the range between 148.2 nm and 149.0 nm we observe three transitions
from the ground state to high-lying states in Th™ (see table 1).

For all three transitions, the fluorescence decay signal of the high-lying Th™ states is accompanied by
two-photon ionization for high VUV pulse energies. However, the ionization process almost vanishes for low
VUV pulse energies. Figure 6(a) shows a typical fluorescence signal of a high-lying state with a resonance full
widths at half maximum of 13 GHz. The signal is observed with the relevant PMT during the detection
window overlapped with the VUV pulses. Figure 6(b) shows the decrease of the fluorescence signal of the
24874 cm " level in Th™ due to two-photon ionization during the VUV scan. The 402 nm radiation pulse is
used for the excitation of the 0cm ™! — 24874cm ™" transition in Th™ (see figure 5). After passing the
minimum, the fluorescence signal slightly increases again due to a redistribution of singly and doubly
charged ions in the trap. The two-photon ionization is also detected by the excitation of the

5
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Figure 5. Partial level schemes of Th™ and Th?*, showing the employed transitions for excitation and fluorescence detection. The
Th transition at 402 nm and the Th?>T transition at 459 nm are used to detect the number of trapped ions in one charge state or
the other.

Table 1. Newly observed odd-parity Th™ levels. The uncertainty consists of statistical contributions from the fits and systematic shifts of
the wavelength meter used in the experiment.

Excitation wavelength Level

148.8122(5) nm 67198.8(2) cm ™!
148.6675(5) nm 67264.2(2) cm ™'
148.2033(5) nm 67 474.9(2) cm ™!

0cm~! — 21784cm ™! transition in Th®* at 459 nm. The fluorescence decay signal of the 21 784 cm™" level
is shown in figure 6(c). The signal represents the number of doubly ionized ions in the ion trap. The
fluorescence does not remain constant after reaching the maximum, but decreases in time because of the
formation of Th*" molecular compounds.

To exclude a possible misclassification of the signal that we associate with Th**, it was verified that the
signal is absent when the trap is operated with parameters making it unstable for Th*". Possible excitations
from low-lying metastable states in Th™ were excluded by changing the delay between the VUV pulse and the
402 nm pulse. Since the 402 nm pulse causes the population of low-lying metastable states, overlapping it
with the VUV pulse would enlarge the fluorescence signal for transitions starting from these levels. On the
other hand, the fluorescence signal of transitions starting from the ground state will be reduced due to the
depopulation of the ground state by the 402 nm pulse.

4.3. Spectroscopic determination of the linewidth of the VUV source

Several broadening effects have to be subtracted from the measured widths of the VUV excitation spectra to
get an estimation of the VUV source linewidth. Since the ions are only cooled with room temperature buffer
gas they exhibit Doppler broadening. The actual mean ion temperature is measured by determining the
linewidth of the 402 nm transition in Th™ by scanning the frequency of the corresponding ECDL. The
measured Doppler broadened linewidth is ~1 GHz, corresponding to a temperature of =800 K and a
Doppler broadening of 2.7 GHz in the VUV range. We therefore subtract 2.7 GHz from the observed
resonance width to remove the contribution from Doppler broadening.

By solving dynamic rate equations for the levels involved in the excitation process, we have identified that
the excitation rate is likely to be saturated for the peak radiation intensities during the VUV pulse. This
saturation is also accompanied by power broadening of the fluorescence decay signal and by significant
two-photon ionization. We therefore provide measurements with different VUV pulse energies to analyze the
contribution of these effects.

Figure 7 shows the power broadening of the resonances for two VUV transitions from the ground state to
the 67 199 cm™! and 67 475 cm™! states in Th. In these measurements the VUV pulse energy is reduced in
two different ways. In one set the pulsed pump laser power is reduced by changing its internal Q-switch
delay. In the other set only the pump power to the IR amplifier was reduced by using a polarizer. The
linewidths that are observed with both methods are in agreement. A minimum resonance width of ~ 6 GHz
is obtained for the 67 199 cm ™! transition. Unfortunately, we cannot reduce the VUV pulse energy further

6
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Figure 6. Typical fluorescence signals while scanning the VUV radiation frequency over the ThT resonance. Graph (a) shows the
fluorescence decay of a high-lying state observed during the VUV pulse. Graph (b) shows the decrease of the fluorescence signal of
Th from the 24 874 cm ™! level due to two-photon ionization. Graph (c) demonstrates the build-up of Th?>T observed in the
fluorescence from the decay of the 21 784 cm™! level.

due to unstable operation of the amplifiers at low pump powers and a limited sensitivity of the in-vacuum
VUV pulse energy detector.

In a further measurement, we reduce the VUV pulse energy by reducing the conversion efficiency of the
third harmonic generation that produces the 249.6 nm beam. This is done by turning the half-wave plate
after the SHG stage. In this case we observe a minimum width of the resonance of 10 GHz. Figure 8 shows the
difference of the observed resonance width for the same VUV power obtained by reduction of the pump laser
power and by tuning the THG efficiency. A Lorentzian function is fitted to both resonances to derive the
broadening due to the difference in the linewidth of the VUV source. This shows that the width of the
observed resonances is not only determined by power broadening but also by the linewidth of the VUV
source. This in turn can be attributed to the third harmonic conversion of the amplifier phase and frequency
noise. Most likely, for an optimal THG adjustment the laser emission peak is converted with higher efficiency
with respect to the broadband noise pedestal which decreases the VUV linewidth.

Because the lifetime of the high-lying state is unknown, we assume that the broadening is fully
determined by our VUV source. The linewidth of the source is therefore estimated as <6 GHz for the
optimal adjustment of the third harmonic generation efficiency. By the reduction of the frequency tripler
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pump power but with a reduced conversion efficiency in the tripler.

conversion efficiency the linewidth of the VUV source becomes broader by a few GHz (the broadening lies
within <5 GHz range).

5. Conclusions

A VUV source based on resonance-enhanced four-wave difference frequency mixing in xenon gas has been
developed for the spectroscopy of thorium ions. The photon spectral density obtained in our experiment for
the newly measured thorium isomer energy range is about 10° photonss~! Hz ™!, which corresponds to a
spectral power density of 0.1 pW Hz~!. Because of the high spectral brightness, this VUV source is a useful
tool for spectroscopy of Th in RF ion traps as well as for solid-state spectroscopy in Th-doped crystals [1].
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We have measured the energies of three previously unknown high-lying electronic levels of odd parity in the
energy range of 8.3 ¢V in 2*Th™.

Finally, we discuss an estimate of a direct excitation rate of the 2 Th isomeric state that can be expected
with the VUV source presented here. Assuming that the spectral photon density of the VUV source is on the
order of 10° photonss™! Hz ! and the beam waist is 100 pm, the excitation rate of the Th isomeric state can
be estimated (see, for instance, Hilborn [23]) to be about 1077 s~! for each ion. Given the amount of about
10* thorium ions in the RF trap, it would take approximately thousand seconds to excite one thorium ion to
the isomeric state. The present uncertainty range of the isomer energy [19] is still quite large for such an
experiment and requires considerable scanning time. To improve the excitation rate of the isomeric state we
are planning to increase the VUV power spectral density of the source by generating higher UV pulse energy
from the third harmonics generation stage.

The spectroscopy of Th-doped crystals seems to be more promising for an initial VUV laser excitation of
the isomer transition. The number of thorium nuclei in Th doped crystals is many orders of magnitude
higher (up to 10'®) than in the trapped ion approach [24, 25]. Therefore we have implemented an additional
VUV optical port in the vacuum system behind the ion trap vacuum chamber to combine both experiments,
allowing us to perform spectroscopy experiments with trapped ions and Th-doped crystals at the same time.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: 10.5281/
zenodo.8220302.
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