PHYSICAL REVIEW LETTERS 132, 182501 (2024)

Editors' Suggestion Featured in Physics

Laser Excitation of the Th-229 Nucleus
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The 8.4 eV nuclear isomer state in Th-229 is resonantly excited in Th-doped CaF, crystals using a
tabletop tunable laser system. A resonance fluorescence signal is observed in two crystals with different
Th-229 dopant concentrations, while it is absent in a control experiment using Th-232. The nuclear
resonance for the Th*" ions in Th:CaF, is measured at the wavelength 148.3821(5) nm, frequency
2020.409(7) THz, and the fluorescence lifetime in the crystal is 630(15) s, corresponding to an isomer half-
life of 1740(50) s for a nucleus isolated in vacuum. These results pave the way toward Th-229 nuclear laser

spectroscopy and realizing optical nuclear clocks.

DOI: 10.1103/PhysRevLett.132.182501

The resonant excitation of elementary quantum systems
with coherent electromagnetic radiation is at the heart of
many experiments in physics, like spectroscopy of atoms
and molecules, atomic clocks, quantum information
processing, and others. Coherent laser excitation has many
applications, especially when highly precise control of
frequency or phase of quantum superposition states is
required, but it has hardly been used in nuclear physics
to date [1]. The difficulty in laser excitation of nuclei is
understandable from the huge mismatch between typical
nuclear excitation energies and available laser photon
energies. Nuclear excitation has been demonstrated in
laser-produced plasmas, where the interaction is mediated
via electrons that are accelerated in an intense laser field
and interact with the nucleus in collisions or via brems-
strahlung in the x-ray regime [2]. Different nuclei have
been resonantly excited with synchrotron radiation on
transitions in the energy range of 6-60 keV with lifetimes
in the nano- to microsecond range [3]. A 12.4 keV
resonance in Sc-45 with a lifetime of 0.47 s has recently
been excited at the European x-ray free-electron laser [4].

The Th-229 nucleus is known for its unique low-energy
isomeric state [5—7]. Its excitation energy of 8.4 eV places
the nuclear transition in the vacuum-ultraviolet (VUYV)
spectral range and makes it accessible for experiments with
tabletop laser systems and the tools of precision optical
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frequency metrology. A number of proposals have been put
forward based on these exceptional properties (see [8,9] for
recent reviews), including the concept of a nuclear optical
clock of very high accuracy [10,11] and high sensitivity in
tests of fundamental physics [12,13]. Reflecting the
inherent robustness of nuclear transitions to external fields
and chemical environment, even a solid-state version
of an optical clock has been proposed, based on Th-229
doped into a VUV-transparent crystal, with a band gap that
is larger than the isomer energy [14,15]. Placing the atoms
in a solid-state crystal lattice confines them to a region
that is much smaller than the excitation wavelength
(Lamb-Dicke regime), which suppresses the effects of
photon recoil and first-order Doppler shift on the nuclear
transition [15].

Previous attempts to excite the low-energy transition of
the Th-229 nucleus with a laser or other light source have
not been successful. Part of the difficulty resulted from a
large uncertainty in the transition wavelength that was
initially determined from differences of much larger y
photon energies [5]. Another difficulty arises from the fact
that Th-229 is radioactive, undergoing a decay with a half-
life of 7825(87) yr [16]. Consequently, the detection of a
weak nuclear resonance fluorescence signal from a sample
of Th-229 is hampered by a strong background of radio-
luminescence and Cherenkov radiation from several stages
of the Th-229 decay chain [17-19]. Three unsuccessful
attempts on excitation of Th-229 resonance in solid
samples have been reported, using undulator radiation at
electron storage rings, with spectral photon fluxes up to
100 photons/(s Hz) [20-22]. Covering a wide wavelength
range between 120 and 300 nm, none of these experiments
detected a signal related to the nuclear transition.

Published by the American Physical Society
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Recently, more precise information on the Th-229
transition energy was provided by three different experi-
ments: an energy measurement of the electron emitted after
internal conversion decay [23], y spectroscopy using a
cryogenic microcalorimeter [24], and vacuum-ultraviolet
spectroscopy of Th-229 produced via f# decay of Ac-229 at
the ISOLDE facility at CERN [25]. The latter study is of
strong relevance for the experiment reported here, because
it achieved the first observation of the Th-229 radiative
decay in CaF,. This has shown that a detection of the VUV
nuclear fluorescence in this material is not prevented by
competing conversion decay via electronic states within
the band gap of the crystal, related to color centers or
impurities.

In this Letter we report the first laser excitation of the
Th-229 nuclear transition. We use Th: CaF, crystals grown
at TU Wien [26], with up to 5 x 10'® /cm?® Th-229 concen-
tration, and a VUV laser system developed at Physikalisch-
Technische Bundesanstalt that provides a spectral photon
flux of more than 2 x 10* photons/ (s Hz) [27]. The experi-
mental apparatus is shown schematically in Fig. 1.

Th-doped CaF, crystals were grown using the vertical
gradient freeze (VGF) method; a detailed description can
be found in [26]. A modified VGF device was developed
to achieve high doping concentrations with the scarcely
available Th-229 isotope. To ensure chemical purity,
synthetic CaF, was used as the starting material and
PbF, as an oxygen scavenger [28]. The growth process
took place at a high temperature of 1700 K, and a high
vacuum of 10™* Pa was maintained to prevent any potential
contamination [29]. The resulting crystals were verified
for chemical purity using optical and y spectroscopy.
Radiolysis, occurring during growth using radioactive
dopants, leads to a fluoride deficiency of the resulting
crystal, which drastically reduces the VUV transmission—
up to full opaqueness in the case of crystal X2. We use
annealing to the superionic phase of CaF, under 10° Pa of
CF, gas to replenish the fluoride in the grown crystals,
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TABLE I. Key parameters of Th-doped CaF, crystals.
Crystal code X2 C10 V12
Dopant isotope Th-229 Th-229 Th-232

Th activity (kBq) 66 22 0
Concentration (cm™) 5x 108 3x 107 1 x 10"
Column density (mm™2) 8 x 101 1 x 105 4 x 106

recovering VUV transmission and increasing radiation
hardness [30]. Table I summarizes the key properties of
the crystals used in this experiment.

The VUV source [27] consists of two cw Ti:sapphire
(Ti:Sa) ring lasers with two pulsed dye amplification
stages, a third harmonic generation (THG) unit, a Xe
gas cell for the four-wave mixing, and an ultrahigh vacuum
UV beam line. It operates at a repetition rate of 30 Hz, with
a pulse duration of 10 ns and mean pulse energy of ~15 pJ
over the wavelength range 148.3-149.1 nm, the *o
uncertainty range of the isomer transition according to
[25]. The measured spectral linewidth of the VUV source is
< 10 GHz. This corresponds to a VUV power spectral
density of ~0.1 pW/Hz. The VUV beam is steered to the
spectroscopy vacuum chamber using two high-reflective
mirrors, each mounted on a motorized mirror holder. To
ensure the correct beam alignment to the Th-doped crystal,
two beam position quadrant detectors are used [27].

The spectroscopy vacuum chamber is separated from the
VUV beam line by a MgF, vacuum viewport. The VUV
beam diameter at this position is about 3 mm. The VUV
radiation is further focused to a ~#0.5 mm diameter in the
crystal by a MgF, lens. The Th-doped crystal is attached to
a liquid nitrogen cooled finger that is mounted on a three-
axis vacuum manipulator. A low operating temperature
<180 K is required to avoid optical damage of the
Th-doped crystal under VUV exposure [31]. A spherical
mirror is used to collect the crystal fluorescence over a large
solid angle. The fluorescence is then directed to a Cs-I
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Excitation scheme (a) and experimental apparatus (b) for VUV laser spectroscopy of the isomeric state in Th-doped crystals.

The VUV source consists of two cw lasers with the frequencies v, v,, two pulsed dye amplifiers that introduce frequency shifts
(6p1,0p>) due to Brillouin mirrors, a THG stage, and a xenon gas cell. The scanning is provided by tuning of the difference frequency Q,
via v,. The spectroscopy vacuum chamber contains the Th-doped crystal mounted on a cold finger, signal collection optics, and a PMT.
(c) False color CCD camera image of the crystal during VUV laser excitation and a schematic representation of the crystal structure of
Th**+ ions doped into the CaF, lattice with 2F~ for interstitial charge compensation.
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photomultiplier tube (PMT) by two dielectric mirrors. The
mirrors are reflective over the wavelength range between
141 and 152 nm [32] and used to filter out the main part of
the background of crystal radioluminescence [26]. A short
focal length MgF, lens is used to focus the signal onto the
PMT. To minimize direct exposure of the PMT with high-
energy y radiation from the crystal, a lead shield is placed
on the side of the crystal holder opposite to the collection
mirror. A CCD camera and a laser pilot beam are used for
imaging the crystal position and its overlap with the VUV
radiation. The CCD camera also monitors the radio- and
photoluminescence of the crystals during VUV laser
excitation and gives additional information about the
transmission of the crystal.

The experimental sequence consists of alternating VUV
laser excitation and detection intervals. In the initial search
of the isomer transition, we irradiate the crystal for 7, =
120 s and record a PMT signal for ¢, = 150 s. During the
excitation cycle, the Ti:Sa laser frequency v, (see Fig. 1) is
scanned continuously with a triangular modulation of
415 GHz around the central value for each frequency
step. The modulation speed is chosen such that the VUV
pulses leave no gap in the scanned frequency. Meanwhile,
the PMT is protected from scattered laser light by applying
a +300 V blocking voltage to the first dynode. During the
detection time, the pump laser of the pulsed dye amplifiers
is turned off to avoid VUV scattering light on the signal
PMT, and the scanning laser frequency is moved to the
next point.

The wavelength of the VUV source is determined by
monitoring the frequencies (v, v,) of the cw four-wave
mixing lasers by a Fizeau wavemeter, taking into account a
measured total frequency shift of Agp = —655; + S5, =
—10.1(5) GHz, which appears in stimulated Brillouin
scattering mirrors of the amplifiers [27]. To exclude
possible systematic errors, we use two independent wave-
meters, permanently calibrated with a clock laser of the
Yb* optical frequency standard [33].

The background pressure in the spectroscopy vacuum
chamber is about 10~ Pa. During the operation of the
VUV source, we observe a buildup of polymeric carbon on
the optical elements that are exposed to VUV radiation
(see, for example, Ref. [34]). To remove surface carbon,
hydrocarbons, and organics from the optical viewport,
the focusing lens, and the crystal, we use an Evactron
E50 decontaminator for in situ plasma cleaning on a
weekly basis.

An initial search for the isomer excitation covering the
wavelength range from 148.2 to 150.3 nm was done using
the C10 crystal (see Table I) with a lower concentration of
2Th. The CI10 crystal was used to prevent possible
damage to the highly doped X2 crystal under the high
pulse power of the VUV radiation over a long exposure
time. The luminescence from the crystal produced a
background PMT signal of 130-160 counts per second

(cps) with a typical shot noise of < +2 cps when averaged
over a 150 s detection cycle. The total search range was
covered in approximately 20 measurement runs with ~50
wavelength steps each [32]. The time per run is limited by
the formation of an ice layer on the cold crystal that absorbs
VUV light. The ice layer is detectable as a reduction of the
VUYV luminescence signal on the PMT with a time constant
on the order of 5-6 h. Therefore, a warm-up cycle for
transmission recovery at room temperature is applied after
each run.

While scanning over the full range using the C10 crystal,
we observe one clearly detectable fluorescence peak [32] at
the excitation wavelength 148.38 nm. A scan around the
same wavelength with the highly doped, freshly fluorinated
[30] X2 crystal shows an =25 times higher signal with the
same frequency center position and similar shape as for
C10 [Fig. 2(a)]. The radioluminescence background of the
X2 crystal is about 400 cps. The measured fluorescence
signal and the estimated count rate [32,35] are consistent
within one order of magnitude. The signals are recorded
with £5 GHz modulation of the VUV laser over the
frequency steps, in order to exclude frequency gaps during
the scanning. The width and the shape asymmetry of the
observed resonances are determined by the VUV source
linewidth and by the scanning rate, because the measure-
ment time for one frequency step is shorter than the isomer
lifetime (see Fig. 3). Reducing the scanning rate would lead
to an additional distortion of the signal due to ice-layer
formation. Figure 2(b) shows the shape of the resonances in
the X2 crystal for both scanning directions (red dashed and
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FIG. 2. (a) VUV fluorescence signals from the Th-229-doped
X2 crystal, recorded in frequency scans from higher to lower
frequency (squares) and lower to higher frequency (dots). The
measurement time between frequency steps is shorter than the
isomer decay time (see Fig. 3), which leads to an asymmetry in
the resonance curves. (b) The resonance asymmetry is removed,
together with the radioluminescence background, from the plots
(a) in postprocessing. (c) Result of a control experiment with the
Th-232-doped V12 crystal.
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blue line) with a subtraction of the exponentially decaying
contribution of the previous data points (see Supplemental
Material [32] for additional information). The full width of
the resonances at half maximum is ~20 GHz, which is in
good agreement with the laser linewidth including the
+5 GHz modulation. The line shapes for both scan
directions show excellent agreement with one another.

To confirm that the laser-induced VUV fluorescence
signal is due to the excitation of the Th-229 isomeric state
and not related to color centers or crystal defects, we
perform a £1 THz scan around the transition frequency
using the Th-232-doped crystal V12, with a thorium
concentration exceeding the one of the X2 crystal and
otherwise identical parameters for crystal growth (see
Table 1) and laser excitation. No fluorescence signal above
the PMT dark noise level of 2.5(5) cps is observed [see
Fig. 2(c)], confirming that the observed signal is isotope
specific.

The peak positions of all of the scans performed
with both crystals and different scan parameters, with
and without frequency modulation [32], coincide within
43 GHz uncertainty. The central frequency v, of the
nuclear transition calculated from the four-wave mixing
(6vy — vy + Ap) is 2020.409(7) THz, which corresponds
to a wavelength of 148.3821(5) nm and an energy of
8.35574(3) eV. The given uncertainty accounts for stat-
istical and systematic contributions. The resonance wave-
length measured here is within the 1o uncertainty of the
value reported in [25]. We do not observe any shifts of the
resonance within the uncertainty of the measurement when
varying the crystal temperature in the range between 110
and 170 K.

Thorium atoms in a solid-state crystal lattice are confined
in the Lamb-Dicke regime. Therefore, there is no sensitivity
of the nuclear transition to recoil or first-order Doppler
effects. The second-order Doppler effect leads to a shift and
a broadening of the transition on the order of ~100 Hz due
to vibrations of the nuclei [14,15]. The magnetic dipole
interaction with randomly oriented spins of surrounding
nuclei also contributes to a broadening of ~200 Hz. The
nuclear quadrupole splitting of the transition from gradients
of the electric crystal field is estimated as <1 GHz [36].
The field shift of the nuclear transition frequency as a
function of the number of electrons in the Th ion is
expected to be <1 GHz [37]. To resolve the mentioned
effects, a VUV source with a linewidth below 1 GHz is
required.

For the measurement of the fluorescence decay time
constant, we stabilize the laser on the central position of the
resonance and excite the isomeric state for 200-500 s. A
typical signal obtained with the X2 crystal is shown in
Fig. 3. The averaged decay time constant of the Th-229
isomeric state for the X2 crystal is 630(15) s. The signal
decay observed using the C10 crystal is shown in the
Supplemental Material [32], yielding a consistent value

T T T T T
L r—————— |
1750 ss0f E
1500 - S R Y +__: -
@ 2625 * + 3
= 1250~ E ER
2 600 - .
5 Lo
8 1000+~ 100 150 -
E Temperature [K]
o 750- 4
500 4
1 1 1 1 1
0 500 1000 1500 2000
Time [s]
FIG. 3. Th-229 fluorescence decay curve after resonant ex-

citation (blue trace) for 500 s measured with crystal X2 at a
temperature of 150 K. Gray trace: result of a control experiment
with 200 GHz off-resonant excitation, showing no long-lived
photoluminescence. Inset: fluorescence decay times for crystal
temperatures between 108 and 168 K. No changes in the decay
time are observed within the measurement uncertainty. An overall
decay time constant 7 = 630(15) s is observed.

with larger uncertainty. Since the nuclei are present in the
Th*+ charge state [36], we do not expect a significant
contribution of bound internal conversion to the decay rate.
A collective effect of radiation trapping is not expected
because of the inhomogeneous spectral broadening, cor-
responding to about 10° natural linewidths.

The inset of Fig. 3 shows the results of measurements of
the decay time for different temperatures of the crystal.
Within the uncertainty, no influence of the temperature on
the decay time is observed. For electronic transitions of
rare-earth ions in crystals, temperature dependence of the
radiative lifetime can be used to distinguish transitions that
are phonon assisted (coupling to the crystal field) from
others that are not [38]. Also, luminescence effects that
depend on a diffusion or transfer process would show a
temperature-dependent rate, often in combination with a
nonexponential time dependence [18]. The absence
of a temperature dependence of the fluorescence lifetime
observed in Th:CaF, and the purely exponential decay
curve correspond to the expectations for a nuclear
transition.

Because of the higher density of photon states in the
dielectric optical medium, the spontaneous M1 decay rate is
expected to be enhanced relative to the rate in vacuum by a
factor n>, where n is the refractive index [39]; n ~ 1.586 for
CaF, at 148.4 nm [40,41]. Applying this correction, the
measured radiative lifetime of 630(15) s corresponds to an
isomer half-life in vacuum of 1740(50) s or a transition rate
of B(M1) =0.022 in Weisskopf units (W.u.). Different
theoretical works had predicted transition rates in the range
0.006-0.05 W.u. (see discussions in [42,43]). Two mea-
surements of the Th-229 isomer half-life with larger uncer-
tainty have been reported recently, based on population
of the isomer in radioactive decay: T/, = 2210(340) s
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measured for Th:MgF, (n=1.488) [25] and T,/ =

1400J_r3688 s for trapped Th** ions [44]. All three results
are in fair agreement.

In conclusion, we have demonstrated the first laser
excitation of the Th-229 low-energy nuclear transition,
have reduced the uncertainty in the transition frequency by
nearly 3 orders of magnitude, and have performed a
precision measurement of the isomer lifetime. This opens
the way toward nuclear laser spectroscopy of Th-229 in
different host crystals and with trapped ions in different
charge states, including the study of phenomena like
electronic bridge processes [6,7,45], collective effects in
nuclear scattering [46], and optical nuclear clocks with
applications in tests of fundamental physics [13]. The
development of dedicated VUV lasers with narrow line-
width will make it possible to access a new regime of
resolution and accuracy in laser Mossbauer spectroscopy
and to perform coherent control of a nuclear excitation [13].
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