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Theradionuclide thorium-229 features anisomer with an exceptionally low excitation
energy that enables direct laser manipulation of nuclear states. It constitutes one of
theleading candidates for use in next-generation optical clocks' . This nuclear clock
will be a unique tool for precise tests of fundamental physics*®. Whereas indirect
experimental evidence for the existence of such an extraordinary nuclear state is
substantially older', the proof of existence has been delivered only recently by
observing theisomer’s electron conversion decay™. The isomer’s excitation energy,
nuclear spin and electromagnetic moments, the electron conversion lifetime and a
refined energy of the isomer have been measured' . In spite of recent progress, the
isomer’s radiative decay, a key ingredient for the development of a nuclear clock,
remained unobserved. Here, we report the detection of the radiative decay of this
low-energy isomer in thorium-229 (**™Th). By performing vacuum-ultraviolet
spectroscopy of " Thincorporated into large-bandgap CaF, and MgF, crystals at the
ISOLDE facility at CERN, photons of 8.338(24) eV are measured, in agreement with
recent measurements**'® and the uncertainty is decreased by a factor of seven. The
half-life of **"Th embedded in MgF, is determined to be 670(102) s. The observation
oftheradiative decay in alarge-bandgap crystal hasimportant consequences for the
design of a future nuclear clock and the improved uncertainty of the energy eases the

search for direct laser excitation of the atomic nucleus.

The?*Thisotope andits low-energy isomer have inspired research for
decades and the prospect of developing an optical clock using anuclear
transition has intensified efforts®. A particular focus lies on the precise
measurement of properties relevant for an optical clock involving the
directlaser manipulation of nuclear states”. Values of the isomer’s exci-
tation energy reported in the literature have changed substantially over
time'®. Recent measurements using conversion-electron spectroscopy
of electrically neutral thorium-229 atoms (*Th°) resulted in an excita-
tionenergy of 8.28(17) eV, corresponding, for radiative decay, to pho-
tons of a vacuum wavelength of 149.7(31) nm (ref. 14). Measurements
of gamma (y) ray energy differences of nuclear transitions feeding
theisomer and the ground state, using a magnetic microcalorimeter,
revealed energies of 8.30(92) and 8.10(17) eV, with an associated
vacuum wavelength of 149(17) and 153.1(32) nm, respectively™>*®.

A half-life of 7(1) ps has been reported for 2*"Th° deposited onto
a microchannel plate detector, an environment in which electron

conversion is expected to constitute the dominant decay path®. The-
oretical estimates for the radiative decay half-life vary by an order of
magnitude between about 10> and 10* s (refs. 19-21). For a dominat-
ing radiative decay, which is required for the clock application, the
non-radiative decay channels, for example, by means of electron con-
version decay, need to be sufficiently suppressed. The last requires
charged ™ Thions to have an electron binding energy larger than the
isomer’s decay energy.

At present, two different routes towards a nuclear clock are being
pursued. These consist of an approach with triply charged thorium
ions stored in a radio-frequency ion trap and a solid-state approach
with a thorium-doped large-bandgap crystal*>**>_ For the latter,
theoretical studies suggest that, at specific lattice positions, the
conversion-electron decay channel of the isomer is suppressed and
the radiative decay channel becomes dominant®%, Despite various
attempts, the observation of the radiative decay of ™ Th following the

'KU Leuven, Instituut voor Kern- en Stralingsfysica, Leuven, Belgium. 2Ludwig-Maximilians-Universitat Miinchen, Garching, Germany. °KU Leuven, Quantum Solid State Physics, Leuven, Belgium.
4CERN, Geneva, Switzerland. ®Institute for Atomic and Subatomic Physics, TU Wien, Vienna, Austria. °Centro de Ciéncias e Tecnologias Nucleares, Departamento de Engenharia e Ciéncias
Nucleares, Instituto Superior Técnico, Universidade de Lisboa, Bobadela, Portugal. ’Institut Laue-Langevin, Grenoble, France. ®Department Chemie, Johannes-Gutenberg-Universitat, Mainz,
Germany. *Helmholtz-Institut Mainz, Mainz, Germany. '°GS| Helmholtzzentrum fiir Scherionenforschung, Darmstadt, Germany. "Horia Hulubei National Institute of Physics and Nuclear
Engineering, Bucharest, Romania. ?imec, Leuven, Belgium. *%e-mail: sandro.kraemer@kuleuven.be

706 | Nature | Vol 617 | 25 May 2023


https://doi.org/10.1038/s41586-023-05894-z
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-05894-z&domain=pdf
mailto:sandro.kraemer@kuleuven.be

a -
-.'m 4ot ¢
1073
T ]
o i
2o
% ]
5 1007
o 3
o ]
107!

1£I10 15I>0 1(I30 1;0 1é0 1EIJO
Vacuum wavelength (nm)

Fig.1|Low-resolution wavelength spectra of differentcrystals.a,b, The
spectraarerecorded witha3 mmentranceslitafterimplantation of A =229
(a)and A =230 (b) beamsinaMgF,of 5mm (red), a CaF,of 5mm (blue) and a
CaF,of 50-nmthick (green) crystal (Extended Data Table 2 and Extended Data
Fig.2). Wavelength datapointsare recorded for 11 s per grating setting for the
5-mm thick crystals whereas for the 50 nmcrystal 23 and 35 s per grating
settingare used for the A =229 and A =230 data, respectively. Errorbars
represent the statistical1s.d. uncertainty. Thedropinintensity inthe A =229

radioactive alpha (o) decay of 2*U or the excitation of the nucleus by,
for example, synchrotron light has hitherto not been conclusive” .

In this work, an alternative approach to produce the *Thisomer®
and thus overcome limitations of previous attempts to detect and char-
acterizeitsradiative decay is successfully pursued. Theisomeric state
is populatedin the beta () decay of 2?Ac with a half-life of 62.7(5) min
(ref.32) incorporatedinalarge-bandgap crystal. Thisincreases the total
feeding probability of theisomer by afactor between 7 and 47 compared
to the a decay of **U (ref. 31). The *’Ac sample is obtained from the
B-decay chain of °Fr and *’Raion beams implanted in CaF,and MgF,
crystals at 30 keV. Vacuum-ultraviolet (VUV) spectroscopy is performed
tostudy the photonspectrum emitted fromthe crystals under favour-
ableradioluminescence background conditions, due to the approach
of populating the isomer by means of  decay?®*. In addition, emission
channelling**~®is used to determine the lattice sites occupied by tho-
rium after implantation of francium and radium, which are expected
to play a crucial role in suppressing the conversion-electron decay
channel®%,

Radioactiveion beam production

Radioisotopes are produced at the ISOLDE facility at CERN* inanuclear
reaction by impinging a 1.4 GeV proton beam on a uranium carbide
target heated to about 2,000 °C. The nuclear-reaction products dif-
fuse through the target and effuse towards theion source, where they
are surface-ionized to a singly charged state, subsequently acceler-
ated to 30 keV, separated according to their mass-over-charge ratio
using a dipole magnet and transported to the experimental setup. The
radioactive ion beam of mass number A =229 is implanted at room
temperatureintolarge-bandgap, VUV-transparent CaF, (£, =12.1¢eV,
ref.38) and MgF, (12.4 eV, ref. 39) crystals. This results, for CaF, (MgF,),
in animplantation depth distribution with a projected range of 17.0
(16.0) nm and a straggling of 3.5 (2.7) nm, respectively*’. A summary
of the properties of the radioactive ion beams and the large-bandgap
crystals used for implantation is given in the Methods section,
Extended Data Table1and Extended Data Table 2, respectively.

VUV spectroscopy

The radioactive beam is implanted into different crystals posi-
tioned on a sample holder wheel in the VUV-spectroscopy setup (see
Extended Data Fig.3). High-purity germanium and lanthanum-bromide
y-radiation detectors are placed around the implantation position and
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spectrumwith the CaF,of 5mmat172 nm coincides with an outage of the
grating control causing a delay in the scanning procedure and resultingina
change of backgroundactivity. The solid red, blueand greenlines showafit to
the datafor the A =229 data. Onthe basis of ascaling with theimplanted
activity and assuming that the observed line at 183 nminthe A =229 spectrais
duetocrystaldefects, the black solid line represents the expected signalin the
A=230spectra.Thegrey uncertainty band includes the1s.d. uncertainty on
theradioactiveion beam productionrates.

used to deduce the beam production rates (Methods and Extended
Data Fig. 1) and to determine the total amount of implanted radioiso-
topes in the crystal. The wheel is rotated after an implantation time
between 45 min and 2 h, placing the crystal in front of the entrance
slit of a VUV spectrometer (Resonance Ltd, VM180). The distance
between the implanted surface of the crystal and the entrance slit is
about3 mm. The spectrometer has alarge numerical aperture of F/1.2
and houses a plane grating Czerny-Turner mount configuration with
off-axis parabolic mirrors. AHamamatsu R8487 photomultiplier tube
detects photonsin the wavelength range between115and 195 nm. VUV
spectraof photons created in the crystals are recorded by rotating the
grating, thereby scanning the wavelength and recording the photon
countrate in the photomultiplier detector. The instrument operates
in the first diffraction order and is calibrated using external calibra-
tion light sources (Methods). The efficiency of photon detection for
anisotropically emitting point-like source positioned at 3 mm froma
3 mm-wide slit yields about 0.1% at 150 nm (Methods).

Theradiative decay of ™ This expected to manifest itself as mono-
chromatic photonemission resultinginanarrow peak around 150 nmin
the wavelength spectrum™'®. To observe this signal, VUV spectroscopy
is performed on a series of CaF, and MgF, crystals doped with A = 229
andA =230beams. TheA =230 beamimplantationisused asareference
measurement, as the**Thisomer is not populated but where conditions
regardingbeam intensity and radioluminescence background are simi-
lar to those obtained with A =229 beams. Therefore, radiation-induced
excitation of electronic modes associated with crystal defects* should
be observed after implantation of either A =229 and 230 beams into
the same crystal whereas the signal from the ?*™Th radiative decay will
only appearinthe A =229 case.

Typical VUV spectra are shown in Fig. 1. For both types of crystal,
MgF,and CaF,, a peak at 148.7 nm on top of a continuous background
is observed in all spectra obtained with the A =229 implanted beam.
This148.7 nm peakis absentinthe spectrataken withthe A =230 beam.
Furthermore, for both the A =229 and A =230 implantations a peak
at183 nm is observed for the 5-mm thick CaF, crystal. The continu-
ous background stems from Cherenkov photon emission induced by
the B-decay chain of the implanted radioactive isotopes®**? and the
constant detector dark-count rate of typically less than 1Hz. A VUV
photon peak can be caused either by the ™ Th radiative decay or by
the radiation-induced excitation of electronic modes associated with
crystal defects*.. The latter should be observed for both A =229 and
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Fig.2| Timebehaviour of the signal. The fitted peak (red data points) and
background (black data points) amplitude count rates of the VUV spectraasa
function of time afterimplantationin the MgF, 5 mm crystal are shown. Error
barsrepresentthels.d.statisticaluncertainty. Colouredlinesarethe fitresult
ofthe datawith a differential-equation model of the implantation and decay of
theradioactive isotopes from which the half-life of 2*"Th s extracted. The inset
shows the fit (solid black line) of the VUV wavelength spectrum (grey data
pointswith1s.d.errorbars) measured around1,073 s afterimplantation to
deducethe peak (red circle) and background (black circle) amplitudes. The
datawere collected usinga2 mmspectrometer entranceslitwidthand5s
measurement time per grating setting. The grey dotted and dashed lines
represent the contribution of the Cherenkov radiationinduced by the B decay
of???Raand *Ac, respectively.

A=230spectra. Assuming that the two VUV photon peaksinthe A =229
spectra stem from crystal defects, the expected signal for the A =230
case can be calculated considering the peak intensities in the A =229
spectraand the differentinstantaneous radiation fromthe radioactive
decays (black lines in Fig.1). The agreement of the observed intensity
for the 183 nm peak in the A =229 and A = 230 spectra associates this
structure with a CaF, crystal defect. The observation of the 148.7 nm
peakintheA =229 spectraanditsabsenceinA =230 spectrasuggests
that these photons are due to the radiative decay of °™Th.

The time evolution of the intensity of the 148.7 nm photon peak is
studied by implanting the A =229 beam in MgF,. After 1 hour of implan-
tation, the source ismoved in front of the2 mmentrance slit of the VUV
spectrometer and consecutive scans are acquired around the 148.7 nm
peak. From the obtained spectra, the 148.7 nm peak and background
amplitudes at the peak position are deduced and plotted as afunction
of time after the end of the implantation period (Fig. 2). The time evo-
lution of the peak amplitude, which is substantially different from its
precursor’s 3 decay activity, is compatible with amother?’Ac-daughter
29mTh decay sequence. To deduce the ?*™Th half-life from these data,
the activities of the full decay chain of ?°Fr, *’Ra, *’Ac and **"Th are
calculated using the half-lives of the first three isotopes known from
theliterature and the measured beam intensity of ?°Frand *’Ra during
theimplantation period. By scaling the calculated activity to takeinto
account the total VUV spectrometer efficiency, the isomer feeding
probability in the *’Ac Bdecay and the fraction of radiative to total
decayingisomers, a half-life value of 670(102) s for the decay of ™ Th
embedded in a MgF, crystal is obtained.

Tobetter constrain the 148.7 nm peak position, scans using small slit
sizes are performed. The latter increase the resolution and minimize
theinfluence of the distribution of the implanted radioactive beamin
the crystal on the energy uncertainty, at the cost of a decreased effi-
ciency. A typical wavelength scan at 0.5 mm slit size is shown in Fig. 3
(Methods) and the obtained wavelength values from single scans in
different crystals and at different slit sizes are shown in Fig. 4.
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Fig.3|Typical high-resolution wavelengthspectrum. The dataare taken
with the CaF,5 mm crystal and recorded with an entrance slit width of 0.5 mm,
alongwith afit (solid line) of the data. Error bars represent the 1s.d. statistical
uncertainty. The scan was started 32 min after the end of the implantation.
Thedashedlineshows the peak signal whereas the dotted line includes the
constant dark-countrate (0.3 s™) and the Cherenkov background contributions.
Aresolution of 2.25(21) nm full-width at half-maximum was obtained. The
resulting wavelength value corresponds to the 11th data value in Fig. 4.

For implantations in MgF,, a mean wavelength of 148.688(66) nm
isobtained, whereas 5-mm thick and 50-nm thin CaF, yield 148.75(13)
and 148.623(77) nm, respectively. The stated uncertainties represent
only statistical uncertainties fromay* optimization and do notinclude
systematic effects from the calibration procedure.

The observation of the peak at 148.7 nm in both the MgF, and CaF,
crystals with wavelength values within the statistical uncertainty (one
o confidence level), the absence of the signal in measurements using
the A =230 decay chain and the time behaviour of the signal’s ampli-
tude, leads to the conclusion that the 148.7 nm photons stem from the
radiative decay of the **Thisomer.

For the final wavelength value, only measurements with slit settings
lessthanorequalto 0.5 mmare used to limit the systematic uncertainty.
The latter accounts for calibration shifts due to different positioning
ofthe wavelength calibration light source and the crystal sample, the
distribution of the radioactive source in front of the entrance slit and
thereproducibility of the grating position. This leads to a conservative
systematic uncertainty of 0.41 nm (Methods). It results in an average
wavelength value 0f148.71 + 0.06 (stat.) + 0.41(syst.) nm corresponding
to an excitation energy of the isomer of 8.338 + 0.003 (stat.) + 0.023
(syst.) eV.From the observed rate of the 148.7 nm photons, a lower
limit of the fraction of >*™Th that decays by photon emission can be
determined. Using the calculated efficiency of the VUV spectrom-
eter, the deduced production rate of *°Fr and *Ra, and an estimate
ofthecrystal transmission, alower limit between1and 7% is obtained
assuming atotal -feeding probability of theisomer ranging between
93 and 14% (Methods).

Characterization of the lattice location

The VUVresults, yielding alower limit of 1-7% of implanted ?*"Th nuclei
decaying by photon emission, indicate that at least several percent of
thethoriumatomsareincorporated with alocal atomic configuration
that favours the suppression of conversion-electron decay®. To this
end, emission channelling measurements using the radioactive decay
radiation (Methods) are performed to characterize the thoriumincor-
porationinthe CaF, lattice. As thelattice position ofimplanted thorium
ions in CaF, cannot be determined using the **Thisotope because of
its long half-life of 7,920 years, 2'Th (T, =25.2 h) is used instead as a
proxy. For that purpose, a VUV-grade CaF, crystal with a thickness of
0.7 mmisimplanted with abeam of mass A = 231 atroom temperature
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Fig.4|Wavelength of theradiative decay and energy of theisomer. a, The
results from this work for single wavelength scans with small slit sizes (crosses
arelmm,circlesare 0.5 mmand triangles are 0.25 mm) in three different
crystalsstudied. Uncertainties are 1s.d. statistical and the weighted average
anditsuncertainty per crystalisrepresented by the dashed line and shaded
area.b, Comparing theenergy value deduced from the scans with slits less than
orequalto 0.5 mminall three crystals, including the 1s.d. statistical and
systematic uncertainties, to results of the three most recent studies™ .

and with a fluence of 10 x 10”2 cm™. Emission channelling patterns of
BITh are measured along four main crystal axes (Fig. 5) after awaiting
period of 4 h between the end of the implantation and the start of the
measurement, to ensure that spectral contributions fromthe 3 decay
of the shorter-lived parentisotopes (**'Fr,*'Ra and *'Ac) are negligible.
Toidentify and quantify which lattice sites are occupied, measured and
simulated emission patterns are numerically fitted®. For that purpose,
simulated patterns are calculated for various lattice sites using the
Manybeam code*, including Ca and F substitutional sites, as well as
various interstitial sites. Each measured pattern is then fitted with
one as well as linear combinations of two or three of all the simulated
sites from where the respective occupation fractions are obtained.
In the present case, if only one occupied site is considered, the best
fitis obtained for thorium in a substitutional calcium site (Fig. 5). An
occupation fraction of 77(4)% is obtained from the fit. If a linear com-
bination of additional high-symmetry sites for ®'This considered, the
quality of the fit does not improve, indicating that eventual fractions
insuchsites are below the detection limit (typically of the order of 5%).
The calcium substitutional fraction deduced from the fit needs to be
corrected for secondary electrons from the sample and internal setup
parts®, leading to a final substitutional fraction between 77 and 100%.
The root mean square (r.m.s.) displacement of the **'Th atoms
with respect to the calcium site is also obtained from the fit, yielding
0.20(3) A. The fact that the r.m.s. displacement is substantially larger
than the expected thermal vibration amplitude of a thorium atomin
CaF,(0.08 A, calculated on the basis of the mass-defect model and the
Debye temperature of CaF,), indicates that additional defects, suchas
vacancies and self-interstitials, are present in the neighbourhood of
the thorium atoms. Such defects are formed in the collision cascades
oftheimplanted ions**. The trapping of such defects in the neighbour-
hood of the thorium atoms may be enhanced by charge compensation
mechanisms, forexample, the energetically favoured trapping of two
interstitial fluorine atoms?. Such charge-compensated configurations
are predicted to preserve the large bandgap and thus suppress the
conversion-electron decay of the **"Thisomer?>.

Discussion and conclusion

The obtained excitation energy of the isomer is consistent with results
from previous studies (Fig.4). Our valueisin agreement within the one
oconfidence interval from conversion-electron spectroscopy reported
inref.14 and one g and two o confidence intervals of the recent micro-
calorimetric measurementsinrefs.15and 16, respectively. It decreases
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Fig.5|Emission channelling patterns ofelectrons.a-d, Normalized observed
patterns from ?'Thin CaF, following room temperature implantation, in the
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simulated patterns corresponding to calcium substitutional sitesis shown on
theright:{100) (e), {110} (f), (111 (g) and (211} (h).

the uncertainty of the isomer’s excitation energy by more thanafactor
of seven compared to each of the two most precise studies available
in literature™'®,

The measured half-life value of ?*"Th embedded ina MgF, crystalis
lower compared to the calculated boundaries of the " Th half-life'*2'#,
butshould be considered as alower limit because of the potential pres-
ence of non-radiative decay channels. Moreover, it should be corrected
for the refractive index dependence of the crystal environment'>#°,
Applying a n® dependence using the half-life value determined for
29mTh embedded in a MgF, crystal and assuming a refractive index of
n=1.488at148.7 nmahalf-life of 2.21(34) x 10* s can be inferred. Given
the shallowimplantation depth of the present samples, the validity of
the n®*dependence needs further investigation obtaining more precise
half-life values and performing implantation under different conditions
and in different crystals.

Inconclusion, an alternative approach to populate and study the **Th
isomer by means of the 3 decay of ?’Acincorporated in large-bandgap
MgF,and CaF, crystals through implantation, allowed for the first time
to observe the radiative decay of 2™ Th. A more precise energy value
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of the isomer was determined and the half-life of *"Th embedded in
MgF, was reported. The observed incorporation of thorium in pre-
dominantly calcium substitutional sites, favouring the suppression of
conversion-electron decay, is consistent with the VUV-spectroscopy
results that yield a conservative lower limit of 1-7% for the fraction of
29mTh that decays by photon emission. The observation of the radiative
decay in a solid-state environment marks an important step towards
the realization of a nuclear clock. Future studies combining emission
channellingand VUV spectroscopy, varying implantation and anneal-
ing parameters, and exploring different large-bandgap host crystals,
will enable further optimization of this new approach. In particular,
further development of the VUV-spectroscopy instrumentation will
allow to decrease the uncertainty of the energy value by afactor of up
to four and to study the isomer’s half-life in different crystals, under
different implantation conditions, providing valuable input in the
search for laser excitation of the atomic nucleus.
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Methods

Radioactive ion beam production and implantation

Radioisotopes are produced by a2 pA proton beam at 1.4 GeV imping-
ing on a uranium carbide target. High temperatures (about 2,000 °C)
lead to diffusion of the nuclear-reaction products towards the material
boundary and subsequent effusion to the hot cavity ion source region,
where surfaceionizationis used to create singly chargedions. The beam
isaccelerated to 30 keV and mass separated to obtain constituents of a
specificisobar A (ref. 37). The radioactive ion beamisimplanted into one
of the five crystals mounted on the sample holder wheel. After implanta-
tionthe wheelis turned by 180° to transfer the sample fromits implanta-
tion position tothe spectroscopy position facingthe entranceslit of the
VUV spectrometer atadistance of about3 mm. Typical y-ray spectraof
theA =229 and A =230 decay chains recorded during implantation are
showninExtended DataFig.1. From the time evolution during implanta-
tion of specificlines of knownintensity, the implanted beam composi-
tionisdeduced. Extended Data Table 1summarizes the characteristics
ofthe A =229 and A =230 isobaric chain. During data collection with
the 50-nm thick CaF, crystal, the production rate is a factor of 3 lower
compared to the ones reported in the table. From 3-decay studies, the
total branchingratio feeding the isomer directly and indirectlyinthe 3
decay of?’Ac has been determined to be between 14 and 93% (refs. 21,31).

Large-bandgap crystals

Dataonthelarge-bandgap crystals used in this study are summarized
in the Extended Data Table 2. The 5mm MgF, and 5, 0.7 and 0.5 mm
CaF, are commercially available VUV-grade crystals, polished by the
manufacturer.

Before the VUV-spectroscopy measurements, the crystal surface
was wiped with isopropanol, because our tests revealed that this
enhanced their transmission (order of 10% improvement), probably
due to removal of surface contaminants introduced during polishing
and handling. Before the emission channelling measurements, the
crystals were wiped with acetone, as a preemptive measure, to remove
debris that could cause electron scattering. The growth of the 50 nm
CaF, thin film is described in the following paragraph. This thin-film
crystalis used as grown, without further surface treatment. Emission
of VUV photons from 2" Th s observed for all crystals.

The CaF, thin filmis grown using a Riber 49 molecular beam epitaxy
reactor on a Si(111) substrate with a thickness of 0.75 mm. The CaF,
molecular beam is obtained by electron beam evaporation of a CaF,
target. The flux is calibrated by using a quartz crystal microbalance,
and the stability of the CaF, beam is ensured by a real time mass spec-
trometer partial pressure signal with feedback loop. A calibrated optical
pyrometer is used to monitor the wafer surface temperature during the
growth. Before loading into the molecular beam epitaxy reactor, a2%
NH,F wet clean of the Si(111) substrates is performed for 60 sto remove
partof the native oxide and organic contamination. After introduction
into the growth chamber, the deoxidation step is carefully followed by
reflection high-energy electron diffraction (RHEED) and the substrate is
heated up to 750 °Cleading to the appearance of astrong 7 x 7 surface
reconstruction for the Si(111) substrate. In the present study, a CaF, thin
filmwith athickness of 50 nm s epitaxially grown at high temperature
(740 °C) with a growth rate of 3.5 nm min™. RHEED and atomic force
microscopy characterization of the CaF, thin filmis shown in Extended
DataFig.2. The RHEED patternalongthe[11-2] direction showsintense
streaks, which confirms the epitaxial property of the CaF, layer. The sur-
facemorphology of the CaF, layer is atomically smooth (r.m.s. roughness
oflessthan4 A) withthe presence of steps and terraces, originating from
the step-flow growth mode induced by the high growth temperature.

Emission channelling
The emission channelling technique is based on the interaction
between the electrons emitted on decay of a radioactive isotope and

the periodic Coulomb potential of the host crystal, inducing chan-
nelling and blocking effects along the main crystallographic axes
and planes. The resulting angle-dependent emission yield is meas-
ured using a position-sensitive silicon pad detector®**¢, producing
two-dimensional electron emission patterns. Because the emission
anisotropy is strongly dependent on the position within the crystal
lattice from where the electrons are emitted, it allows us to identify
whichlattice sites are occupied by the implanted radioactiveions and
to quantify the respective occupation fractions. The electron emission
patterns are measured along various major crystallographic axes, by
rotating the sample holder with a three-axis goniometer. At least two
axes are required for unambiguous lattice site identification; typi-
cally, four axes are measured. Identification and quantification of the
occupied lattice sites are obtained by numerically fitting measured and
simulated emission patterns. The simulated patterns are calculated for
various high-symmetry lattice sites using the Manybeam code*. Each
measured patternis thenfitted with alinear combination of simulated
sites®* from where the occupation fractions are obtained.

VUV spectroscopy

A Czerny-Turner mount grating monochromator witha100 x 100 mm
plane gratingand asinusoidal ruling of 4,000 lines per mm combined
with aF/1.245° off-axis parabolic collimation mirror with afocal length
of 119 mmi is used (Extended Data Fig. 3). The device has a magnifica-
tion of M =1.5and the exit slit close to the detector is set accordingly.
A Hamamatsu R8487 solar-blind photomultiplier tube detector with
aquantum detection efficiency of 19% at 150 nm is operated in single
photon counting mode to detect diffracted photons passing the exit
slit. The wavelengthis set by rotation of the grating with alinear stepper
motor drivingacrankshaft and alinear wavelength calibration relation
between the motor position and the wavelength holds. The device is
scanned from lower to higher wavelengths and the counts observed
onthe detectorarerecorded witha CAENN6730 dataacquisition unit.
The grating drive offers a reproducibility of the grating position cor-
responding to a wavelength uncertainty of smaller than 0.18 nmin
the first diffraction order when scanned over alarge spectral range.

Aplasmalight source operated with a nitrogen-oxygen gas mixture
is mounted behind the crystal in spectroscopy position, emitting a
collimated beam of light into the spectrometer with a wavelength
spectrum consisting of several non-resolved multiplets of atomic
transitions. An oxygen multiplet of transitions at 130.2168, 130.4858
and 130.6029 nm together with a multiplet of nitrogen transitions at
149.2625,149.2820 and 149.4675 nm and a nitrogen multiplet at 174.2731
and174.5249 nmare used for calibration. To validate the calibration, the
single146.96 nmline in the spectrum of a cold krypton-xenon plasma
light source (Excitech GmbH E-Lux) is used. The wavelength linewidth
of the spectrometer is composed of a minimal achievable resolution
for a close-to-diffraction-limited entrancesslit settings (10 um), domi-
nated by the optical aberrations of the system, and a roughly linear
increase of the linewidth with slit size. Experimentally, full-width at
half-maximum linewidths of roughly 2.5 and 5.5 nm are observed for
0.5and 3 mm entrance slits, respectively.

Next to the contribution from the reproducibility of the grating
position mentioned above, two more contributions to the systematic
uncertainty of the wavelength calibration have beenidentified. (1) The
calibration light source is positioned between 217 and 350 mm from
the entrance slit. The influence of an off-axis mounting of the source
withadeviationof up to1°is calculated and results in a systematic shift
of the wavelength calibration of less than 0.15 nm. (2) The implanted
radioactive beam profile and therefore the distribution of the light
emissionin the crystal remains poorly known. Typical radioactive beam
spotsizesare of the order of afew mm (full-width at half-maximum) in
diameter. The systematic effect of differentlight source distributions
onthe observed wavelengths for entrance slit settings of far more than
10 um has been estimated by simulating the influence of the different



Article

light source distributions on the sample crystal for several entrance
slit settings. Using slit settings equal to or less than 0.5 mm, the shift
of the observed wavelength is less than 0.33 nm.

The total systematic uncertainty for slit settings equal to or less than
0.5 mm (1o confidence level), including the systematic effect of the
wavelength calibration light source, theimplantation beam profile and
the grating drive reproducibility amounts in a conservative estimate
toless than 0.41 nm.

The observed wavelength spectraaround 148.7 nm consist of three
components: (1) the detector dark-count rate is constant over time and
less than1s™, (2) the peak of the radiative decay of *™Th and (3) the
continuous Cherenkov background induced by relativistic electrons
from the radioactive decay of ?’Ra and ?°Ac. A typical spectrum is
shown in Fig. 3. The rates from the Cherenkov background need to
bescaled with the instantaneous activities of the corresponding frac-
tion and have to be convoluted with the time behaviour of the decay
chain elements. The shape of the Cherenkov emission spectrum for
the B-decay chains 2*°Ra ~» **°Ac > 2°Th (I) and *Ac > **Th (Il) is cal-
culated using the Frank-Tamm formula®. The obtained background
spectrum from the A = 230 decay chain (I) around 149 nm is due to
the Cherenkov spectrum altered by the wavelength-dependent effi-
ciency of the instrument (the wavelength bandpass) and by the time
dependence of theinstantaneous p activity at A =230. The Cherenkov
spectrum altered by the wavelength bandpass can be described by
athird-order polynomial. The shape of the *Ac background spec-
trum (II) is obtained by scaling the polynomial with the ratio of the
calculated pure Cherenkov emission spectra and correcting with the
instantaneous activity at A = 229.

The A =229 spectra are fitted as a linear combination of the ?°Ac
Cherenkov background (altered by the wavelength bandpass) scaled
with the instantaneous actinium activity, a Gaussian peak scaled with
theinstantaneous thoriumisomer activity and a constant dark-count
background. Figure 3 shows the background and theisomeric radiative
decay peakfitted to an observed spectrum. Narrow and broad linewidth
scans used for the wavelength measurements are recorded sufficiently
long after the end of implantation, such that the *’Ra Cherenkov back-
ground component vanishes, the 2™ Th activity is saturated and its
time dependence follows the simple exponential time behaviour of
the ’Ac activity.

Extraction of the half-life

The spectrometer is continuously scanned from 133 to 160 nm with a
2-mm-wide entrance slit setting and spectra are recorded. The ampli-
tude of the observed photon peak and the contribution strengths of
the radium and actinium Cherenkov emission are extracted from a fit
(see the section VUV spectroscopy and compare the inset of Fig. 2 for
asample fit).

The time dependence of the isomeric decay activity is fitted using
asystem of Bateman equations of the A =229 decay chain. The rela-
tive strength of the implantation beam constituents *’Fr, ?Ra and
29Ac and their half-lives are fixed to the results from y spectroscopy
(Extended DataFig.1) and the literature values (Extended Data Table1),
respectively. Next to the half-life of the isomer thatisincluded as a
free fitting parameter, a scaling factor is used to adjust the calculated
isomer activity to describe the data. The scaling factor results froma
product of the fraction of embedded **™Th nuclei that decays by means
of radiative decay, the total efficiency of the VUV setup and the total
feeding probability of the isomer in the B decay of ?°Ac. This scaling
factor does not change the overall shape of the fit.

On the basis of the simulated relative Cherenkov photon emission
strength in the decay of *’Ra and **Ac, the relative total Cherenkov
photonemissionrateis obtained from the activities of both decay chain
elements after the end of implantation. This rate is scaled with a coef-
ficient, that takesinto account the efficiency of the VUV spectrometer
for Cherenkov radiation. Figure 2 shows good agreement between the

observed background temporal behaviour and the expected Cherenkov
photon emission contributions.

The given uncertainty constitutes a conservative estimate and
includes the following contributions: a statistical uncertainty of 79 s
is obtained from the Markov chain Monte Carlo optimization. A vari-
ation of the ratio of implantation rates of *’Fr to *’Ra by an order of
magnitude compared to the experimentally determined value from
y data and a conservative uncertainty of 120 s on the period between
the end ofimplantation and the start of the first measurement resultin
a5and 53 suncertainty, respectively. Systematic effects resulting from
the need to continuously scan the instrument for wavelength spectra
recording and the resulting limited amount of data at the isomer’s
emission wavelength are estimated using a bootstrapping technique
removing one datapointat the time. The largest half-life deviation from
theresult with the full dataset, 35 s, hasbeen added to this conservative
uncertainty estimate.

Ratio of radiative decaying versus embedded " Thisotopes

To estimate the ratio between the number of *"Th decaying by means
of radiative decay versus the number of embedded **"Th after B decay
of ?’Ac, several experimental parameters need to be considered of
whichforsome only estimates are available. A conservative lower limit
is obtained using data from a 7,080-s long implantation in the CaF,
5mmresultingina VUV countrate of 12 s"and 1.2 x 10° Bq**Acsource
strength at 5,400 s after the end of the implantation, combined with
the following criteria.

Foracrystalimplantation surface located at adistance of 3 mm from
the slitwith a3 mm opening and a point-like light source at its centre,
the solid angle for photon collection is 1.3%. The first-order diffrac-
tion efficiency at 150 nm of the grating used in this work is specified
by the supplier to be 40% and the quantum detection efficiency of
the detector 19%. A total detection efficiency of isotropically emitted
photons from a point source at the centre of the crystalimplantation
surface is roughly equal to 0.1% at 149 nm. Typically the radioactive
ion beams from ISOLDE have beam profiles with an approximate
full-width half-maximum of the intensity distribution of a few mm,
however, these conditions change during radioactive beam tuning and
the optimization procedure applied in between the different measur-
ing campaigns. Therefore, the overlap of the implanted beam profile
with the region on the crystal implantation surface that is imaged
through the 3 x 10 mm rectangular entrance slit on the spectrome-
ter, is conservatively estimated to be less than or equal to 100%. The
large-bandgap material leads to absorption of photonsin the bulk and
crossing the surface. Because of the smallimplantation depth, the VUV
photons pass alimited amount of bulk material and the surface facing
the entrancesslit. The transmissions of the large-bandgap crystals are
tested and transmission of VUV photons through the CaF, crystals
vary between10 and 80% at 149 nm. For the current estimate, less than
100% is assumed.

This leads to alower limit of the ratio between the number of ™ Th
decaying by radiative decay versus the number of embedded **"Th
after B decay of ’Ac of greater than or equal to 1or 7% using the limits of
the?”Ac B branchingratio to?*"Thvalues of 93 and 14%, respectively™.
Other implantation cycles with smaller slit settings or other crystals
reveal consistent results.

Data availability

The data that support the findings of this study are available from the
corresponding author uponreasonable request. Source data are pro-
vided with this paper.
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Extended DataFig.1|High-purity germaniumdetector spectra. Single y B-decayingisotope and the energy. In this study, newy linesin the decay of ’Ra
spectrarecorded with the HPGe detector for atypicalimplantationat A =229 wereidentified, these tentative assignments are indicated with an asterisk. The
(a)and A =230 (b). The main peaksin the spectrum are marked with the inset shows the high-energy part of the spectrum with smaller peaks.
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Extended DataFig.2|Characteristics of the CaF, thin-film crystal surface. An atomic force microscopy (AFM) image of the surface of the CaF, thin film (a) and
areflection high-energy electron diffraction (RHEED) pattern along [11-2] azimuthal direction (b) are shown.




Article

@-...

. e

Extended DataFig. 3 | Vacuum-ultraviolet spectroscopy setup. The VUV-photonsource used for calibration (9) are shown. The setup includes
implantation beam (1), target wheel with large-bandgap crystals (2), entrance additionally y-radiation detectors placed close to theimplantation position of
slit (3), parabolic collimation mirror (4), diffraction grating (5), parabolic thecrystal.

cameramirror (6), detector slit (7) photomultiplier detector (8) and plasma



Extended Data Table 1| Characteristics of the isobaric 3-decay chains

Isotope  Half-life* 7 energy (intensity™) Qg valuef Production rate
keV keV pps’

29Fr  50.2(20) s 336 (21.5%) 3250(40) 1.6-10°
1256 (3.7%)

29Ra  4.0(2) min 1810(30) 1.8 10!

29A¢ 62.7(5) min 569 (2.3%) 1170(30) <1-10°#

29Th  7932(28) y

Z0Fr  19.1(5) s 707 (1.86%) 4983(32) 2.5-10*
711 (16.9%)

20Ra  93(2) min 252 (0.85%) 710(300) 3.0-10°
285 (1.6%)

BOAc 122(3) s 1227 (1.0%) 2043% <1-10°
1244 (3.6%)

20Th  75400(300) y 4770.0 (15)

BlFr 17.6(6) s 3864(14)

BlRa  104(1) s 2454(17)

Blac  7.5(1) min 1947(13)

Z1Th  2552(1) h 391.5(15)

The A=229, A=230 and A=231B-decay chains used in this study are listed. *Value is taken from®. 'Value(s) are taken from*. *Absolute y-ray intensity per 8 decay is given. §The uncertainty on
the production rate is estimated at 20%, the implantation-to-implantation variation of the beam intensity rises up to a factor of 3. ly-ray intensities from 2°Ra are not known from literature, the
production rate therefore is determined using ?°Ac y rays observed after the decay of *°Ra. “The lower limit is deduced from the time evolution of the 569 keV y ray in the decay of ?°Ac.
*No uncertainties are given in the database.
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Extended Data Table 2 | List of large-bandgap crystals

Material Manufacturer Thickness  Surface

MgF, Thorlabs Inc. 5 mm Polished up to 20-10 Scratch-Dig

CaF, Thorlabs Inc. 5 mm Polished up to 40-20 Scratch-Dig

CaF; MaTeck GmbH 0.7 mm Chem.-mechan. polished with Ry < 10 nm.
CaF; CRYSTAL GmbH 0.5 mm Chem.-mechan. polished with Ry < 2 nm.
CaF, (grown by the authors) 50 nm No treatment.

The manufacturer, thickness and surface treatment of the different crystals used in this study are listed.
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