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After nearly 50 years of searching, the vacuum ultraviolet *Th nuclear isomeric
transition has recently been directly laser excited"” and measured with high
spectroscopic precision®. Nuclear clocks based on this transition are expected to

be more robust*® than and may outperform®” current optical atomic clocks. These
clocks also promise sensitive tests for new physics beyond the standard model’ 2,
Inlight of these important advances and applications, a substantial increasein the
need for ?’Th spectroscopy targets in several platformsis anticipated. However, the
growth and handling of high-concentration **Th-doped crystals® used in previous
measurements' > are challenging because of the scarcity and radioactivity of the
29Th material. Here we demonstrate a potentially scalable solution to these problems
by performing laser excitation of the nuclear transition in **ThF, thin films grown
using a physical vapour deposition process, consuming only micrograms of *Th
material. The 2°ThF, thin films are intrinsically compatible with photonics platforms
and nanofabrication tools for integration with laser sources and detectors, paving the
way for anintegrated and field-deployable solid-state nuclear clock with radioactivity

up to three orders of magnitude smaller than typical *Th-doped crystals' . The
high nuclear emitter density in?’ThF, also potentially enables quantum optics
studiesinanew regime. Finally, we present the estimation of the performance of a
nuclear clock based on a defect-free ThF, crystal.

The**Th nucleus has been the subject of extensive scientific research
for several decades, as it possesses aremarkable low-energy isomeric
nuclear transitionatabout 8.4 eV. This feature enables precision laser
spectroscopy and has led to proposals for several important applica-
tions>1°, including the development of a nuclear optical clock” .
Of particular interest, asolid-state nuclear clock***° can be constructed
by tightly confining the nucleiin a high-bandgap crystalline lattice. This
confinementenableslaser-based, recoil-free MOssbauer spectroscopy
without sophisticated laser cooling and trapping techniques. Owing to
small nuclear electromagnetic moments, the nuclear clock transition
frequency remains relatively insensitive to external perturbations in
the crystalline host. Probing macroscopic amounts (>10") of °Th
atomsinasolid promises excellent counting statistics and good clock
stability. An optical clock based on such a solid-state 2Th sample is
thus highly desirable for field applications because of its potential
robustness and simplicity.

Recently, rapid progress hasbeen madein this field. Direct laser exci-
tation and measurement of the nuclear clock transition'* were demon-
strated; subsequently, high-precision spectroscopy referenced to the
8Sr clock®was performed using a vacuum ultraviolet (VUV) frequency
comb to determine the transition frequency to the 10™? level. These
experiments lay the foundation for asolid-state nuclear clock based on
2Th doped into high-bandgap crystals. However, the scarcity and the
radioactivity of 2*Th complicate the crystal growth process.”*Thisa

controlled material that does not naturally exist, cannot be produced
conveniently and is already in high demand for medical research?.
Although the estimated world stock of 2°Th with reasonable isotopic
purityis40 g (ref.22), most of it is mixed with other chemical elements
suchas?*Uandis thus not readily available. The amount of *’Th avail-
abletoresearchersistypically limited to at most afew milligrams, neces-
sitating challenging miniaturized crystal growing techniques™* > to
obtain crystals with sufficient 2?°Th dopant density. Furthermore, given
that cutting and polishing techniques require crystals with dimensions
onthe millimetre scale, these crystals typically have a radioactivity of
210 kBq. This level of radioactivity requires appropriate radiation safety
precautions and limits the proliferation of nuclear clocks.
Analternative to crystal growthis physical vapour deposition (PVD),
in which the desired material is evaporated from a hot crucible and
subsequently condensed onto a substrate. PVD is frequently used
to produce radioactive targets?*', mainly for accelerator facilities.
As??ThF, thin films with the naturally abundant isotope are routinely
used in optics, PVD of 2*ThF, is a mature technology®’. However, PVD
of 2 ThF, is much less developed with, to the best of our knowledge,
only one brief descriptionin the literature, Here we report the fabri-
cation of thin film?°ThF, targets (30-100 nm thickness) by miniatur-
ized radioactive PVD on various substrates such as Al,O; and MgF..
We fabricate targets as small as 50 pm diameter using only micrograms
of °Th material, orders of magnitude smaller than that needed for a
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Fig.1/***ThF,targetfabrication procedure and characterization.
a,Schematic of the *’ThF, target vapour deposition setup. A smallamount
(<10 pg) of *’ThF, isloaded into a glassy carbon crucible for radioactive PVD.
On heating, >°ThF, vapour effuses from a small (about 1 mm diameter) hole in
the crucible and deposits onanearby substrate (about 3 mm away), forming
abouta5mmdiameter round target. Anoptional Pt maskis used to generate
asmall-areatarget with the desired shape. b, Spatial profile of a small **ThF,
target measured using AFM. The target is a disk of about 50 pm diameter

and around 30 nmthickness. ¢, Alphaspectrumofthe small-areatarget as
showninb.Peaksinthe green highlighted region (4.59-5.15 MeV) come from

single-crystal growth batch®? %, By reducing the target area without
sacrificing the target optical density, the 50 pm target has three orders
of magnitude smaller radioactivity than typical **Th-doped crystals,
corresponding toamuchreduced radioactive hazard®and thus vastly
relaxed safety measures.

Although ThF,was originally assumed to have aband gap below the
8.4 eV?*Thisomer energy>* and, therefore, not considered asuitable
host for asolid-state nuclear clock?*, recent work®* indicates that the
band gapisroughly10 eV. Very recently, photoluminescence and radio-
luminescence of ?ThF, thin films were measured®, highlighting alow
fluorescence background thatis beneficial for nuclear clock operation.
Thissuggests the possibility of observing the radiative decay of the*’Th
nuclear clock isomer in **ThF,. To confirm this, we perform nuclear
laser spectroscopy on PVD ?’ThF, films using a VUV laser system. We
observe asingle spectroscopicline at2020406.8(4),(30),; GHzfora
ThF, target ona MgF,substrate and at 2020409.1(7),,(30),,, GHzfora
AlLO,substrate, whichwe assign to the ?*Th nuclear isomeric transition
based on the previous crystal results' >, The numbers in parentheses
denote 68% confidenceintervals. The measured lifetimes in these sam-
ples, 150(15)5,¢(5)sys S 0N ALO; and 153(9),,(7)ys s 0N MEF,, are identi-
cal within error and are substantially shorter than that observed in
*’Th:CaF, (1= 641(4) s; ref. 3) and *’Th:LiSrAIF; (T = 568(13),(20), S;
ref. 2) crystals.

The demonstrated fabrication of 2’ ThF, thin film targets with thick-
nesses of 30-100 nm and diameter of 50 um-5 mm and the ensuing
observation of the nuclear clock transition therein show a pathway
towards afutureintegrated low-radioactivity solid-state nuclear clock
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229Th, corresponding to a?*’Thactivity of about 3 Bq. d, Chemical composition
of asimilarly fabricated, about 5 mm diameter, *’ThF, target measured with
XPS. Peaks corresponding to each specific element are annotated*. This confirms
that the chemical composition ofthe thin filmis ThF,.e, VUV transmission of
asimilarly fabricated ThF, thin film of about 1 pmthickness. Theratio of the
transmitted VUV power between the ThF, coated and uncoated areas on a MgF,
substrateis plotted, confirming the VUV transparency down to the measured
ThF,bandgap of10.2(2) eV (shaded grey) inref.36 and in agreement with the
resultsreportedinref.32.a.u.,arbitrary units.

that can be fabricated with existing thin film coating technology.
In what follows, we describe the **ThF, target fabrication procedure
and characterization, the laser spectroscopy apparatus and results,
and then discuss the advantage of *ThF, films or **Th-doped ThF,
crystalsinasolid-state nuclear optical clock.

Miniaturized PVD of *°ThF,

The vapour deposition setup is shown in Fig. 1a. We start with the **Th
in dry nitrate form, Th(NO;),, purchased from the National Isotope
Development Center. We dissolve the nitrate in ultrapure water for easy
handling of microscopic quantities using adjustable volume micropi-
pettes. We directly load the desired quantity of Th(NO,), solutionintoa
glassy carbon crucible and add excess HF to obtain >’ ThF, precipitate,
weighing only afew micrograms, whichis otherwise impractical to han-
dle. The leftover aqueous solution of HF and HNO, is then evaporated
inafume hood at elevated temperatures.

After initial material loading, a crucible cap is installed to further
decrease the solid angle of the evaporation beam. The crucible is heated
using atantalum heater to above 1,000 °Cin10® mbar vacuum to vapor-
ize the *’ThF, onto a substrate 3 mm away, forming a non-uniform
coating of about 5 mm in diameter. During the coating run, we do
not actively control the substrate temperature. The thickness of this
large-area coating is measured with a stylus profilometer. The centre
thicknessis typically 30-100 nm, about twice that of the edges, depend-
ing onthe material amount used in the coating run. The fabricated thin
film coatings are likely amorphous (Methods).
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Fig.2|Nuclear spectroscopy of the ***Th clock transitionin the>*ThF, film.
a, Schematic of the **ThF, target region. Note that the beamis at 70° with the
normal of the two plates to maximize the effective illumination area. The
platesare held withagap ofabout1 mmbetween them. b, Recorded nuclear
fluorescence normalized by laser power versus VUV laser frequency. The
observed power-normalized fluorescence for the >ThF, film on a Al,O0; (MgF,)
substrateis showninblue (red). All error bars represent the standard error of

To fabricate small-area targets and minimize the **Th consump-
tion, Pt masks with laser-drilled pinholes are used. As Pt has a higher
evaporation temperature and is chemically inert, the *ThF, material
deposited on the Pt mask canbe recycled for future coating runs. The
substrate and optional pinholes are held in place by a copper mount-
ing structure (Fig. 1a).

The physical dimensions of one small target, fabricated on a
Pt-coated silicon wafer substrate, are measured using an atomic force
microscope (AFM) and shownin Fig. 1b. To demonstrate the ability for
customizing target size and shape, we fabricated an approximately
50 umdiameter target using a Pt mask with the same dimensions. With
a thickness of about 30 nm, the volume of the **ThF, corresponds to
roughly 7 x 10" atoms or an activity of about 2 Bq. Alpha spectroscopy
of the target using a calibrated alpha spectrometer, shown in Fig. 1c,
confirms the presence of ’Th and its daughter isotopes. We extract
a’*Thactivity of about 3 Bqfrom the alpha spectrum, inrough agree-
ment with the estimation from the target volume, by integrating over
the region of interest corresponding to the *Th alpha peaks (Fig. 1c,
green shaded area).

The chemical composition of the thin filmis characterized by X-ray
photoelectron spectroscopy (XPS) asshowninFig.1d, which confirms
the main constituents of the film as thorium and fluorine. Without a
detailed analysis of the uncertainties, we extract the atom number per-
centages from the XPS spectrum to be 19.4% thorium, 36.6% fluorine,
34.2% carbon, 8.4% oxygen and 1.4% sodium. The oxygen and carbon
composition presumably originates from hydrocarbon contamination
because of air exposure. A subsequent XPS measurement on a similar
22ThF, film (not shown) is performed after the removal of the top layer
by in situ argon sputtering. We observe that the peak corresponding
to carbon 1s disappears and the oxygen 1s peak decreases markedly,
in agreement with this hypothesis. The sodium peak probably comes
from trace contaminationin the water used during the coating process.

The optical property of the thin film is characterized by measuring
the transmitted VUV power ratio between a coated and uncoated sec-
tions of asingle MgF, substrate using a D, lamp and a grating spectrom-
eter. The resultis showninFig. 1e, in which the *’Thisomer transition
wavelengthisindicated by the orangeline. The spectral transmission
agrees qualitatively with the ThF, measurement reported in ref. 32,
demonstrating high VUV transmission. These dataare consistent with
the >10 eV ThF, bandgap predicted in ref. 35 and measured in ref. 36,
asindicated by the grey-shaded area. Based on the large bandgap, we
expectthat the host quenching effects such asinternal conversion will
not dominate the relaxation of the nuclear clock state, providing the
opportunity for radiative fluorescence detection.

Time (s)

the mean. ¢, Recorded nuclear fluorescence ratel\'ly normalized by laser power
versus time after the laser is extinguished. The observed radiative decay for
29ThF, onaAl,0, (MgF,) substrate is showninblue (red). Inbothband ¢, the
peaks of all curves were normalized to unity and the corresponding result
observed in **Th:LiSrAIF, (ref. 2) is shown in black for comparison.

a.u., arbitrary units.

Nuclear laser spectroscopy

Using this miniaturized PVD apparatus, two types of large-area?*’ThF,
targets (each approximately 21 kBq in activity) for the nuclear laser
spectroscopy were fabricated on VUV-transparent Al,0, and MgF, sub-
strates. We performed a coating run for each target with two identical
substrates placed side by side, producing two semicircular>*ThF, films.
The semicircular ?’ThF, films are around 2.5 mm in radius and about
30 nm in average thickness. The substrate dimensions are about
8 mm x4 mm x d, where d =175 pm for Al,0;and 250 pm for the MgF,.
Twoidentical *ThF, films with the same substrate material are placed
facing each other with about 1 mm gap between them, forming one
target used in the experiment. This sandwich configuration was chosen
to minimize radioactive contamination of the vacuum chamber from
recoil daughter nuclei on **Th alpha decay.

Using the system described inrefs. 2,23, VUV radiation was produced
by resonance-enhanced four-wave mixing of two pulsed dye lasers in
Xe gas. The frequency of the first pulsed dye laser, w,, was locked
to the 5p°'s,~> 5p5(2P3°/2) 6p2[1/2], two-photon transition of Xe at
about 249.63 nm. The frequency of the second pulsed dye laser, w,, was
scannedto produce VUVradiationinthe Xe cell given by the difference
mixingrelationw = 2w, - w,. Allthree laser beams thenimpinge off-axis
with respect to a MgF, lens, whose chromatic dispersion is used with
downstream pinholes to spatially filter the VUV beam and pass it
towards the 2°ThF, samples. The laser system delivers 30 pulses per
second to the crystal with atypical VUV pulse energy of about 2 pJ per
pulse (seerefs. 2,23 for details).

The **ThF, samples were mounted in a vacuum chamber with two
VUV-sensitive photomultiplier tubes (Hamamatsu R6835 PMTs) and
a pneumatic shutter system (not shown) to protect the PMTs from
direct exposure to the VUV laser (Fig. 2a). The PMTs are operated
in a cathode-grounded configuration, and their output waveforms
recorded by alGs s waveform digitizer (CAEN DT5751) for subsequent
post-processing. The VUV laser irradiates the samples at approximately
70° fromthe direction normalto the plates toincrease the effectiveillu-
mination volume. We terminate the laser beam ona custom VUV energy
detector. The vacuum chamber is maintained with an Ar atmosphere at
apressure of about 10 mbar to provide high VUV transmission while
minimizing degradation of optics because of hydrocarbon deposition®.

We observe the nuclear transition by monitoring the fluorescence
from the *ThF, film following the VUV laser illumination. Using this
system, nuclear spectroscopy of the?’Th clock transition in the *ThF,
film was recorded (Fig. 2b). We observe a single spectroscopic fea-
ture at 2020406.8(4),,:(30),s GHz for the *’ThF, film on the MgF,
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substrate and at 2020409.1(7),.,(30),,, GHz for the **ThF, film on the
Al,O, substrate. For these measurements, the *ThF, wasilluminated
by the VUV laser for approximately 450 s, the shutters openedin about
100 ms, and the resulting fluorescence was recorded for roughly 450 s.
Each data point represents an average of the number of photons
detected above the background in both PMTs and normalized by the
total laser power. The Al,O; sample exhibited a lower signal-to-noise
ratio because of an increased radioluminescence background; thus,
each point was typically repeated around three times. The spectra
recorded in 2’Th:LiSrAIF are shown for reference in Fig. 2b as black
points (ref. 2). The laser bandwidth is estimated to be about 10 GHz
and dominates the linewidth of the observed spectral features. The
smaller spectral linewidth observed in the ’ThF, samples compared
with the 2’ Th:LiSrAlF, sample is attributed to a decrease in laser drift
during data collection because of the shorter excitation time here
(450 s) compared with ref. 2 (1,800 s). The systematic uncertainty of
the measurements is dominated by wave meter calibration?.

The expected amount of fluorescence is calculated from detailed
analysis of the detection efficiency of our system (Methods), the known
thoriumdensity and thickness of the**ThF, film, and the measured laser
parameters, and is found to be considerably larger (about 10° times)
thanthe experimental observation. As detailed inref. 2, the hyperfine
interaction couplesthe nuclear degree of freedom with the electronic
degree of freedom. If there are electronic states with excitations at or
below the nuclear energy because of defects in the local crystal struc-
ture, for example, quenching of the nuclear transition is possible and
areduced fraction p of the **Th participates in the narrow nuclear
fluorescence. Fromthe observed signals, we find the estimated emitter
fractionas p = 2(1) x 107 for both targets, assuming about 2 i per pulse.

Using the same system, the lifetime of the isomeric transition was
measured by collecting the fluorescence as a function of time after
laser excitation (Fig. 2c) and found to be 150(15),,(5)s,s S on Al,O; and
153(9)4ar(7)sys s ON MgF,. Here, the systematic error is estimated based
onthe observed driftsin background count rates because of the thermal
instability of the PMT gain. These lifetimes are markedly shorter than
the value previously observed in **Th:CaF, (1= 641(4) s; ref. 3) and
2 Th:LiSrAIF (= 568(13).,(20),, s; ref. 2) crystals.

Thisshortened lifetime is sufficient and perhaps even beneficial for
nuclear clock operation. In the Methods, we consider several mecha-
nisms of lifetime shortening, including the Purcell*® and superradiance
effects®**°. We conclude that the observed shorter isomer lifetime in
2ThF, filmsis likely because of two main factors: a high refractive index
of ’ThF, and potential quenching effects by the host material. Although
the refractive index required to fully explain the lifetime (n =2.2-2.5)
may be higher than our estimate (n =1.95(30)), an additional nuclear
decay mechanism can arise from a combination of hyperfine mixing
of nuclear and electronic states and the hybridization of electronic
states because of crystal fields. The quenching rate could be further
enhanced in thin films such as >’ ThF, because of modified electronic
levels* arising from mechanical strain and film-substrate interface
effects such as lattice mismatch strains and dipole layer formation at
theinterface***. Other quenching effects from electronic states could
arise from the potentially amorphous structure or trace contaminants.

These results make it clear that *°Th nuclear isomeric transition
can be driven and observed in *ThF, thin films and potentially even
bulk crystals. This opens many possibilities as ThF, film growth is
well-developed, for example, for optical coatings—that is, ***Th can
bedirectlyincorporatedin optical components such as mirrors, lenses
and waveguides. Inwhat follows, we analyse the expected performance
of a?ThF,-based nuclear clock.

Projected **ThF, clock performance

Although the crystallinity of the fabricated *’ThF, thin films needs
to be characterized (Methods) and possibly improved** in future
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Fig.3|Projected clock performance of *°ThF,. a, Unit cell of ThF, showing
the EFG eigenvectors. Thorium atoms areshown as red and orange spheres,

the two colours denoting the two inequivalent crystallographic positions, and
fluorineatomsareshowningrey. Thelight blue vectors show the largest diagonal
EFG components, V,,, and the yellow vectors show the minor components, V,,
and V,,. Thelengths of the vectors are proportional to the EFG magnitudes
alongtherespectivedirections. b, Numerically calculated EFG and Zeeman
splittings in the two inequivalent thorium ssites. The Zeeman shift from O T to
10 Tis plotted for amagnetic field along the X (blue), y (red, dashed) and Z (black)
directions.

experiments, it is well known that ThF, single crystals* can be grown.
Therefore, we perform density functional theory (DFT) calculations
(Methods) using the monoclinic crystal structure of ThF,, space group
C2/c (number15) (ref. 46), (Fig. 3a) inwhich the thorium atoms are nomi-
nally in the >°Th** charge state. The main effect of the crystal on the
29Th* nucleus is the coupling of the ’Th nuclear electric quadrupole
(EQ) moment to the crystal electric field gradients (EFGs) {V,,, V,,, V..}
andthe coupling of the?’Th nuclear magnetic moment to the magnetic
field created by the other atoms in the crystal®.* ThF, isanionic crystal
with nounpaired electrons; therefore, the magnetic field experienced
by a *Th atom comes from the other nuclear magnetic moments
in the crystal. Thus, the nuclear energy levels are described by the
Hamiltonian:

eQa VZZ

m[3izz—iz+n(ix2—i;)], (1)

A=-pl-B+

where f is the total nuclear spin operator, I;,yyz are the components of
the nuclear spin operators, n=|V,,— V,,|/V,, is the EFG asymmetry
parameter with the choice |V,,| > |V,,| > |V,,| and a = {g, e} denotes the
ground and excited nuclear states, respectively, which is parameterized
by Q,=3.149(4) eb (ref. 47), u, = 0.360(7)uy (refs. 48,49), Q. = 1.77(2) eb
(refs. 50,51) and u, = -0.378(8)uy (refs. 50,51), where py is the nuclear
magneton and eb stands for electron-barn.

In contrast to the ?’Th-doped high-bandgap crystals previously
considered®>*%3, ThF, is expected to host **Th in two non-equivalent
sites*®. The first site (type 1), shown as orange spheres in Fig. 3a, expe-
riences a crystal EFG of V,,=310.5V A2 and = 0.437 and is twice as
populated as the second site (type 2), shown as red spheres in Fig. 3a,
which experiences a crystal EFG of V,,=308.9 V A2and = 0.194.

Owing to the differing EFGs, these two sites have non-degenerate
energy levels (Fig. 3b) and therefore distinct laser spectra. Having
control of two separate populations of *Th nuclei in this crystal ena-
bles several new experiments, including the study of spin exchange
interactions between thorium nuclei, and could be used to improve
the performance of a nuclear clock as these populations can be inde-
pendently probed, thereby reducing the Dick effect™.



The main source ofinhomogeneous broadening of the nuclear clock
transitions is the magnetic dipole-dipole interaction between the ’Th
nucleiand the nearby F nuclei. Using the positions found for the **Th
and F atoms from the DFT calculation, the magnetic moments of the
nucleiand the assumption that the nuclear spins are oriented randomly,
we estimate that the magnetic field seen by a thorium nucleus fluctuates
withastandard deviation of approximately 5 G. Thus, the Zeemaninter-
action broadens the levels by an amount of order 1-10 kHz, with the
transition linewidth given by the relative Zeeman shift of the states
involved in the clock transition. At first glance, because the magnetic
moment of the?*Thisomeric state is nearly equal but opposite to that
of the nuclear ground state, a clock based on, for example, either of
the |I=5/2, m;=+1/2) ¢ |3/2,x1/2) transitions would exhibit a magne-
tic field sensitivity of only 0.009(5)uy = 7(4) Hz G, leading to a broad-
ening of <100 Hz. However, because the EFG orients the nucleus, the
Zeeman sensitivity depends strongly on the direction of the magnetic
field relative to the EFG axes, as shown in Fig. 3b, in which the Zeeman
shift from O T to 10 T s plotted for a magnetic field along the x (blue),
y (red, dashed) and Z (black) directions. The energy levels are labelled
by the m;,quantum number of the primary component of the eigenstate.
The alignment of the quadrupole moment, and therefore the nuclear
spin and magnetic moment to the EFG 2-axis, results in an increased
sensitivity of stretched states to magnetic fields along the 2-axisand a
decreased sensitivity of stretched states to magnetic fields along the
X-and y-axes. This markedly alters the Zeeman sensitivity of the avail-
able nuclear transitions. By numerically diagonalizing the Hamiltonian
for a sample of magnetic fields (Methods), the Zeeman-limited line-
widths of the various transitions are estimated to be approximately
1-7 kHz, with the least broadening of about 1.1 kHz realized by the
|5/2,+1/2) ¢ |3/2, 1/2) transition for type 2 sites. This increased Zee-
man sensitivity as compared with a free ?°Th nucleus highlights the
partthe EFG playsin determining clock performance and suggests that
acrystal structure with vanishing EFG, as would occur if ?*Th was posi-
tionedinasite of cubic symmetry, could lead toimproved performance.

Because the quantization axis is set by the crystal EFG, selecting a
nuclear transition withimproved magnetic field performance requires
light of specific polarization propagatinginadirection set by the crystal
EFG.Thisisstraightforwardinasingle crystal of **ThF, but may be more
difficult to achieve in **Th:LiSrAlF (refs. 2,5) and > Th:CaF, (ref. 1)
because the symmetry axis of the EFG depends onthe geometry of the
interstitial °’F atoms required for charge compensation.

With these calculations, the performance of a?*ThF, thin film nuclear
clock can be estimated. Assuming a 100-nm thick film, a probe laser
linewidth much smaller than the inhomogeneous Zeeman-limited
transition linewidth and a probelaser power of 1 uW, the performance
ofaclockbasedonthe|5/2,+1/2) ¢ |3/2, +1/2) transitionis estimated
to have a fractional instability of 5 x 107 at 1s for both type 1and type
2 sites (Methods). Estimating the inaccuracy is not yet possible for
these systems and will be the subject of future work; however, strain
and temperature sensitivity® can be expected asimportant systematics.

Discussion and outlook

Apartfrom precision measurement applications, the vapour-deposited
29ThF, thin films with controllable thickness also provides a new plat-
form for studying Purcell effects. We expect that when the film thick-
nessiscomparable to or smaller than the excitation wavelength, the film
thickness and substrate refractive index can be exploited to control the
emitter lifetime and emission direction. These effects can potentially
be used for engineering new quantum optics devices orimproving the
nuclear clock performance.

Although superradiant effects are not observed in this work because
of theinhomogeneous broadening and low participation factor, the
emitter number in a cubic wavelength for **ThF,, (/1/nThF4)3pTh >10°,
is more than three orders of magnitude higher than that achieved in

29Th-doped crystals. Using *’ThF, waveguides or resonators for
increased optical density, a new regime for quantum optics studies
involving nuclear superradiance® and coherent nuclear forward scat-
tering*° seems accessible in °ThF,.

With this demonstration of nuclear spectroscopy in *’ThF, thin films,
we also rekindle the interest of the community in ThF, crystals. Dop-
ing?Thin ThF, does not create defects or alter the crystal structure.
This uniquely enables control over the crystal EFG quantization axis
for polarization-selective excitation of the clock states. Furthermore,
in 2’Th-doped thin film or crystalline ThF, samples, we can tune the
emitter density by changing the doping concentration for precision
measurement and quantum optics studies. Moreover, ThF, multilayer
coatings have beenused regularly inindustrial applications, providing
opportunities for scalable production of solid-state nuclear clocks
based onintegrated ThF, photonicstructures that canbe incorporated
with VUV lasers and detection systems.

As the observed participation fraction of the nuclear transition in
optical decay islow (about107), it is necessary to continue investigat-
ing the underlying quenching mechanism and methods for improve-
ment. Narrow, state-resolved nuclear transitions? in the fabricated
thin films have not yet been observed because of the low participation
fraction and potentially alsoinhomogeneous line-broadening effects
caused by the amorphous characteristics of the sample. Annealing
and fluorination processes may greatly increase the participation
fraction and microcrystalline structure, as demonstrated both in
Méossbauer spectroscopy measurements®® and **Th-doped CaF, crys-
tals**. Single-crystal *ThF, substrates* can potentially be used for
epitaxial ’ThF, film growth.

In the future, the quenching of the isomer excited state in a thin
film can also be used for constructing a nuclear clock based on inter-
nal conversion electrons® with comparable performance to clocks
based on fluorescence photons. The ThF, thin film can be converted
to other chemical forms, such as ThO, with a cubic lattice structure
(Methods), for investigation of the quenching effect and for building
aconversion-electron-based clock. The electron escape probability
from a ThO, thin film may limit the detection efficiency and needs to
be studied.

Insummary, we address the challenge in the fabrication of solid-state
nuclear clocks by demonstrating VUV nuclear spectroscopy of the *’Th
clock transition in?’ThF, thin films grown by miniaturized radioactive
PVD.Based ondetailed DFT calculations, we predict the performance
of a?ThF, solid-state nuclear clock. Our work lays the foundation for
future scalable production and widespread use of low-cost integrated
nuclear clocks, towards the promise of a simple, portable frequency
reference, by resolving important obstacles of material availability
and radioactivity limits.
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Methods

Verifying the VUV indices of refraction

Because of the dearth of data on indices of refraction in the VUV, it
is useful to verify the values obtained from the literature. To do this,
samples of the various materials used in our experiment were placed at
normalincidencein our VUV beamline to measure their transmission
at about 148.38 nm.

The literature values for the refractive indices of MgF, (ref. 59) are
1.4828 (0-ray) and 1.4977 (E-ray), whereas the value for Al,0,is 2.32(2),
which is obtained by averaging various analyses found in ref. 60.
Athinsample of MgF, (250 pm) was found to have 91(4)% transmission,
whereas athinsample of Al,O, (175 pm) has 61(9)% transmission. Assum-
ing no additional absorption and normal Fresnel reflection losses, this
is consistent with values of refractive indices of n =1.55(17) for MgF,
and n=2.77(41) for Al,O,. Thus, our transmission measurements are in
agreement with the literature values of the indices of refraction assum-
ing no additional absorption in the thin samples.

Obtaining the literature values for the VUV refractive index of ThF,
is more challenging as very few data are available. Extrapolating the
measurements taken in ref. 32 to 148.38 nm leads to a prediction of
n=1.82for ThF,. As the index of refraction typically rises in the VUV as
the band edge of the material is approached, this value is probably a
lower bound. Therefore, we also performed a rudimentary measurement
of iy, by comparing the amount of 148.38 nmlight transmitted through
a5-mm thick sample of MgF, that was uncoated and coated with a thin
29ThF, film. By assuming no absorption in the thin *ThF, film and
normal Fresnel reflections at the interfaces, a value of ny,, =1.95(30)
was obtained.

Calculation of the system detection efficiency

The system detection efficiency consists of two main components:
the efficiency with which a photon emitted from the decay of the iso-
mer is collected by our detectors and the quantum efficiency (QE) of
the detectors. The QE of our photomultiplier tube (PMT) detectors
(Hamamatsu model R6835) was provided by the calibrations of the
manufacturer (about 12% at 148 nm).

The collection efficiency is calculated from custom ray-tracing soft-
ware. This program accounts for refraction and multiple reflections
in the ThF,-substrate system to provide an accurate distribution of
rays emerging from the sample. Given that the >°ThF, samples are
inhomogeneous in thickness, we make the approximation that inter-
ference effects are negligible. The efficiency with which rays emerge
from the Al,O; substrate towards the PMT is about 7.6% and the MgF,
substrate towards the PMT is around 8.6%. The calculated ray distri-
butions from the sample into the vacuum are passed to commercial
ray-tracing software to determine the number of rays that ultimately
reach the detectors®, which was about 72% for both substrates.
Assuch, the total system detection efficiency was about 0.7% for both
substrates.

Signal detection and backgrounds

The output waveform pulses fromthe R6835PMT are amplified through
aStanford Research Systems SR445A preamplifier before being routed
to the waveform digitizer. The digitizer is set to trigger at about 25%
pulse amplitude and has an approximately 8 ns dead time between
waveform acquisitions. In both *ThF, targets on Al,O, and MgF,, the
totalnumber of detected signal photons from the nuclearisomer decay
was of the order of about 2 x 10* (varying with laser power), whereas
the backgrounds were around 9,000 counts per second (cps) for Al,O,
and 1,300 cps for MgF,.

Additional *’ThF, thin film properties
The *Th activity of both *ThF, targets used in the nuclear laser
spectroscopy was measured to be about 21 kBq, corresponding to

approximately 7.5 x 10%?*Th nuclei. We use the known activity of *°Th
(1.68 x 102 Bq mol™), the density of ’ThF, (6.3 g cm®) and the diameter
ofthetarget (about 5 mm)toroughly estimate the thickness of the films.
The thickness obtained is approximately 30 nm. This is in agreement
with profilometer and AFM measurement results for different targets,
scaled by their radioactivity.

Thin film targets created by vapour deposition tend to be amorphous.
We performed preliminary studies of the thin film structure using
grazing-incidence wide-angle scattering X-ray diffraction. The correla-
tionlength, whichis an estimation of the average grain size, is extracted
using the Scherrer equation®tobe about 30 A forasimilarly produced
22ThF, sample. In future studies, X-ray diffraction measurements in
combination with VUV nuclear spectroscopy will help characterize
the *ThF, nuclear transition sensitivity to the sample crystallinity.

DFT calculations

The DFT calculations were performed using the PBE (Perdew, Burke,
Ernzerhof) functional and the projector augmented wave method as
implemented in the Vienna Ab initio Simulation Package (VASP), v.6.4.2
(refs.63-65). The calculations were done on the primitive cell of ThF,,
which contains six formula units. All calculations used a 500-eV plane
wave cut-offand aI-centred k-mesh with a k-point spacing of 0.03 A™!
(4-4-5for the primitive unit cell). The structure (atomic positions and
lattice parameters) of ThF, was optimized until the force components
onallatomswereless than 0.02 eV A™. The EFGs were computed using
the method implemented in VASP®. Convergence tests with respect to
plane wave cut-off and SCF (self-consistent field) convergence crite-
rion were performed up to 800 eV and 1078 eV, respectively. The tests
showed that settings of 500 eVand107° eV, used inall our calculations,
were sufficient to converge the EFGs.

A single-point calculation with the HSEO6 hybrid functional® was
used to confirm the accuracy of the computed EFGs. The parameters
forthefirstsiteare V,,=309.3V A2and n=0.428 and for the second site
V,,=308.1V A2and n = 0.194, matching the PBE results very well. This
calculation used the same computational settings as above except that
a4-4-4 k-mesh was used with adownsampling factor of 2 for the Fock
operator. The band gap computed with HSEQ6 was 8.85 eV, consistent
with previous calculations®.

Nuclear transition quenchingin thin films

Our measured lifetime of about 160 s of the ™ Th isomeric excited
state in*’ThF, films is significantly shorter than the **™Th lifetime of
about 600 s measured in doped crystals'?. The nuclear lifetime can be
affected by multiple factors and quenching mechanisms.

Thebare ™ Thisomer predominantly decays to its ground state by
magnetic-dipole (M1) radiation. The corresponding vacuum isomer
lifetimeis 7,,~1,900-2,500 s (refs.1,2,51,68). The *Th nucleusin ThF,,
however, isembedded into the electronic cloud of Th*"ion and theion
itselfinto the crystal lattice. The M1 decay rate can be modified by the
hostenvironment and new, competing, decay channels may open up.

It should be noted that if a quantum emitter isembedded into abulk
non-magnetic dielectric with refractive index n, its M1 decay rate is
increased by a factor of n* compared with its vacuum value A€
(refs. 69,70). The M1 radiative lifetime becomes shorter in a dielectric
because of photon mode field renormalization and the change in the
photon density of states. This is an accepted explanation for the short-
enedisomerlifetimein doped crystals**compared withits vacuum (bare
nucleus) value™. In our experiment, however, ’ThF, comes as a film
deposited on a substrate. The substrate—film and vacuum-filminter-
faces modify the allowed photon modes and, therefore, the coupling
and the photonic density of states. This influences both the emission
rate and angular distribution®®*”, Following ref. 38, we quantized
electromagnetic fields in our experimental geometry. We find that the
29Th M1 rate can be parameterized as Ay (r) = g(r)Ay:S, where the
position-dependent M1Purcell factor g(r) scales the vacuum A,:“rate.
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For a bulk dielectric with refractive index n, g(r) = n°. The M1 Purcell
factor for non-magnetic media is continuous across interfaces. There-
fore,g(r)inathinfilm(d <« A/nThF4) mustsmoothlyinterpolate between
the bulk substrate value n2, and the vacuum value of 1. Thus, the M1
decay rate depends on how deep a**Th nucleus is in the film, and an
experiment would not observe a single exponential decay. Moreover,
theratewould depend onthe substrate refractive index. Inthe opposite
limit of thick films, we find that g(r) = nT3hF4 and is largely position and
substrate independent, resulting in a single exponential decay; this is
consistent with datain Fig.2c. Moreover, our measured decay rates for
29ThF, areindistinguishable for decay on the MgF, and AL,O, substrates,
whereas these two substrates have substantially different refractive
indexes. We conclude that the Purcell effect due to the substrates does
not have aleading order role in determining the isomer lifetime in our
experiments.

The emitter lifetime can be also shortened by collective coherent
effects such as superradiance®*°. These seem unlikely, because the
thorium number density per wavelength cubed, (/l/nThF4)3pTh >105,is
reduced by the inhomogeneous broadening?, I,/ < (1/150) s/
(2 x1kHz) =10"¢and the participation factor, p=1072,

Other explanations for the shorter isomer lifetime observed here
include alarge index of refraction for ThF, and quenching by the host
material.

Explaining the observed lifetime as a consequence of the **ThF,
refractive index requires nyyg, =3/7/T =2.2- 2.5, given the vacuum
isomer lifetime 7,, =1,800-2,500 s (refs. 1,2). To our knowledge, the
shortest wavelength measurement of nyy, is about 157 nm (ref. 32).
Linearly extrapolating this result to 148 nm predicts Ny, =1.82; this
estimateis probably alower bound as the index of refraction of a mate-
rialtypically rises markedly in the VUV. To provide an additional estimate
of np,g, at148 nm, we measured and compared the transmission of our
laser through a ?’ThF,-coated MgF, substrate to that of an uncoated
MgF, substrate. Assuming the transmission is determined solely by the
Fresnel reflection at the interfaces, this measurement suggests
e, = 1.95(30). Although this value is close to the iy, inferred from
the isomeric lifetime, it may not fully explain the observed lifetime.

Anewelectric-dipole (E1) channelfor anuclear decayinasolid-state
environment has been pointed out in ref. 2. This decay mechanism
is enabled by hybridization of electronic states by the crystal fields.
The hyperfine interaction couples the nuclear degree of freedom to
these mixed-parity electronic states, enabling a competing E1 decay
channel for the isomeric state. Qualitatively, in thin *°ThF, films, the
mixing of opposite-parity electronic states canbe further enhanced by
electricfields generated because of internal mechanical strains. Inter-
face between?ThF, and the substrate can also generate large mixing
electricfields: (1) lattice mismatch at the interface can cause strains*,
and (2) when two dissimilar insulators are brought into contact, their
Fermi levels must align causing band bending and space charge and
dipole layer formation***,

Apart from the enumerated quenching mechanisms, the nuclear
transition lifetime may be affected by the bulk and surface impurities
and stray surface charges.

Although the observed shorterisomer lifetime is not yet fully under-
stood, italso offers arichlandscape for exploration at the interface of
nuclear and solid-state physics and quantum optics, potentially leading
tonewinsightsinthesefields. This willbe the subject of future studies.

Zeeman sensitivities of the nuclear states
The nuclear energy levels are described by the Hamiltonian:

eQ,V,

sy Bl - e nlE= D) @

H=-pl-B+

where [ is the total nuclear spin operator, I;Iy,z are the component of
the nuclear spin operators, 7=V, — V,,|/|V,,| is the EFG asymmetry

parameter and a = {g, e} denotes the ground and excited nuclear states,
respectively, which is parameterized by Q,=3.149(3) eb (ref. 47),
Hy=0.360(7)uy (refs. 48,49), Q. =1.77(2) eb (ref. 51) and 1, = -0.378(8)
(ref. 51), where uy is the nuclear magneton.

ThF, hosts **Th in two non-equivalent sites. The first site (type 1),
shown as orange spheres in Fig. 3a, experiences a crystal EFG of V,, =
310.5V A2and n=0.437 and is twice as populated as the second site
(type 2), shown as red spheres in Fig. 3a, which experiences a crystal
EFGof'V,,=308.9 V A2and n = 0.194. Owing to the differing EFGs, these
two sites have non-degenerate energy levels (Fig. 3b) and therefore
distinct laser spectra as shownin Fig. 3b.

To calculate the expected linewidth of the various **Th nuclear
transitions, we perform a Monte Carlo simulation as follows. First, it
is assumed that the nuclear spin of each’F and **Th atom is randomly
oriented and the magnetic field due to these magnetic dipoles created
at the central thorium nucleus is calculated. For this calculation, the
structure shown in Fig. 3ais extended to include about 500 atoms to
ensure convergence. This process is repeated 10,000 times to create
asample of possible magnetic fields at the central thorium nucleus.
Next, the Hamiltonian above is numerically diagonalized for both/=5/2
and /= 3/2 states at each sample of the magnetic field and the shift in
transition frequencyis found. The average and the standard deviation
of the sample of transition frequency shifts are found. The average
shift is approximately zero, as expected because the EFG defines the
quantization axis, whereas the standard deviation, which should be a
reasonable estimate of the transition linewidth, is shown in Extended
DataTablel.

Conversion from fluoride to oxide
As mentioned in the main text, a ?’ThO, thin film is desirable for its
cubic symmetry leading to vanishing electric quadrupole splitting
aswell as for constructing a conversion-electron-based nuclear clock
because of its low bandgap®’. We have developed a procedure for reli-
ably converting a*’ThF, thin film to **ThO, using pyrohydrolysis.
Forthe conversion, the*’ThF, targetis placed on a hot plate (Corn-
ing, PC-420D) set to a temperature of 550 °C. Argon gas is saturated
with water by being sent through a water-filled bubbler and is flowed
through a glass tube positioned directly over the target. Moreover, a
300 Whalogenlamp (Omnilux ELH, 120 V) is placed afew centimetres
fromthetargettofurtherincrease the surface temperature. The process
is terminated after about 1 h, although significantly shorter reaction
times might be sufficient. Under these conditions, the fluoride layer
converts to oxide following the reaction

ThF, +2H,0 - ThO, +4HF.

It was a concern that the surface layer might disintegrate during
the process of pyrohydrolysis and that the oxide layer might not stay
attached to the substrate. However, no such problems occurred. How-
ever, shrinking of the layer thickness, as expected for stoichiometricrea-
sons, did occur and was confirmed by AFM measurements. The chemical
composition of the target was also confirmed as **ThO, through XPS.
Notably, pyrohydrolysis is a very aggressive process, potentially also
leading to the oxidation of the substrate. The laser excitation of a**ThO,
thin film, possibly observed by monitoring conversion electrons”, has
yet to be demonstrated and will be the subject of future studies.

Determination of clock stability
We estimate the clock stability as™

oo L T,+T,
“2nQes\ T

where Q =f,/Afis the transition quality factor, S is the signal-to-noise
ratio (SNR), T, is the excitation time, T_ is the fluorescence collection



time and 7 is the averaging time. We assume the clock is driven on
the|5/2, £1/2) ©|3/2,+1/2) transition and use the calculated Afin
Extended Data Table 1. For our analysis, we assume T, = 7,=200 s, and
anSNR given by

Ny

JNg+N,’

whereN, = b x T_is the total background counts, b = 6 x 10* cps (based
onthe MgF,substrate background and scaling froma20 nmtoal00nm
film), and Nyis the number of detected photons from the thoriumiso-
mer decay given by

Ny=nN.(1-e"Te),

where N, (about 2.7 x 10") is the total number of **Th nuclei excited,
n=0.01listhe assumed system detection efficiency and I"is the transi-
tiondecay rate. N, is calculated assuming that the probe laser linewidth
issignificantly smaller thantheinhomogeneous Zeeman-limited tran-
sitionlinewidth, the probe laser power is1 pW and all quenching mech-
anisms have been suppressed so that the maximum emitter fractionis
achieved. From this we obtain a projected clock performance of
5x1077/.7.
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Extended Data Table 1| Estimated linewidths of the allowed
M1 transitions

13/2, “mr”) | 15/2, “ms”) | I'/(27) kHz | I'/(27) kHz
(Type1) | (Type?2)
+3/2 +5/2 6.5 6.5
+3/2 +3/2 5.4 5.1
+3/2 +1/2 6.1 6.1
+1/2 +3/2 5.7 5.3
+1/2 +1/2 6.8 6.9
+1/2 +1/2 1.3 11
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