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LiSrAlFg crystals doped with 22°Th are used in a laser-based search for the nuclear isomeric transition. Two

spectroscopic features near the nuclear transition energy are observed. The first is a broad excitation feature

that produces redshifted fluorescence that decays with a timescale of a few seconds. The second is a narrow,

laser-linewidth-limited spectral feature at 148.382 19(4),(20)y,, nm [2020407.3(5),(30)

decays with a lifetime of 568(13 ), (20)

sys

isomeric state, whose energy is found to be 8.355733(2),(10)

DOI: 10.1103/PhysRevLett.133.013201

The nuclear isomeric state in the 22°Th nucleus,
described by the Nilsson quantum numbers (3/2)7[631]
has the lowest energy of all known nuclear excited states.
This extraordinary property, coupled with its expected long
lifetime, should allow access to a number of novel
applications, including construction of an optical nuclear
clock [1,2] that may be more robust and portable [3,4] than
and/or outperform [5] current technology. It is also
expected to allow the most sensitive test to date of the
variation of the fundamental constants [4,6,7].

While recent work has greatly improved the knowledge of
the isomeric state energy [8—12], to realize the aforemen-
tioned goals requires an energy measurement with
laser spectroscopic precision of the isomeric transition,
(3/2)%[631] « (5/2)*[633]. It was proposed [4] that due
to the optical MoBbauer effect [1,13], a high-band-gap
crystal doped with 22°Th might provide an attractive platform
for performing this spectroscopy. As a result, considerable
effort has been put toward developing high-quality *°Th-
doped crystals, both by traditional methods [14] and using
implantation at a radioactive beamline [11]. This led to an
important experiment at ISOLDE [11], which established
that detection of a long-lived nuclear decay (z ~ 1000 s) is
possible in a crystalline host and that the wavelength of the
isomeric transition was 148.7(4) nm—parentheses denotes
the 68% confidence interval.

Here, we report the results of a laser-based search for the
229Th isomeric nuclear transition in 2>Th-doped LiSrAlF,
crystals. Using a vacuum-ultraviolet (VUV) laser system
[15], we have searched for the transition between
147.43 nm-182.52 nm (6.793 eV-8.410 eV). We observe
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wideband fluorescence from 2?°Th-doped crystals in the
spectral region identified by the ISOLDE experiment [11],
while undoped and 2*’Th-doped crystals do not exhibit
similar fluorescence. This fluorescence appears to possess
multiple timescales that are on the order of a few seconds.
We also observe a narrow, laser-linewidth-limited spectral
feature at 148.382 19(4),(20),, nm, which decays with a

lifetime of 568(13),(20), s. This feature does not

sys
appear in a 2*’Th-doped LiSrAlF, crystal.

Very recently, using the approach of Ref. [4], a narrow
spectroscopic feature was observed in the laser spectros-
copy of ?*Th-doped CaF, crystals at 148.3821(5) nm
[12]. Since this feature did not appear in a >3*Th-doped
CaF, crystal it was assigned to the 2?°Th isomeric
transition. Such assignment relies on the chemical iden-
tity of 23?Th- and ??>°Th-doped crystals, which, given that
the radioactivity of 2*°Th may lead to formation of
radiation-induced color centers in 2?°Th-doped crystals,
is not guaranteed—especially given the history of the
search for the isomeric transition using other methods
[16,17]. However, given that the feature is observed in
both 2*Th-doped CaF, and LiSrAlF, crystals under
different experimental conditions, it appears safe to
assign it to the 22°Th nuclear isomeric transition.

To interpret these results, we present ab initio crystal
structure calculations that suggest the observed short-time
fluorescence could be due to coupling of the >*Th nucleus
to the electronic and phononic degrees of freedom of the
crystal. This coupling may also explain why only a fraction
of the ?*Th nuclei doped into the crystal appear to
contribute to the observed narrow, isomeric transition.

© 2024 American Physical Society
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FIG. 1. (a)Long timescale fluorescence from 2>*Th: LiSrAlF crystal 2.2 normalized by laser power after ~2000 s illumination shown

over the 68% confidence interval of the ISOLDE experiment [11]. Dotted black lines denote the mean (¢) and mean plus multiples of the
standard deviation (6). Though the expected signal is roughly 2 orders of magnitude larger than what is observed, points above y + 20
were denoted as potential detection events and slated for further study. The vertical blue dashed line denotes the location of the narrow
feature observed in Fig. 3(a). (b) Short timescale fluorescence normalized by laser power vs excitation energy in 2*°Th (2.2 in blue, 3.1 in
black) and 23Th (red) LiSrAlF, crystals. The inset shows the region near the ISOLDE 68% confidence region (shaded). Each of the blue
data points required roughly 1 h to collect. The drop in signal near 8.37 eV is due to a resonance in the Xe gas used for generating the
VUV. (c) Time binned histogram of the short time fluorescence from 2*°Th crystal 2.2 fitted with a two-timescale exponential decay
model. (d) The likelihood contours of the two timescales found from the data in (c). Each contour represents the [68%, 95%, 99.7%]

confidence regions around leniw

The experiments reported here were conducted via mon-
itoring the resulting fluorescence from crystals following
illumination with a VUV laser. Three different VUV trans-
parent LiStrAlFg crystals were used in these experiments, all
with dimensions ~3 mm X 3 mm X 10 mm. Two were
doped with 2*Th [crystal 2.2 with **Th density p,y ~
5(10') cm™ and crystal 3.1 with pay ~ 5(10"%) cm™],
and one was doped with 23?Th [py3, ~ 1(10'%) cm™] to
understand any fluorescence resulting from the chemistry of
Th in LiSrAlFg.

VUV radiation was produced via resonance-enhanced
four-wave mixing of two pulsed dye lasers (~10 ns
pulse length) in Xe gas [15,18]. The frequency of the
first pulsed dye laser @, was locked to the 5p°lS, —
5p°(*P5;,)6p?[1/2], two-photon transition of Xe. The
frequency of the second pulsed dye laser, @,,, was scanned
to produce VUV radiation in the Xe cell given by the
difference mixing relation w = 2w, — w,. All three laser
beams then impinge on an off-axis MgF, lens, whose
chromatic dispersion is used with downstream pinholes to
spatially filter the VUV beam and pass it toward the crystal
chamber. The laser system delivers 30 pulses per second to
the crystal with a typical VUV pulse energy of ~1 uJ/pulse
and a beam diameter of roughly 2 mm (see Refs. [15,19] for
details). The linewidth of this laser is estimated to be
approximately 10-15 GHz based on the linewidths of the
pulsed dye lasers; this width is consistent with observed
absorption of the VUV when in the vicinity of Xe resonances.

The crystal under study is held in a vacuum chamber
consisting of a crystal mount, two VUV-sensitive photo-
multiplier tubes (PMTs) (Hamamatsu R6835/R6836), and a
pneumatic shutter system to protect the PMTs from direct

exposure to the VUV laser. The PMTs are operated in a
cathode-grounded configuration, and their output wave-
forms recorded by a 1 Gs/s waveform digitizer (CAEN
DT5751) for subsequent postprocessing. The VUV laser
beam terminates on a custom VUV energy detector. The
crystal chamber is maintained with an Ar atmosphere at a
pressure of ~1072 mbar to provide high VUV transmission
while minimizing browning of optics due to hydrocarbon
deposition [15].

Following the study reported in Ref. [19], a three-year
scan was conducted with crystal 2.2 that was designed to
search for crystal fluorescence with a lifetime of ~1000 s,
as would be expected for radiative relaxation of the
isomeric level in a >?°Th:LiSrAlF, crystals [20]. For this
experiment, crystal 2.2 was illuminated by VUV radiation
for roughly 2000 s, the shutters were opened within 0.5 s,
and any resulting fluorescence collected by the PMTs for
roughly 1000 s.

For each data point constituting 2000 s of illumination,
the VUV laser frequency was swept 8 times over
~160 GHz. Each subsequent data point was then over-
lapped in frequency by ~40 GHz with the previous one.
This procedure was employed to minimize the probability
of failing to illuminate the isomeric transition due to, e.g.,
multimode behavior of the pulsed dye lasers without
requiring impractical data collection times.

Figure 1(a) shows the number of detected photons after
background correction (N,) normalized by the VUV laser
power (P;) over the ISOLDE-identified 68% confidence
interval [11]. The expected signal, assuming that all doped
229Th nuclei are optically addressable, is roughly 2 orders
of magnitude higher than the observed level. However, by
analyzing the distribution of the detected photons, points
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deviating from the sample mean by more than two sample
standard deviations were flagged for further study, as
described later.

In contrast, a clear excess of detected photons can be
seen in the blue dataset of Fig. 1(b), which shows N, /P, in
the first 50 s after the laser is extinguished as a function of
excitation wavelength. This fluorescence appears to grow
considerably as the excitation wavelength approaches the
region identified by the ISOLDE experiment [11]. Analysis
suggests that this fluorescence possesses multiple time-
scales and is reasonably fit by a two-lifetime model as
shown in Fig. 1(c); the likelihood contours for these two
lifetimes are shown in Fig. 1(d).

Following this observation, several additional experi-
ments were performed to ascertain the origin of the short-
timescale fluorescence. For these experiments, the crystals
were illuminated by the VUV laser for 60 s, the shutters
opened in 100 ms, and the resulting fluorescence observed
for roughly 60 s. First, a second ??°Th:LiSrAlF crystal
(batch 3.1) was investigated to confirm the existence of the
spectral feature. The resulting fluorescence is shown as the
black line in Fig. 1(b) and follows closely the observed
fluorescence in crystal 2.2; the fluorescence exhibits a two-
timescale behavior that is indistinguishable from that of
crystal 2.2. Following these measurements, the experiment
was repeated with a 23’Th:LiSrAlF, crystal (red line).
As can be seen in Fig. 1(b), the ?*’Th:LiSrAlF, and
229Th:LiSrAlF, crystals yield a similar spectroscopic
feature around 8 eV, but only the 2>°Th:LiSrAlF, crystals
yield a significant signal near the nuclear transition.
Assuming this feature arises from nuclear excitation, we
estimate from the known 2>°Th density in these crystals [19]
and the detection efficiency of the system that only a
portion of order 1 ppm of the doped ?*°Th atoms participate
in this short-timescale process. Other explanations, such a
radiation-induced color centers cannot be ruled out.

These data suggest the observed short-timescale fluo-
rescence could have a nuclear origin and it is therefore
interesting to determine the wavelength of emission.
However, the number of emitted photons was sufficiently
small (~10* photons into 47) that it could not be analyzed
with available monochromators. Therefore, in order to
determine the spectrum of the fluorescence emitted from
the highest activity 2>°Th: LiSrAlF crystal (crystal 2.2), the
transmission of the fluorescence was measured through a
set of bandpass filters. An imaging system was used to
collimate the collected light before passing through the
filters in order to eliminate angle effects [21]. The filtered
light was then focused onto a photomultiplier tube for
detection. The VUV laser wavelength was chosen to be
~147.4 nm to maximize the amount of fluorescence. The
resulting fluorescence through various filter configurations
is plotted in Fig. 2, where the horizontal axis is the central
transmission wavelength of each configuration and the
horizontal “error bar” denotes the FWHM of the filter
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FIG. 2. Fitted spectrum for the fluorescence from crystal 2.2
under excitation at 147.4 nm using a Gaussian deconvolution (see
Supplemental Material [22]). The black points represent the
recorded photon numbers; the vertical line represents the stat-
istical uncertainty while the horizontal line represents the full
width at half maximum (FWHM) of the transfer function of that
particular filter configuration. Each point is centered at the peak
of the transfer function. The shaded blue region represents the
spectrum inferred from the Gaussian deconvolution. The feature
near 182 nm has a width of <1 nm.

transmission (see Supplemental Material [22]). As can be
seen, the fluorescence is clearly in the VUV region as it
primarily transmits through only two filters nominally
centered at 154 nm and 180 nm. To better determine the
wavelength of the emitted light, a Gaussian deconvolution
procedure [23] was used to fit a model spectrum to the data
(see Supplemental Material [22]). This analysis is most
consistent with a narrow emission at ~#182 nm with a long-
tailed background centered red of 280 nm. The long tail in
the UV is expected and has previously been understood as
due to fluorescence induced by radioactive decay of the
229Th in the crystal (see Fig. 2(b) of Ref. [19]). As will be
discussed later, the narrow VUV emission could be attrib-
uted to the isomeric state quenched by excitation of a defect
electron-hole pair in the crystal.

Following this study of the short-timescale fluorescence,
we returned to the study of the long-timescale fluorescence.
The results of the ISOLDE experiment suggested that only
a few percent of the 2>°Th atoms implanted into the crystal
contributed to the radiative signal [11]. This suggests that
some lattice sites are quenched by coupling to the elec-
tronic structure of the crystal. Therefore, we began a new
search, optimized for detection of the isomeric transition,
assuming only a few percent of the doped **°Th atoms
contributed. This search was performed over the spectral
regions within the ISOLDE region that showed an excess of
photon counts relative to their neighbors [see Fig. 1(a)].
The results of that optimized search near a region of excess
photons counts in our 2019 data [see dashed blue line in
Fig. 1(a)], are shown in Fig. 3(a). Here, each point represents
the collected long-lifetime fluorescence in 1800 s, following
1200 s of laser illumination at the given laser frequency.
The total power-normalized, long-timescale fluorescence
observed in this region reveals a narrow spectral feature at
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FIG. 3. (a) Spectrum of the ?**Th isomeric transition. The total
power-normalized photon count in 1800 s following illumination
is plotted versus excitation wavelength for crystal 2.2 (blue), 3.1
(black), and a 2**Th:LiSrAlF crystal (red). The solid lines
represent fits of a Lorentzian line shape, which result in
statistically identical center frequencies. The linewidth of the
fitted Lorentzians are also statistically identical and consistent
with the linewidth of the VUV laser system, indicating a narrow
line. (b) Observed photon count rate versus time from crystal
3.1 alongside a decaying exponential fit which determines
the isomeric state lifetime within the crystal to be 7=
568(13)4,(20) s- A statistically identical lifetime is observed
in crystal 2.2.

sys

148.382 19(4) 44, (20), nm in both crystals 2.2 and 3.1; the
primary source of systematic uncertainty is wave meter
calibration (see Supplemental Material [22]). The full width
at half maximum (FWHM) of this feature is roughly 15 GHz
and in agreement with a measurement of the laser linewidth.
The central wavelength of this feature is identical, within
error, in both crystals 2.2 and 3.1 and to that observed in
Ref. [12]. It is, thus, attributed to the excitation of the 22°Th
isomeric state. From this data, we estimate that approxi-
mately 1% (50%) of the doped 2?°Th nuclei in crystal 2.2
(3.1) are able to be excited on the nuclear isomeric transition.

The measured isomeric decay lifetime is 7=
568(13)(20)yys s as shown in Fig. 3(b), where the
systematic error is estimated based on long-term drifts in
the PMTs background count rates. The LiSrAlFg index of
refraction is not well characterized in the VUV but can be
estimated as 1.485 [15], leading to an estimate of the
isomeric lifetime in vacuum of 7;; & 1860(43), (66)y s
[24]. This estimate is smaller than that observed in

Energy (eV)
(ST S N )

DOS (states / eV)

FIG. 4. Thorium PDOS for ?*Th:LiSrAlF,. The dashed black
line represents the energy of the *?°Th nuclear excited state
relative to the top of the valence band.

229Th:CaF, [12] [2510(72) s], and is likely attributed to
a poor estimate of the index of refraction of these crystals in
the VUYV, though other explanations are discussed later.
Nonetheless, both values are within the range predicted
in Ref. [20].

To better understand these results, we performed density
functional theory (DFT) calculations using the modified
Becke-Johnson [25,26] functional to estimate the electronic
properties of the 2*Th-doped crystals (see Supplemental
Material [22]). Figure 4 shows the projected density of
states (PDOS) for Th in Th:LiSrAlFg, in a 3 x3 x2
supercell containing one Th atom and two interstitial F
atoms for charge balancing; this is the lowest-energy
configuration in our calculations (see Supplemental
Material [22]). We find a manifold of the Th 5f states
at 6.8 eV (182 nm) inside the insulator band gap (d; states).
This is consistent with the observed fluorescence wave-
length in Fig. 2, indicating the possibility of nuclear decay
via excitation of a valence-band electron to a d; state.
Subsequent photon emission via the recombination of the
d; state with the hole, which has moved to the top of the
valence band on picosecond timescales typical for non-
radiative relaxation of hot holes [27], would produce the
observed, redshifted 182 nm photons.

Such coupling of the electron and nuclear subsystems is
mediated by the hyperfine interaction (HFI). In the absence
of the HFI, the eigenstates of the system are the product states
|el) |nuc); the HFI leads to admixtures of the excited nuclear
state |e¢) with the product states involving the ground |g)
nuclear state. In the first part of the process, the laser excites
the occupied valence band state ~|Q)|g) to a particle-hole
eigenstate |¥;) = ajliah|9>| g) + |6®g)|e) resonant with
the laser frequency (here, we use the creation and annihi-
lation operators a* and a; |Q) is the valence band quasivac-
uum state). The HFI-mediated admixture |5®,;)|e) can be
substantial due to a contribution of the C‘Z,.ah,.|9> states
resonant with the nuclear transition. It also contains the
|Q)|e) state. Such laser excitation exhibits a steplike char-
acter of Fig. 1(b). The components of this coherently excited
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state decay due to a combination of vibronic couplings to the
crystal on a picosecond timescale and radiative particle-hole
recombination on a nanosecond timescale. While the major-
ity of the decays result in a photon emission on the
nanosecond timescale, some population may evolve into
the state |Q2)|e). The resulting |Q)|e) state is embedded
into the continuum of particle-hole states ajiiah|§2>| g) and
can thereby decay into this continuum with the rate I' =
27| (e|(Q|Virilay, ay, |Q)]g)[*. Here, the hole h, is such that
the energy difference ¢, — €, matches the nuclear excitation
energy w,,. and p is the valence band density of states. The
rate has to be summed over all allowed final states, including
phonon degrees of freedom which bring in Frank-Condon
factors in the rate evaluation. This internal conversion
process quenches the nuclear transition. The vibronic cou-
plings further “float” the hot resonant hole state #, to the top
of the valence band. Finally, a radiative particle-hole recom-
bination emits a fluorescence photon that is redshifted
compared to w,,.. We find that this model semiquantitatively
explains the observed short-timescale fluorescence spectrum
of Figs. 1(b)-1(d) and 2; full numerical simulations will be
reported elsewhere.

This mechanism relies on the energy of the 5f defect
states ¢, being lower than .. Thus, the long-timescale
signal observed from the nuclear isomeric transition is
potentially due to 2>Th atoms that are substituted into the
crystal in arrangements that have £, > @, or vanishing p
near the isomeric energy. Finally, even without coupling to
defect states, the nuclear radiative lifetime may still be
shortened by effects of the crystal electric field, which mix
Th electronic states of opposite parity. The hyperfine
interaction couples the nuclear degree of freedom to these
mixed-parity states, allowing for a competing E1 decay
channel for the isomeric state. Such effects may complicate
efforts to determine the radiative lifetime of the bare >Th
isomeric state from that observed in crystalline hosts.

Given these results and those of Ref. [12], itis clear that the
22%Th isomeric transition is now measured with laser spectro-
scopic precision, completing the journey started by Kroger
and Reich [28] nearly 50 years ago. With a narrow feature
identified in two separate crystalline hosts, a number of
exciting experiments and applications can be explored.
These include studying the variation of the transition proper-
ties (frequency and linewidth) with chemical environment
[1], cooperative nuclear spontaneous emission [29], and the
construction of what may prove to be the ultimate time
keeping device, the nuclear clock [4,5,30].
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