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J = 0 metastable state of Th2+ for a hyperfine-free nuclear clock
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We present measurements on a metastable state in Th2+ with the electronic configuration 6d2 3P0 (5090 cm−1).
This is motivated by the prospect of using the state in laser excitation of the low-energy 229Th nuclear resonance
independent from the leading hyperfine interactions. The 6d2 3P0 state has no dipole-allowed radiative decay
channel and is connected to the second ground state 6d2 3F2 (63 cm−1) through an electric quadrupole transition
only. We populate the state by laser excitation at 484 nm via a higher excited level and detect its population in
laser-induced fluorescence. The isotope shift of the J = 0 level between 232Th2+ and 229Th2+ is determined as
a measure of the interaction of electronic and nuclear charge distributions. The lifetime of the level in our ion
trap with buffer gas is limited by collisional mixing with the nearby state 5 f 6d 3G3 (5060 cm−1). In ultrahigh
vacuum, it could serve as a hyperfine-free nuclear clock that is largely immune to field-induced frequency shifts
via the electron shell.
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I. INTRODUCTION

The exceptionally low-energy nuclear transition (8.4 eV)
in 229Th represents a unique opportunity for the realization
of a nuclear optical clock [1,2]. Direct laser excitation of the
thorium nucleus in a doped crystal [3,4] has resolved the long-
standing uncertainty in the transition frequency and yielded
a precise value. Furthermore, detailed studies with thorium-
doped crystals, including measurements of the nuclear electric
quadrupole structure [5] and investigations demonstrating fre-
quency reproducibility [6], have significantly strengthened the
foundation for precision nuclear frequency metrology.

In contrast to the solid-state approach, a nuclear clock
based on a trapped ion in a radio-frequency trap could offer
higher accuracy by isolating the ion from environmental per-
turbations. However, due to the hyperfine coupling between
the nucleus and the valence electrons, the sensitivity of the
transition frequency to external fields depends on the electron
quantum numbers. Two classes of states have been identi-
fied that minimize the sensitivity: (i) states with electronic
angular momentum J = 0 or J = 1/2 [1], and (ii) stretched
states with the maximum value of the total angular momentum
F = |mF | = J + I [2]. For both classes of states, the field-
induced systematic frequency shifts can be suppressed so that
they become negligible in comparison to the second-order
Doppler effect which will dominate the uncertainty budget
[1,2,7,8].

The electronic structures of thorium cations in charge states
Th+ to Th4+ show significantly different properties. The level
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schemes of Th+ and Th2+ are characterized by a high den-
sity of states and strong configuration mixing [9–12]. Th3+,
originally proposed for the nuclear clock [1], presents a sim-
ple level structure that is amenable to laser cooling [13,14].
The ground state possesses J = 5/2 and a metastable s state
with J = 1/2 and an approximate lifetime of 600 ms exists
[15,16]. Th4+ possesses a J = 0 ground state and a simple
radonlike level structure with a first resonance line at about
61 nm [17,18]. This indicates that the nuclear excitation is
well decoupled from electronic excitations, as is desired for
an accurate nuclear clock.

Experimental studies of the electronic hyperfine structure
of the 229Th nuclear ground state have been performed in
trapped 229Th ions of different charge states. In particular,
laser-cooled 229Th3+ ions have been used for high-resolution
spectroscopy [13,19], while buffer-gas-cooled 229Th+ and
229Th2+ ions have also been investigated [20,21]. Further-
more, hyperfine-resolved spectroscopy of both the nuclear
ground state and the isomeric state of 229Th, produced as
recoil ions from the α decay of 233U, has been demonstrated
in trapped 229Th2+ and 229Th3+ ions under buffer-gas cooling
conditions [21,22]. Experiments with 229Th4+ have not yet
been reported. As a recoil ion, Th4+ cannot be slowed down in
a buffer gas because it would undergo charge exchange [23],
and the lack of electronic resonance lines that are suitable for
laser excitation makes state preparation and detection more
difficult than in the lower charge states.

Observation of the isomeric state in laser-cooled or sympa-
thetically cooled 229Th ions has not yet been achieved. The
successful realization of such measurements would enable
more precise determinations of the isomer’s nuclear moments
and charge radius. Similarly, direct laser excitation of the
nucleus in trapped ions remains experimentally challenging
due to the limited available laser power at 148 nm and the
achievable low excitation rate [24]. There is an increasing
interest in Th2+, which has favorable properties for nuclear
excitation and as a potential candidate for a nuclear clock.
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FIG. 1. Optical setup for the spectroscopy of Th2+ ions. An
external cavity diode laser (ECDL) at 402 nm is used to monitor
Th+ ions and, in combination with photoionization laser, to produce
Th2+ ions. A photodissociation laser is used to dissociate formed
molecules of Th+. The lasers used for the spectroscopy of Th2+ are
shown on the left side of the optical setup.

In particular, it has been proposed as a system for nuclear
excitation through electronic bridge processes [25] and for
two-photon nuclear excitation [26].

In this work, we investigate a metastable electronic level
with total angular momentum J = 0 in Th2+ that is par-
ticularly attractive due to its symmetry and the isolation it
provides from external perturbations to the nucleus through
the hyperfine interaction. It may serve as a hyperfine-free
nuclear clock candidate, analogous to a recent proposal for
Th4+ clock schemes that exploit the closed-shell ground-
state configuration with J = 0 [18]. The level, designated as
6d2 3P0 (5090 cm−1), has no electric dipole-allowed transi-
tion to any lower level. Here, we show how the state can
be populated via laser excitation to higher excited states.
The population is detected in laser-induced fluorescence, and
the isotope shift between 232Th2+ and 229Th2+ is measured.
Furthermore, we also determine its lifetime as determined by
collisions in different buffer gases under varying pressures.
The radiative lifetime of this level has been calculated to be
95.5 s [11] for decay through the electric quadrupole transi-
tion (E2) to the 6d2 3F2 (63 cm−1) state at a wavelength of
1989 nm.

Due to strong configuration mixing, designations of levels
of Th2+ in LS coupling can only give an approximate descrip-
tion. In the following, we label the states by their energies (in
cm−1) and total angular momentum J as a subscript.

II. EXPERIMENTAL SETUP

The apparatus for trapping Th2+ ions used in this experi-
ment is the same as that described in Refs. [21,27]. We first
load Th+ ions by laser ablation from 232Th and 229Th targets.
The ions are cooled to near room temperature by collisions
with buffer gas (Ar or He). The optical setup with all the
lasers used is shown in Fig. 1. After loading Th+, we ionize
it to Th2+ via a three-photon process, which includes one
photon of 402 nm and two photons from the photoionization
laser at 269 nm [28]. With a lifetime of Th2+ in the trap of
approximately 400 s, we operate the system in a steady-state
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FIG. 2. Simplified level scheme of Th2+ showing the dominant
transitions that are used to populate the J = 0 state. Solid arrows
indicate applied lasers, dashed arrows indicate spontaneous decay
from ions in different states, and curved arrows indicate collisional
mixing.

regime of constant Th2+ number, where the loss of Th2+

through the formation of molecular ions is balanced by the
ionization of Th+. Estimated ion numbers are ≈105 for Th+

and ≈103 for Th+. To populate the 50900 state, we start with
ions from the 632 state that is populated with about 40% of
the ions by collisions with the buffer gas. The level scheme
of the transitions used for excitation and fluorescence detec-
tion is shown in Fig. 2. Collisional mixing is illustrated by
curved arrows. It generates the dominant decay mechanism
for the metastable level in our experiment. The experimental
sequence runs at a rate of 1 kHz. We apply a 484-nm laser
pulse (5 mW of laser power) for 150 µs in duration that drives
the transition 632 → 207111. The decay of the 207111 level
populates a detectable number of ions in the 50900 state via
the channel shown in Fig. 2. Increasing the pulse duration of
the 484-nm laser does not improve the signal, as the lifetime
of the metastable state in the buffer gas is of the same order.
After 150 µs, the 484-nm laser is turned off, and fluorescence
from the metastable state is detected to verify the population
there. The detailed scheme and the energy levels used are
described in the next section. For the lifetime measurement,
the experiment is performed using the 232Th isotope because
of easier loading of ions. We continuously monitor the flu-
orescence through the 50603 state for 700 µs, similar to the
optical shelving method [29,30]. This method allows us to
continuously monitor the decay of ions from the metastable
state through collisional mixing. After 700 µs of monitoring
period, we apply a 402-nm laser pulse (500 ns) to monitor the
number of Th+ ions, along with an ionization pulse (20 ns)
and a pulse at 266 nm (10 ns) to dissociate molecular ions
that Th+ may have formed in reactions with the background
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FIG. 3. Fluorescence detection after two-step excitation from the
metastable state of 232Th2+. Solid markers represent experimental
data, and the line corresponds to the fitted curve.

gas. We provide a delay of 150 µs to allow for the decay of a
luminescence background induced by the pulsed lasers in the
viewports. The entire cycle runs at a repetition rate of 1 kHz.

III. DETECTION OF POPULATION
IN THE METASTABLE STATE

To detect ions present in the 50900 state, we use a two-
step excitation scheme, coupling 50900 → 207111 → 293000

states. This scheme is shown in Fig. 3(a) with the correspond-
ing energy levels and their J values. The previously used
two-step scheme from 632 → 207111 → 293000 enabled us
to identify the wavelength for the transition 207111 →
293000, which corresponds to a wavelength of 1164.3 nm
[21]. We stabilize the frequency of the 1164-nm laser (15
mW) and scan the 640-nm laser (10 mW) to couple 50900 →
207111. In Fig. 3(b), we show the detected fluorescence sig-
nal that is proportional to the population of the metastable
state for 232Th2+. The measured full width at half maximum
(FWHM) is 210 MHz, determined by the frequency selectivity
of the second step. The value for the transition wavelength
reported in Refs. [10,31] for the 640-nm transition lies within
this range, indicating good agreement for the position of the
50900 level for 232Th2+.

For 229Th, with a ground-state nuclear spin of I = 5/2, the
hyperfine structure gives rise to three F levels in the interme-
diate state (J = 1). The scheme and energy level splitting are
shown in Fig. 4(a). The 1164-nm laser is first locked to the
F = 5/2 → 5/2 transition, while the 640-nm laser is scanned
to determine the exact wavelength for 229Th2+. A fluorescence
signal is observed as shown in Fig. 4(b), with the yellow color
corresponding to the F = 5/2 → 5/2 → 5/2 transition. The
FWHM of this transition is approximately 175 MHz.

To observe the other two intermediate levels which lie
within the Doppler broadening of the 640-nm transition, the
1164-nm laser is locked to the 7/2 → 5/2 transition, while
the 640-nm laser is scanned. The strong observed peak [shown
in blue in Fig. 4(b)] corresponds to the 5/2 → 7/2 → 5/2
transition, whereas the weak peak corresponds to the 5/2 →
3/2 → 5/2 transition. The measured frequency separation for
640 nm between the 5/2 → 5/2 and 5/2 → 7/2 transitions
is approximately equal to the applied shift of the 1164-nm
laser, that is, 1250 MHz. The frequency difference between
the 5/2 → 7/2 and 5/2 → 3/2 transitions is influenced by
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7/2 
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FIG. 4. Fluorescence detection after two-step excitation from the
metastable state of 229Th2+. The wavelength is given for the 5/2 →
5/2 transition. F → F labels are shown for the 640-nm transition.
Solid markers represent experimental data with error bars, and the
lines correspond to the fitted curve.

the choice of the 1164-nm laser frequency, as both transitions
lie within the Doppler broadening. When the 1164-nm laser is
locked to the 7/2 → 5/2 transition, the 5/2 → 3/2 transition
experiences an extra frequency shift given by � f1 = � f2(1 +
f1/ f2), where f1 and f2 denote the transition frequencies,
in the copropagating geometry [32,33], which corresponds
to 350 MHz for � f2 of 124 MHz. Here, we also observe a
peak shift of approximately 350 MHz between 5/2 → 3/2
and 5/2 → 7/2.

Measurement of the isotope shift of the metastable state
in 232Th2+ and 229Th2+

As a measure of the interaction with the nucleus, we deter-
mine the isotope shift (ν229 − ν232) for the forbidden transition
632 → 50900. We start from the known isotope shift for the
632 → 207111 transition, which is 8.2(2) GHz [34]. The hy-
perfine constants A and B for the level 207111 are taken from
Ref. [35]. Using these constants, we calculated the position
of the centroid frequency relative to the peak 5/2 → 5/2
for the 50900 → 207111 transition for 229Th2+. The centroid
is found to be shifted by approximately 800 MHz relative
to the 5/2 → 5/2 peak shown in Fig. 4(b). From this, the
total isotope shift for the 50900 → 207111 transition between
232Th2+ and 229Th2+ is 8.8(2) GHz at 640 nm. Knowing that
the isotope shift for the 632 → 207111 transition is 8.2(2)
GHz, the resulting isotope shift for the 632 → 50900 transi-
tion is therefore 0.6(3) GHz. This low value of isotope shift
arises from the nearly identical electronic configurations of
the 6d2 3F2 (63 cm−1) and 6d2 3P0 (5090 cm−1) states and
from the small field shift associated with the d-electrons’
orbitals in Th2+ [34,35].

IV. LIFETIME MEASUREMENTS

In our experiment, the lifetime of the 50900 state is
determined by collisional mixing with the nearby 50603 level.
The 50603 state decays to the 632 level through an electric
dipole transition. We monitor the population of the 50603

state in fluorescence at 545 nm by exciting a transition with a
wavelength of 724 nm to the 188632 level as shown in Fig. 2.
A pulse of 150 µs in duration of the 484-nm laser drives the
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FIG. 5. (a) Decay of the J = 0 state in the presence of Ar as
buffer gas at two different pressures. The data are fitted with a biex-
ponential function. Here, τ f and τs correspond to the time constants
of the fast- and slow-decay components. (b) Decay in the presence
of He as buffer gas at two different pressures.

632 → 207111 transition, and decay of the 207111 state
populates the 50900 and 50603 levels. A 724-nm laser with a
power of 10 mW is applied continuously. After turning off the
484-nm pumping laser, the fluorescence signal as shown in
Fig. 5 exhibits an initial fast decay followed by a slower decay.
The fast decay corresponds to the loss of initial population
from 50603, while the slow decay is directly connected to the
lifetime of the 50900 level which populates the 50603 level
through collisional mixing. In Fig. 5(a), the data are taken
with argon as a buffer gas at two different pressures. We fit
the data with a biexponential fit to extract the time constants
for fast and slow decay. The time constant for slow decay is
determined by the rate of collisional mixing and limits the
lifetime in our setup. A detailed study of multiexponential
decay is presented in Refs. [36–38]. Detecting the lifetime
through the population of 50603 allows us to continuously
record the fluorescence signal using a scalar card with a
time resolution of 100 ns and an averaging rate of 1 kHz.
This method is not prone to fluctuations in the initial ion
number over longer timescales, which occur in our setup due
to molecule formation of Th2+. Similarly, we also performed
the measurement with helium as the buffer gas. The result
is shown in Fig. 5(b). To understand the behavior of the
mixing, we performed measurements at different pressures.

FIG. 6. Lifetime measurement of the J = 0 state at different
pressures for the buffer gases Ar and He. The lifetime corresponds to
the time constant for slow decay (τs) as seen in Fig. 5.

A linear decrease in lifetime with log(P) is observed as
shown in Fig. 6. For argon as the buffer gas, collisional
mixing is slightly slower than that for helium, resulting in a
longer lifetime. A similar difference in collision dynamics
has been observed in Ref. [21]. The longest observed lifetime
of the 50900 state is significantly shorter than the calculated
radiative lifetime of the level of approximately 95 s [11].
Our measurement cannot be directly extrapolated to ultrahigh
vacuum conditions although the limit arises from collisional
mixing [39,40]. Reducing the buffer gas pressure in our setup
has the side effect of increasing the temperature of the ions to
above room temperature because of radio-frequency heating
in the ion trap. From the time constant determined for the ions
at room temperature and 0.12 Pa, we may conclude that for
laser-cooled ions in ultrahigh-vacuum (10−8 Pa), collisional
mixing from rare gases is not likely to considerably shorten
the lifetime below 95 s as determined from radiative decay.

V. CONCLUSIONS

In this experiment, we presented studies on the metastable
state with J = 0 in Th2+, demonstrating schemes to efficiently
populate the state by laser excitation at 484 nm and to detect
it in fluorescence after excitation at 724 nm. We determined
an isotope shift of 0.6(3) GHz between 232Th2+ and 229Th2+,
smaller by an order of magnitude than previously reported
isotope shifts for other transitions in Th2+. The small isotope
shift suggests that the 50900 state has minimal interaction
with the nuclear charge distribution and identical field shift
coefficient as 632 [20,34]. We also measured the lifetime
at different pressures and observed a maximum lifetime of
225 µs at 3.2 × 10−3 Pa of argon buffer gas. In the present
setup, the lifetime is limited by collisional mixing, which
would be strongly suppressed for cooled ions in an ultrahigh
vacuum.

As an outlook, we propose a hyperfine-free nuclear optical
clock by preparing 229Th2+ in the long-lived 50900 state as
shown in Fig. 7. The long lifetime (≈95 s) of the 50900

state allows long interrogation times of the nuclear transition,
whereas the s state with J = 1/2 in Th3+ is limited to a
lifetime of only ∼600 ms [1,15]. A minor drawback of using
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FIG. 7. Simplified level scheme for a hyperfine-free nuclear
clock with Th2+. Here 484- and 640-nm lasers drive a coherent
Raman transition for state preparation. � is the detuning used to
suppress off-resonant scattering.

J = 0 instead of J = 1/2 is that the nuclear transition will
be split into Zeeman components with first-order magnetic
field sensitivities between ±0.4 and ±6 Hz/µT. A potential
systematic frequency offset can be eliminated by averaging
over two Zeeman components with opposite signs of the shift.

A viable experimental setup will consist of sympathetically
cooled Th2+ with cotrapped laser-cooled ions as it is done for
Th3+ [41,42]. Sr+ or In+ would be suitable species because
their charge-to-mass ratio is similar to that of Th2+. To prepare
ions in 50900, a stimulated Raman scheme can be used to
transfer the ions from 632 to 50900 via 207111 as an interme-
diate state, also shown in Fig. 7. The lasers at 484 and 640 nm,
as used in this work, can enable coherent population transfer
through the Raman process with a few milliwatts of optical
power [43–45]. Since no electronic levels of Th2+ are known

in the vicinity of 9.0-eV excitation energy, applying laser
radiation at 148 nm to drive the nuclear transition from the
50900 level is not expected to lead to parasitic electronic ex-
citation. The detection of nuclear excitation can be performed
with quantum logic spectroscopy via the same cotrapped ions
as those used for sympathetic cooling [46,47].

Studying the 8.4-eV nuclear resonance of 229Th in different
electronic configurations of atomic ions will provide an oppor-
tunity to compare nuclear-electronic hyperfine interactions for
a variety of cases. Examples of strong coupling include elec-
tronic bridge processes in Th+ [48] and in Th35+ [49,50] and
hyperfine-mixing in hydrogenlike Th89+ [51,52]. In contrast,
the J = 0 states in Th4+ [18] and Th2+ as discussed here are
cases where the leading hyperfine interactions of the nucleus
with the electron shell are minimized.
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