Article

Laser spectroscopy of triply charged *’Th
isomer for anuclear clock

https://doi.org/10.1038/s41586-024-07296-1
Received: 24 September 2023

Accepted: 11 March 2024

Atsushi Yamaguchi***, Yudai Shigekawa®, Hiromitsu Haba*, Hidetoshi Kikunaga®,
Keniji Shirasaki®, Michiharu Wada’ & Hidetoshi Katori'>®

Published online: 17 April 2024

M Check for updates

Thorium-229 (**°Th) possesses an optical nuclear transition between the ground state
(*°¢Th) and low-lying isomer (***™Th). A nuclear clock based on this nuclear-transition
frequency is expected to surpass existing atomic clocks owing to its insusceptibility

to surrounding fields'>. In contrast to other charge states, triply charged **Th (**Th*)
isthe most suitable for highly accurate nuclear clocks because it has closed electronic
transitions that enable laser cooling, laser-induced fluorescence detection and state
preparation of ions*8, Although laser spectroscopic studies of *Th* in the nuclear
ground state have been performed?, properties of ?*"Th*, including its nuclear
decay lifetime that is essential to specify the intrinsic linewidth of the nuclear-clock
transition, remain unknown. Here we report the trapping of 2*"Th** continuously
supplied by a?**U source and the determination of nuclear decay half-life of the
isolated *"Th’" to be1,4007$0 s through nuclear-state-selective laser spectroscopy.
Furthermore, by determining the hyperfine constants of *"Th*", we reduced the
uncertainty of the sensitivity of the 2’Th nuclear clock to variations in the fine-
structure constant by a factor of four. These results offer key parameters for the >’ Th*"
nuclear clock and its applications in the search for new physics.

The resonance frequency of nuclear transitions is highly insensi-
tive to external electromagnetic fields owing to the smallness of the
nuclear moments; thus, itis suitable for an atomic clock. Suchanuclear
clockis expected to achieve unprecedented accuracy, exceeding cur-
rent atomic clocks based on electronic transitions of atoms'’. The
low-energy nuclear transition between the ground state (****Th) and
isomer (**™Th) of **This regarded as a clock transition' ™. At present,
the energy of *™Th has been determined to be approximately 8.3 eV
by spectroscopy of internal conversion electrons’, y-ray spectros-
copy'®*2and vacuum ultraviolet (VUV) spectroscopy™ of ™ Th. Thus,
this low-lying nuclear state can be excited using a VUV laser, allow-
ing for high-precision laser spectroscopy. The >*Th nuclear clock
also has proposed uses as a highly sensitive sensor to search for dark
matter**", the fifth fundamental force'® and variations in the
fine-structure constant’ ™",

A laser-cooled ion in a trap is a suitable platform for a highly
accurate clock because the strong confinement in a trap eliminates
the Doppler effect and recoil effect®. Also, the internal state of the
trapped ion canbeinitialized for clock operation by optical pumping.
The necessary requirement here is the availability of closed elec-
tronic transitions. In contrast to ions in other charge states, triply
charged *’Th (*®*Th*") possesses suitable closed electronic transitions
for these operations'®’. However, crucial parameters for nuclear
clocks, such as nuclear decay lifetime of 2™ Th**, remain unknown.
This is partly because of the difficulties in preparing 2™ Th* by
nuclear laser excitation and its optical detection. In this study, we

overcome these difficulties by using *>U as a source of *"Th*" and
developing a nuclear-state-selective laser spectroscopy technique
that allows us to determine its nuclear decay lifetime and hyperfine
constants.

Trapping of **Th* ions

Figure 1a shows our apparatus for trapping **Th* and **™Th*" ions,
comprising ion preparation, transport and trap sections. The 2°Th*"
ions were obtained from a U source® * with a branching ratio
2% Th:2°"Th =~ 98%:2% (refs. 24,25). The ions were then cooled using
helium buffer gas (2 kPa) and extracted as alow-energy ion beam using
aradio-frequency (RF) carpet®. The extracted ions were transported
using a quadrupoleion guide (QPIG) and captured using a linear Paul
trap. For efficiention trapping, the trap chamber was filled with helium
buffer gas (0.2 Pa) and all measurements were conducted using helium
buffer gas.

The **Th* ions were supplied to the trap at all times and the ions
were confined by the entrance and exit endcaps by applying a voltage
of 1.5 V.In this ‘source on’ operating mode, the fluorescence signal
strength became constant over time because of the balance of loss
and supply of the ?Th* ions (Fig. 1b), allowing stable spectroscopic
studies of the trapped ions. For the nuclear decay lifetime measure-
ment of *"Th**, we stopped supplying ?’Th*" by turning off the RF
voltages applied to the RF carpet and QPIG. In this ‘source off’ mode,
the fluorescence signal from the trapped **Th*" ions decayed with a
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Fig.1| Trapping of continuously supplied **Th* ions. a, Schematic of the
29Th* jon-trap system. The?°Th** ions obtained as recoil ions from the *U
sourcewere collisionally cooled with a helium buffer gas (2 kPa). They were
extracted by an RF carpetand transported to the linear Paul trap by a QPIG.
Laser spectroscopy of trappedions was performed by three lasers (wavelengths
1,088 nm, 690 nmand 984 nm), asindicated by three arrows. Fluorescence from
ions at 984 nmwas captured by aCCD camera.b, Fluorescence signal fromthe
trapped?*Th*"ions as afunction of holding time in two operating modes. In the
‘source on’ mode, ions were continuously supplied to the trap, leadingtoa
stationary fluorescence signal. In the ‘source off’mode, the supply of ions was
stopped attime zero.Inboth operating modes, the entrance and exit endcaps
(shownaslight-blueelectrodesina) voltages were maintainedat1.5 V.

lifetime (1/e) of approximately 15 min (Fig. 1b), which was attributed
toreactions of Th* ions with impurity gasses”.

Laser spectroscopy of **Th*'

Laser spectroscopy of *Th*" was performed using the following
three electronic transitions (Fig. 2a): 5*F;,, < 6d *D;,, (1,088 nm),
5f2F, < 6d’Ds,, (690 nm) and 5f*F;, < 6d *Ds/, (984 nm).

The sub-Doppler spectrum of the hyperfine transition at 1,088 nm
was obtained using saturated absorption spectroscopy. We burned
ahole in the velocity distribution of the ions in the 5f*F;, hyperfine
state by applying a1,088-nm laser. This hole was shelved to the 5*F;;,
state through the 6d *Ds, state driven by the 690-nm laser, for which
the 984-nm laser was applied to detect laser-induced fluorescence.
The detection process using the 984-nm transition optically pumps
the ions to the 5fF;, state, because the branching ratios from the
6d°D;, state to the 5f*F;, and 5f*F,, states are 12% and 88%, respec-
tively (Fig. 2a). We note that using the 984-nm transition for fluores-
cencedetectionwas crucial in nuclear-state-selective (***¢Th or ™ Th)
detection, as shown later.

We measured the spectrum of the 1,088-nm transition as shown in
Fig.2b. Wefixed the 690-nm laser frequency (vertical dashed line) and
scanned the 1,088-nm laser frequency, which moved the hole (shown
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Fig.2|Laser spectroscopy of>Th*". a, Electronic levels and transitions of
2°Th*. The lifetimes of the excited states are calculated inref. 45. The
branchingratios from the 6d 2D, state to the 5f*F;,, and 5f*F,, states are
calculated tobe 12% and 88%, respectively. Owing to the nuclear spin/,,=3/2,
thefine-structurelevel of *™Th* is splitinto hyperfine states F,,. The
hyperfine splitting was calculated on the basis of the hyperfine constants
obtained in this study and shown with the indicator of 1 GHz. Solid and dashed
linesbetween energy levels represent laser excitation and spontaneous
emission. A CCD cameradetected laser-induced fluorescence photons at
984 nm. b, Schematic describing the spectral-hole burning. By scanning the
1,088-nm laser frequency to move the position of the hole (horizontal green
arrows) at which the 690-nmlaser frequency was fixed (vertical dashed line)
andrecording fluorescence count rate at 984 nm with (R,) and without (R,) the
1,088-nmradiation, the high-resolution spectrum of the 1,088-nm hyperfine
transitionwas obtainedasR, - R,.

as horizontal green arrows). If the position of the hole overlapped with
the observation frequency (vertical dashed line), it was detected as
R, - R,.HereR,and R, are the fluorescence count rates with and without
1,088-nmradiation, respectively.

Thefrequency step of the1,088-nmlaser was 10 MHz. At each step, we
measured R, and R, for 2 s. Covering the entire scan range of afew GHz
typically required approximately an hour. Weilluminated the 1,088-nm,
690-nm and 984-nm lasers onto theions fromthe axial direction of the
trap (copropagating configuration), asillustrated in Fig. 1a.

Nuclear-state-selective spectroscopy

For spectroscopy of the hyperfine structures of *"Th*", we developed
aspectroscopic technique that enabled selective detection of the
29mTh* signal from the spectrum containing both 2%¢Th* and ™ Th**
signals. In each scan of the 1,088-nm laser frequency, we used two
different 984-nm laser frequencies, v35*and vgt*. Figure 3a separately
shows Doppler-broadened spectra of the 984-nm transition of 26 Th?'
and " Th** obtained by driving the 690-nm and 984-nm transitions.
The 690-nm laser frequency was tuned to excite ions in the corre-
sponding nuclear state. Different fluorescence strengths from each
nuclear state atv3>*and vit*allowed selective detection of the 2*"Th**

signal and determination of its hyperfine constants.
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Fig.3|Observation of the hyperfine spectra of2™Th>*. a, Spectraof the
984-nm fluorescence transition are separately shown for>*Th*in the nuclear
ground state and isomer. The difference in fluorescence strength between
the two nuclear states at vi®* and vi** allowed detection of the isomer signal.
b-d, We determined the hyperfine constants A, and B,, of the 6d 2D, state
of ™ Th* by fitting pS, + b + Liomer t0 Sg. Here S, and S are the hole-burning
spectraof the 1,088-nm transition taken with v33* and v;®*, respectively. The
690-nm laser was tuned to the (b) |5f*Fs),, Fr,=1) > 16d Dy, F,=2) (b),2> 3
(c)and 3 » 3 (d) transitions. L, represents agroup of Lorentzian curves
describing theisomer peaks. The hyperfine constants were determined

Properties of **"Th**

We determined hyperfine constants A,, (magnetic dipole) and B, (elec-
tric quadrupole) of the 6d 2D;, state of 2*"Th*" from three sets of
hole-burning spectra S, and S, taken with v3%* and v§®*, as shown in
Fig. 3b—d. We fitted pSx+ b + Lisomer t0 Sp. Here Ligome, =Lo(ag, Vy, V) +
2qlq(a,, v+ Av(Ay, By, V) + 2, Li(a;, v, y) isagroup of Lorentzian
curves describing the isomer peaks. a, , ;, v, ;and y denote the ampli-
tude, centre frequency and width of the spectrum, respectively. We
chose one of theisomer peaks in each of Fig. 3b-d as areference peak
L, (1> 2inFig.3b,2~ 2inFig.3cand3 -~ 2inFig.3d). F. > Fﬁn denotes
the |Sf %Fy )y, Fi) > 6d 2D 5, Fi) transition. We used the frequency
intervals Av,(A,, B,) betweenL,and L starting from the same F, (that
is,L,are1~>1,0inFig.3b,2~> 3,1inFig.3cand3 - 3inFig.3d) to deter-
mine hyperfine constants. This is because these frequency intervals
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fromthe frequency intervals between the isomer peaks starting from the
same hyperfine state (forexample, 1> 2,1, 0inb). Otherisomer peaks
(indicated with grey characters) starting from the different hyperfine states
were not used to determine hyperfine constants and thus were treated as
independent peaks. pisascaling factor and bis an offset. The fitting result
pS.+ b (blue)isshown with S; (orange). The brown and green curves represent
thefitted Lisome, and residuals S — (pS, + b + Lisomer), respectively. The hyperfine
transitions|5f %Fs,, Fi) > |6d 2D, Ffywerelabelled as Fi > F{,. The orange
arrowinbindicates theisomer peak used for the nuclear-decay-rate
measurement.

are determined only by the hyperfine constants of the 6d ?D;, state
and are free from the hyperfine constants of the 5f°Fy , state. Av,(A,,, By,)
was obtained from equation (1) in Methods. Otherisomer peaks start-
ing from different Fi_ (2> 2and 3 > 3in Fig. 3band 3 > 3in Fig. 3c) did
not contribute to the determination of the hyperfine constants and
thuswere treated asindependent peaks ;. Fitting parameters were the
scaling factor p, offset b, a, , ;and v, ;for each datasetand A,,, B,,and y
thatwere commonin Fig.3b-d. The results are

An(6d *Ds),) =-267(3) MHz
B.,(6d ?D;,) =1,288(10) MHz

Next we determined the nuclear decay rate of " Th** by tak-
ing the difference in the fluorescence decay rates between >*"Th>"
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Fig.4|Determination of the nuclear decay rate of **"Th*". The nuclear
decay rate of **"Th** was determined by taking the difference in the decay
ratesbetween **¢Th> (ground state) and **™Th** (isomer). a, Decay dataare
shownas functions of theion holding time t. Both decay data were fitted by a
single exponential function (exp(-at)) to determine the decay rate a (cyan and

and **®Th*. The 1/e decay rate a can be described by a,, = a. + a,, for
#2"Th* and a, = a for **®Th*". Here a. is the decay rate of reactions
between **Th* and impurity gasses”. Assuming that the decay rate
a.is same for a,,, and a,, the nuclear decay rate a, can be derived by
Oy~ A

To measure a,,,, we used the spectrum corresponding to the |SfFs ,,
Fn=1>>6d?D;,,, F,,=2) (1,088 nm) transition obtained with the
ISf?Fs5, Fr=1) > |6d *Ds,, F, = 2) (690 nm) transition (the peak indicated
byanorangearrowinFig.3b). Thisisomer peakisisolated 2.4 GHz away
from the ground-state peak. As this is much larger than the spectral
width, the overlap of the ground-state peak is negligible. The 984-nm
laser frequency was fixed to vi*. For ay, the |5f*Fs),, F, = 5) > 16d°D;,,
F,=4) (1,088 nm) transition taken with the |5f*F),, F, = 5) > 16d *Ds),,
F,=5) (690 nm) transition was used, in which the 984-nm laser fre-
quency was fixed at vi*. Because the nearest isomer peak is more than
550 MHz away, the contribution of the isomer peak is negligible. In
both cases, we operated the trap in a ‘source off” mode. Typical fluo-
rescence decay signalsare shownin Fig.4aasafunction of the holding
time t. We note that the production of **Th** by the nuclear decay of
2’"Th* in a trap had negligible effect on &, owing to the small number
ofisomerions. Also, noions were extracted from the sourceto the trap
inthe ‘source off” mode.

The loss of Th** by collision with argon and nitrogen depends
on the electronic state of Th** (ref. 27). To evaluate the change of
@, — &, caused by this effect owing to different hyperfine structures
between ?¢Th*" and **™Th**, we measured the dependence of a,,,
and &, on the duration thations spent in the excited electronic states
(the 6d°D,,,, 6d D5, and 5f*F,, states) by changing the duty ratio
of laser irradiation (Extended Data Fig. 2). Although no variations
of a,, and a, were observed within the measurement uncertainty,
we evaluated the uncertainty of a, resulting from this effect to be
1.5x107*s™.

We measured a, in different helium gas pressures (in total, 11 decay
measurements). Although we observed variations of a, and a,, as we
changedthe helium gas pressure, the a, was steady within the statisti-
cal errors, as shown in Fig. 4b. We thus attributed the variations of a,
and a,, to the variations of a, caused by impurity gasses in the helium
buffer gas. By taking aweighted average of the datain Fig. 4b, we deter-
mined the nuclear decay rate , to be (5.1+1.5) x10™*s™. This nuclear

decay rate corresponds to the half-life (In2/a,,) of1,4007539s.
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Helium buffer-gas pressure in trap chamber (Pa)

pink curves for the ground-state and isomer data, respectively). The error bars
represent the statistical uncertainties. b, Nuclear decay rates were investigated
atvarious heliumbuffer-gas pressuresin the trap chamber. The error bars
represent the standard deviation of the mean. The horizontal black line and
shaded areaindicate the weighted average and error, respectively.

Discussion and outlook

By combining the hyperfine constants®?® of 2?*"Th*" with those of
2%Th* and the nuclear moments of 2%¢Th, the magnetic dipole moment
and intrinsic electric quadrupole moment of ™ Th was determined
to be —0.378(8) iy and 8.84(10) eb. Here the nuclear parameters of
29%Th (ref. 28) were obtained from hyperfine constants of **Th*" meas-
ured in ref. 8 and precision calculations. p is the nuclear magneton
and eis the elementary charge. The difference in the mean-square
charge radii of the **"Th and *®Th ((r3,9, ~ (r359¢)) can be deter-
mined from the isomer shift A*°®® of the 1,088-nm transition. The
isomer shift A*** is given by A"9%8 = y988.C -y 088.C in which v},08% ¢
is the centre frequency of the 1,088-nm transition in **™€Th**. Com-
bined with v C reported in refs. 7,8, we determined A% =
320(30) MHz, resultingin (r,o,) - (r§29g> =0.0097(26) fm”. We used
the conversion factor (field-shift constant) calculated inref. 29. Details
of the derivation of the nuclear properties are described in Methods.
These nuclear parameters agree with those determined from the laser
spectroscopy® of 2*"Th?*, To further confirm the validity of the results,
we observed all remaining hyperfine resonance peaks of the 690-nm
and1,088-nmtransitions at the frequencies calculated from our results
(see Extended Data Fig. 4).

The nuclear decay half-life of ™ Th** (1,400!539 s) corresponds to
the natural linewidth Af=80(20) pHz and the intrinsic quality (Q)
factor f,/Af=2.5 x 10* of the nuclear transition with a transition fre-
quency of f, =2.02 PHz. This natural linewidth is more than an order
of magnitude narrower than the linewidth of state-of-the-art ultrast-
able lasers®.

The possible nuclear decay channels of ’™Th* include internal con-
version, alpha decay, electron bridge process and nuclear radiative
decay (decay by VUV emission). For ?"Th*" in the electronic states
used in this study, internal conversion decay was prohibited, because
theionization energy (approximately 29 eV) was higher than theisomer
energy (8.3 eV). Theoretical predictions show that the alpha-decay
rate® and electron-bridge rate®**® are small and that the dominant
decay channelis nuclear radiative decay. Our result (1,400:$33 s) was
of the same order of magnitude as the previously predicted nuclear
radiative decay rates®**°. The nuclear decay half-life of *"Th was
reported tobe 2,210(340) s based on the result of the VUV spectroscopy
of 2*™Th in a MgF, crystal®. There, correction for refractive index



dependence was applied, although the applicability of the dependence
isunder investigation>*'. On the other hand, we obtained the nuclear
decay half-life of *™Th*" in the isolated environment, which differs
from the previous studies using >*"Th embedded on or in solid
materials™*, for which nuclear decay half-life may be affected by the
electronic structures of the solid materials.

The ?*Th nuclear clock is considered to possess an order-of-
magnitude larger sensitivity (K) to variations in the fine-structure
constant than that of existing atomic clocks (K <10)"*, although
the detailed mechanisms of this enhancement are still being inves-
tigated***. The sensitivity K can be derived from the change in the
mean-square charge radii and electric quadrupole moment between
2%Th and **™Th (ref. 29), yielding K = 4(13) x 10%, for which the uncer-
tainty was improved by a factor of four compared with the previous
study®. The dominant error is because of the uncertainties in the
electric quadrupole moment of 2?°™"Th*" and ??°Th*, which can be
reduced by spectroscopy with laser-cooled ?*™Th*" and ***Th*" ions.
Suchinvestigations will establish a basis for searching for variations
in the fine-structure constant.
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Methods

Extraction and trapping of ’Th>" ions

Astheionsource forTh*, we used **U, which contained 0.226(2) ppm
22, The 600 kBq of **U was electrodeposited on a titanium foil (thick-
ness 50 um). Before the electrodeposition process, we chemically
purified U with an ion-exchange resin to remove the decay prod-
ucts of **U and »*?U. The diameter of the deposited area was 90 mm.
The ***U source was then heated at 600 °C for two days in a vacuum
(10*-107° Pa) to remove impurities attached during the electrodeposi-
tion process. The 2*U source was prepared in March 2021. All measure-
ments presented in this study were conducted between September
2022 andJuly 2023.

Recoil ?’Th* ions emitted from the surface of the **U source were
cooled using helium buffer gas (2 kPa). Collisionally cooled *Th* ions
were collected using an RF carpet® using a push field. The distance
between the **U source and RF carpet was 5 cm and the gradient of
the push field was 28 V.cm™. The RF carpet was made of a printed
circuitboard (PCB) with a centre hole surrounded by concentricring
electrodes. The diameter of the centre hole is 240 pm. The width
and interval of electrodes are 30 pm and 130 um, respectively. We
applied an RF voltage to each electrode (frequency 12.1 MHz, ampli-
tude 45V,,). Voltages at the neighbouring electrodes were out of
phase by 180°, producing an electromagnetic barrier on the surface
of the RF carpet against *Th** ions. To extract ions efficiently, we
used an ‘ion-surfing’ technique*. A potential wave travelling to
the centre hole was generated by superimposing a phase-shifted
low-frequency voltage (200 kHz) on every four ring electrodes with90°
phase shifts.

The extracted ions were then transported to traps using a QPIG. The
QPIGmodule made of a PCB was segmented to create a voltage gradient
(0.2V cm™) totransportions efficiently. The width and length of each
QPIG module were 2 and 120 mm, respectively. The QPIG module was
connected to a linear Paul trap operated with an RF voltage with fre-
quency and amplitude of 2.4 MHzand 700 V,,,, respectively. The length
and diameter of each of the four rods of the trap electrode were both
10 mmand the diameter of the trap areawas 8.8 mm. The lengths of the
entrance and exit endcap electrodes are 53 and 83 mm, respectively.
Theincomingrate of ’Th* ions and trapping efficiency was estimated
to be about 2,000 ions s™ and 40%, respectively. The trap chamber
was continuously supplied with helium buffer gas and simultaneously
evacuated using a turbomolecular pump. Furthermore, to suppress
reactions of Th* with impurity gasses, a getter pump (SAES Getters,
Z1000) was installed in a trap chamber. We used 99.99995 vol% pure
helium as a buffer gas, which was further purified by two gas purifier
systems.

Laser spectroscopy

All three lasers used for spectroscopy (wavelengths: 1,088 nm,
690 nm and 984 nm) were semiconductor lasers pre-stabilized by
grating feedback. All laser frequencies were stabilized to individual
10-cm reference cavities. The laser frequency was measured and
controlled using a wavemeter (HighFinesse WSU-2). The feedback
signal from the wavemeter was applied to a piezoelectric transducer
to define the mirror spacing of the reference cavity. A Rb-stabilized
distributed feedback laser calibrated the wavemeter every two
minutes.

Typical laser intensities at the position of ions were estimated
tobe3 W cm™for1,088 nm, 0.6 W cm™for 690 nm and 0.3 W cm™
for 984 nm. Laser-induced fluorescence photons at 984 nm from
29Th*" jons were captured by a charge-coupled device (CCD)
camera through an optical bandpass filter with 80% transmission
at 980 £ 10 nm. All other light in the range 200-1,200 nm were
blocked. The quantum efficiency of the camera at 984 nm was
approximately 20%.

Extended Data Fig. 1shows the Doppler-broadened spectrum of
the 5%F;;, < 6d *Ds), transition (690 nm) of *¢Th**. The 690-nm laser
was scanned with a frequency step of 10 MHz, whereas the 984-nm
laser frequency was fixed at v3¢* (the 1,088-nm laser was turned off).
The average time required for each frequency step was 2s. The
5f%Fs, < 6d*Ds,, transition (690 nm) of Th* comprises the 15 hyper-
fine transitions indicated by vertical blue bars. We fit a single Gauss-
ian function to the isolated peak (the peak labelled 5 > 4) and
determined its full width at half maximum to be 410 MHz. Assuming
that this width was primarily caused by the Doppler effect, the ion
cloud temperature was estimated to be 400 K (corresponding to
0.034 eV). The black curve in Extended Data Fig. 1 represents S,
defined by the following equation:

N =p, [nGi(x, 0) + Gy, 0) + -+ + 11561505, 0)],

inwhich p, is a global scaling factor, x;and r; are the centre frequency
and the calculated cross-section, respectively, of the ith hyperfine
transition, G;is a Gaussian function and oisits standard deviation. We
used p, and o determined by fitting of the isolated 5 > 4 spectrum. x;
was fixed to the values reported in refs. 7,8.

We also took the Doppler-broadened spectrum of the 5%F,,, <
6d’D;, transition (984 nm) of **®Th** and **™Th*" by scanning the
984-nm laser frequency with a10-MHz step (Fig. 3a). For 2°¢Th*, the
690-nm laser frequency was fixed at the |5f*F;), F,=5) > |6d*Ds),,
F,=4) transition. For the **™Th* spectrum, isomer ions were
exc1ted by the |Sf*Fs,, F,,=1) > |6d*Ds),, F, = 2) transition. Here
the 690-nm laser frequency was detuned by +240 MHz to avoid
excitation of the *®Th*" ions through the neighbouring |5Fs,,
F,=5)>16d’Ds),, F,=4) and |5f*F),, F, = 5) > |6d *Ds),, F, = 5) transi-
tlons both of which were more than 750 MHz away from the laser
frequency.

During spectroscopy, ions can be optically pumped to the dark
hyperfine state, at which they do not absorb laser photons. Even in
such asituation, we observed a fluorescence signal, which was attrib-
uted to hyperfine-changing collisions between*Th* and the helium
buffer gas.

Determination of hyperfine constants

Hyperfine splitting can be expressed by a magnetic dipole constant
A and an electric quadrupole constant B. The contribution of other
higher-order multipolarities is negligible compared with the meas-
urement uncertainty of this study. The A, ., and B, , for ™ Th*" are

given by"
A — ”g,m H(O) - ﬂg'm Aele
&M\ lgm ) J lgm
Bg,m = ng,m(p(o) = ng’mBeIe.
Here y1, ,,and QS are the magnetic dipole moment and spectro-

scopic electric quadrupole moment, respectively, of nuclei of the
nuclear ground (g) and isomeric (m) state, / is the total electronic
angularmoment, H(O) represents the magnetic field produced by elec-
tronsinthe nucleus, ¢(0) is the gradient at the nucleus of the electric
field of the orbital electrons. The electronic factors are separated into
A and B®°. Because A°* is common to A, and A, the ratio A /A, =
(/1) (Iy/1,,) does not depend on the electronic state and charge state.
Thesameistruefor B,,/B,. This feature was used to convert the hyper-
fine constants of the 6d 2D, state into those of other electronic
states.

The resonance frequency of the transition A (1=1,088 nm, 690 nm
and 984 nm) between the hyperfine levels F. and F' (s =m and g for
29mTh3* and 2°¢Th*, respectively) is described by
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Here vﬁ'c is the centre frequency, A" is the isomer shift and
K= FER R+ 1) - 11+ D) - J5F (5T +1).

To determine hyperfine constants, we first needed to assign F > F'to
eachisomer peak. This F-number assignment was carried out by fitting
theresonance frequencies of all observed isomer peaks for all possible
combinations of F - F'. We adopted the F' > Ff combination that gave
the smallest fitting residuals. The validity of this assignment was also
checked by the selection rulesinthe 690-nmand1,088-nm transitions.
Once F > Ffwas assigned, we determined A,, and B,, by fitting using the
three datasets of S, and S, (Fig. 3b-d) as described in the main text. To
preservestatisticalinformationinS, and S;, we determined hyperfine
constants by a single fitting including the scaling factor p.

We note that, in the obtained spectrain Fig. 3b—-d, the frequency
intervals between the hyperfine peaks were preserved even if the fre-
quency of the 690-nm laser was not accurately set to the corresponding
hyperfine resonance for the following reasons.

Inthis study, ions were irradiated with 1,088-nm and 690-nm lasers
ina copropagating configuration. In this configuration, the relations
between the resonance frequencies of the 1,088-nm (v} {) and 690-nm

(v&3$) transitions can be described by

1,088 ;690
vi,OSS — vi (l)-ISFS + (k /k )(v690 ggHOF (2)
inwhichv}%andvf*°are the1,088-nmand 690-nm laser frequencies,

respectively, and k1 088 and k° are their wavenumbers®. The detailed
description ofvs yrisshownin equation (1).

We scanned vi-0®8within only afew GHz with a fixed vé°. In this case,
the second term on the right side of equation (2) can be regarded as a
constant term because the change of (k*%% /k**°) (v¢** - v$3) is on the
order of 100 Hz, whichis negligible compared with the measurement
uncertainty. As a result, intervals of two resonances of the 1,088-nm
spectrum, for example, vi25E(b) - vi255(a) for resonances a and b, can
be obtained by v}°%8(b) - v\-%8%(q), which does not depend on v°?°. This

is because (k" 088/kf’go)( 690 y%9%)is removed as acommon term.

Isomer shift
The isomer shift of the 5fF;, < 6d’D,,, transition (1,088 nm) is
expressed as A58 = y1088.C_yL0S8.C_Here the centre frequency v}, %8¢

canbe obtained by setting A,, = B,, = 0in v 0S¢ (equation (1)). As can be
seen in equation (2), to determine v} i¥, we need to set the 690-nm

laser frequency (vi®°) to v . We thus first determined v& 5 of the

1*Fs/2 Fro = 1) > I?Dsp, Fry = 2) transition by taking the spectra of the
1,088-nmtransition w1th several different vL90 (Extended DataFig. 3a).
Then, v {r was determined to be vf*°, whichyielded the largest signal
strength (spectral area) for the1,088-nm spectra, asshownin Extended
Data Fig. 3b. We set the vf*° to v&; - and measured the spectra of the

1,088-nm transition to obtain vi25t. Finally, A" was determined to be

Al,OSS Vl 088,C vl,OSS,C: 320(30) MHz,

inwhich we used v Creportedinrefs. 7,8.

We note that the hole-burning effect between the 690-nm and
984-nm transitions, for which the 690-nm radiation burned a hole

in the spectrum of the 984-nm transition, may induce a frequency
shiftin the measurement of v& 3 for the following reason. The hyper-
fine transition |5f?Fs,, F,, =1) > |6d *Ds),, Fr, = 2) (690 nm) used to
determine v§,{j; shares the hyperfine state |6d D), F,, = 2) with the
I5f?F75, Fn = 3) > 16d ?Ds),, Fr, = 2) transition (984 nm). The frequency
dlfference between the |5f*F,,, F, = 3) > 16d *Ds,, F, = 2) transition
and v§3* was estimated to be only 10 MHz. Therefore the hole posi-
tion may overlap with vi®* during the scan of the 690-nm laser fre-
quency in Extended Data Fig. 3a. This changes the fluorescence
amplitude of the *"Th** signal and may induce frequency shiftin
the determination of v& 3. This is because it relies on the amplitude
of the *"Th* signal (Extended Data Fig. 3b).

To avoid this problem, we used vg* (=v3%*+ 540 MHz) instead of
vg** to determine v& (. All of the 984-nm hyperfine transitions using
the |6d Dy, F,, = 2) state differ from v§®*' by more than 500 MHz, which
is larger than the Doppler width of the 984-nm spectrum. As a result,
aholerelated tothe|6d 2D, F,, = 2) state did not appear and the signal
intensities of the isomer spectra shown in Extended Data Fig. 3a were
not affected by the hole-burning effect described above.

Finally, we observed all hyperfine peaks of the 690-nm and 1,088-nm
transitions, as shown in Extended Data Fig. 4. The centre frequencies
of allthe observed peaks agreed with the frequencies estimated from

our results within the uncertainties.

Derivation of nuclear properties of ?°"Th

The magnetic dipole moment of ?*"Th (u,,) was derived from
AnlAg= (/1) I,/1,). Using A, determined in this study, A, reported
inref. 8and the u, (= 0.366(6) uy) calculated inref. 28, we determined
Um=—0.378(8) 1y A spectroscopic electric quadrupole moment of
*"Th (Q;,) was obtained as @}, = Qfé(Bm/Bg). With the Qfg =3.112)eb
calculated in ref. 28 and B, reported in ref. 8, we determined
Q;,=1.77(2) eb. From the relationship between the intrinsicand spec-
troscopic quadrupole moment® Q° = Q°(3K> - I(I +1))/((I + 1)(2 + 3)),
in which K=/in the case of °Th, we derived the intrinsic electric
quadrupole moment of *Th to be Q° = 8.84(10) eb.

The isomer shift A**®8 is induced purely by a field shift and can be
described by A" = Fig ({r3500 = {r310¢)), inWhich Fsis the field-shift
constant®. The mass shift vanishes because *?¢Th*" and *™Th* have
equal masses. Using F calculated in ref. 29, we determined
rkom - <r229g) 0.0097(26) fm* The (rmm) (r229g> valuecanalso
be estimated from (<r229m) (rzzgg))/((rm) (rbhoq)) = A058/51055,
inwhich (¢r3;,) - (rzzgg)) is the difference in the mean-square radn
between?*Th and **¢Th. §"°% is the isotope shift of the 5*F; , < 6d D,
transition between 22Th* and 2*6Th** (§"% = V4958 - v1085). Here we
assume that, for heavyionssuch as Th, theisotope shiftis mainly caused
by the field shift, which is proportional to the square of the nuclear
charge radius. Using the isotope shift and (r3,,) - (r3,,,) reportedin
refs. 8,48, we estimated (13,5, — (r3,9,) = 0.0097(11) fm? which agrees
with the value presented above.

Using the nuclear moment of *6Th calculated in ref. 28, the change
of the Coulomb energy between ?Th and *°™Th can be descri-
bed by AF-=-485.6 MeV((r229m>/<r229g) 1)+ 11 69 MeV(Qm/QO 1)
(refs.19,25,29). By using <r229g> 33.13(16) fm” (ref. 49), we derived
AE.=0.04(11) MeV. The sensitivity K of the?Th nuclear clock frequency
to the variation of the fine-structure constant can be described by
K= AE/E;omer (ref. 29). Using the isomer energy® Eigomer = 8.338(24) eV,
the sensitivity K was estimated to be 4(13) x 10°,

Exclusion of °Th* signal

Because the chemical purification of 2*U (containing *?U) was carried
outapproximately 18 months before the measurement, the decay chain
from ?°Th onwards reached the radiative equilibrium. We estimated
that the emission rates of daughter nuclides of Thwere about1x10™*
relative to the emission rate of °Th. Among the daughter nuclides,
28Th* generated from 22U has resonances close to the ™ Th*' signals.
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Although the presence of °Th* is estimated to be 5 x 10~ of *Th**, we
calculated the isotope shift between ?°Th* and °Th*'.

For heavyionssuchas Th, the main contribution of the isotope shift
is the field shift. Therefore, the isotope shift between**Th*" and **Th*"
can be calculated by Af5,o_5 = FrsA(r?). The field-shift constants Fi
forallelectroniclevels relevant to this study are calculated in ref. 29.
The difference in mean-square radius between 2*Th and ?25Th (A{(r?))
was experimentally determined in ref. 50. As aresult, the frequency
difference between **™Th and ?°Th was estimated to be -4.1 GHz
for the 1,088-nm transition, -4.3 GHz for the 690-nm transition and
—4.1 GHz for the 984-nm transition. This indicates that the 2’Th?'
resonance frequencies are atleast1.7 GHz (the 1,088-nm transition),
2.4 GHz (the 690-nm transition) and 2.1 GHz (the 984-nm transition)
away from the nearest hyperfine resonance of *"Th*",

Furthermore, high-resolution spectra can be observed only when
threelaser frequencies are simultaneously resonant to the specific tran-
sitions, with anaccuracy of approximately 200 MHz for the 1,088-nm
and 690-nm transitions and afew GHz for the 984-nm transition. There-
fore, the possibility that the observed signals originated from other Th
isotopes or atomic species was excluded.
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Extended DataFig.1|Doppler-broadenedspectrum of the 5f *F;, — 6d 2D,
transition of **°*Th**, Thered curve represents the background-subtracted
fluorescence countrate at 984 nmasafunctionofthe 690-nmlaser frequency.
Vertical blue bars denote hyperfine transitions (Fig—> Fg)whose frequencies
were calculated on the basis of refs. 7,8. The relative height of the blue bars

represents therelative strength of the calculated absorption cross-sections
of each hyperfine transition. The black curve represents the summation of
Gaussian functions correspondingto each hyperfine transition, for which
the width and scaling factor were determined from the fitting of the isolated
5~ 4 peak.
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Extended DataFig.2|Dependence of decay rate onlaserirradiation time.
Dependence of the decay rate on the duty ratio of the laserirradiation time was
evaluated for??Th*" (a) and **™Th*" (b). Each decay-rate measurement was
conducted by repeating a24-ssequence, in whichall three lasers were on for
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tonsand offfor (24 - t,y) s. The duty ratiois calculated as ¢,y/24. The error
barsrepresentthe standard deviation of the mean. Fromthe linear fitting
shownasasolidline, the decay rate for nolaserirradiation was estimated to
be 8.94(11) x 10 s for the ground state and 1.47(15) x 103 s for isomer.
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I5fFy)5, Fn=1) > 16d*D;, F,, = 2) transition (1,088 nm) were measured with
several 690-nmlaser frequencies around the resonance frequency of the
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vertically shifted by 1.5 x 10° s at each step for clarity. b, The spectral area was
determined by fitting (blackline) and plotted asa function of the 690-nm laser
frequency. The resonance frequency vﬁ:’,gr was determined to be the one that
givesthelargestspectralarea. Theerrorbarsrepresent the standard deviation

ofthemean.
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Extended DataFig. 4| Observations of all 22*"Th** hyperfine resonances
onthe 5f *F;,> 6d D, and 5f *F,, > 6d *D;, transitions. a-g, All of the
hyperfine transitions on the 5f2F;,, > 6d2D,, (1,088 nm) and 5f*F;/, > 6d *Ds,
(690 nm) transitions, which were not contained in Fig. 3b-d, were observed.
Definitions of the blue, orange, brown and green curvesaresameasin Fig.3b-d.
The purplebarsindicate the resonance frequencies of each transition calculated
using the hyperfine constants and isomer shifts obtained in this study. The width

ofthe purple bar represents the uncertainty of the calculated values. The
corresponding hyperfine transitions|5f 2Fs,, F1¢%%) > |6d 2Ds 5, F5¢7°) (690 nm)
and|5f 2Fyp, F1%%) > |6d 2Ds,, FT0%) (1,088 nm) are shown at the top of each
figureas F1690 > FR690 and Fil088 5 pFLOSS we measured the spectrumaonly
withvg®*because there were no overlapped 2°Th* resonancesin the scanned
frequency range.
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