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            Abstract
The metastable first excited state of thorium-229, 229mTh, is just a few electronvolts above the nuclear ground state1,2,3,4 and is accessible by vacuum ultraviolet lasers. The ability to manipulate the 229Th nuclear states with the precision of atomic laser spectroscopy5 opens up several prospects6, from studies of fundamental interactions in physics7,8 to applications such as a compact and robust nuclear clock5,9,10. However, direct optical excitation of the isomer and its radiative decay to the ground state have not yet been observed, and several key nuclear structure parametersâ€”such as the exact energies and half-lives of the low-lying nuclear levels of 229Thâ€”remain unknown11. Here we present active optical pumping into 229mTh, achieved using narrow-band 29-kiloelectronvolt synchrotron radiation to resonantly excite the second excited state of 229Th, which then decays predominantly into the isomer. We determine the resonance energy with an accuracy of 0.07 electronvolts, measure a half-life of 82.2 picoseconds and an excitation linewidth of 1.70 nanoelectronvolts, and extract the branching ratio of the second excited state into the ground and isomeric state. These measurements allow us to constrain the 229mTh isomer energy by combining them with Î³-spectroscopy data collected over the past 40 years.
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                    Fig. 1: Low-energy nuclear level structure of 229Th.[image: ]


Fig. 2: Experimental setup and the NRS measurement principle.[image: ]


Fig. 3: Resonance curves of 229Th.[image: ]


Fig. 4: Determination of half-life of the second excited state of 229Th.[image: ]


Fig. 5: Constraining the isomer energy Eis.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Pulse-processing scheme.
a, Timing diagram. Line (A) shows an analogue pulse from a Si-APD chip and line (B) represents the accelerator reference clock. The example shows two pulses with different photon energies within a cycle. b, Block diagram. For each pulse, three parameters are stored for the post-analysis: the timing of the pulse (CFD), the pulse height (ATC) and the TE timing. Preamp, preamplifier; Amp., amplifier; TDC, time-to-digital converter; USB; universal serial bus.


Extended Data Fig. 2 Absolute energy measurement setup.
The X-ray beam is diffracted by a single Si crystal. Two pâ€“iâ€“n (PIN) photodiodes monitor the diffracted beams. The rotary table (black disk) adjusts the angle between the Si crystal and the X-ray beam so that the diffraction condition is satisfied. The two swivel stages adjust the tilt angles between the X-ray beam, the reciprocal lattice vector of the crystal and the rotation axis of the rotary table.


Extended Data Fig. 3 NRS spectrum of 40K.
Temporal profiles measured at incident X-ray energy on resonance (blue histogram) and off resonance (black histogram). Inset, resonance curve (black dots) with a Gaussian fit (blue curve).


Extended Data Fig. 4 Energy spectra of the prompt and NRS events.
a, Energy spectrum of the prompt signal (black line). The coloured lines show various X-ray emission lines convoluted with the Si-APD energy response function: the photoelectric absorption lines listed in Extended Data Table 2 (blue), Compton scattering (magenta) and the KÎ± and KÎ² lines of Cu, Zn and Fe (green). The strengths of these lines are adjusted to give the best fit to the data. The sum of all lines (red) reproduces the data above 7Â keV well . b, NRS energy spectrum, obtained by subtracting the off-resonance data from the on-resonance data. The coloured lines are fits of the X-ray emission lines. We note that there is no contribution from Compton scattering or the Cu, Zn and Fe lines. Both experimental datasets are normalized to a 3,600-s run. The error bars represent statistical uncertainty of one standard deviation.


Extended Data Table 1 Estimation of radiative width \({{\boldsymbol{\Gamma }}}_{{\boldsymbol{\gamma }}}^{{\bf{c}}{\bf{r}}}\)Full size table


Extended Data Table 2 Comparison of energy-averaged line strengthsFull size table
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