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            Abstract
The radionuclide thorium-229 features an isomer with an exceptionally low excitation energy that enables direct laser manipulation of nuclear states. It constitutes one of the leading candidates for use in next-generation optical clocks1,2,3. This nuclear clock will be a unique tool for precise tests of fundamental physics4,5,6,7,8,9. Whereas indirect experimental evidence for the existence of such an extraordinary nuclear state is substantially older10, the proof of existence has been delivered only recently by observing the isomer’s electron conversion decay11. The isomer’s excitation energy, nuclear spin and electromagnetic moments, the electron conversion lifetime and a refined energy of the isomer have been measured12,13,14,15,16. In spite of recent progress, the isomer’s radiative decay, a key ingredient for the development of a nuclear clock, remained unobserved. Here, we report the detection of the radiative decay of this low-energy isomer in thorium-229 (229mTh). By performing vacuum-ultraviolet spectroscopy of 229mTh incorporated into large-bandgap CaF2 and MgF2 crystals at the ISOLDE facility at CERN, photons of 8.338(24) eV are measured, in agreement with recent measurements14,15,16 and the uncertainty is decreased by a factor of seven. The half-life of 229mTh embedded in MgF2 is determined to be 670(102) s. The observation of the radiative decay in a large-bandgap crystal has important consequences for the design of a future nuclear clock and the improved uncertainty of the energy eases the search for direct laser excitation of the atomic nucleus.
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                    Fig. 1: Low-resolution wavelength spectra of different crystals.[image: ]


Fig. 2: Time behaviour of the signal.[image: ]


Fig. 3: Typical high-resolution wavelength spectrum.[image: ]


Fig. 4: Wavelength of the radiative decay and energy of the isomer.[image: ]


Fig. 5: Emission channelling patterns of electrons.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 High-purity germanium detector spectra.
Single γ spectra recorded with the HPGe detector for a typical implantation at A = 229 (a) and A = 230 (b). The main peaks in the spectrum are marked with the β-decaying isotope and the energy. In this study, new γ lines in the decay of 229Ra were identified, these tentative assignments are indicated with an asterisk. The inset shows the high-energy part of the spectrum with smaller peaks.
Source data


Extended Data Fig. 2 Characteristics of the CaF2 thin-film crystal surface.
An atomic force microscopy (AFM) image of the surface of the CaF2 thin film (a) and a reflection high-energy electron diffraction (RHEED) pattern along [11-2] azimuthal direction (b) are shown.


Extended Data Fig. 3 Vacuum-ultraviolet spectroscopy setup.
The implantation beam (1), target wheel with large-bandgap crystals (2), entrance slit (3), parabolic collimation mirror (4), diffraction grating (5), parabolic camera mirror (6), detector slit (7) photomultiplier detector (8) and plasma VUV-photon source used for calibration (9) are shown. The setup includes additionally γ-radiation detectors placed close to the implantation position of the crystal.


Extended Data Table 1 Characteristics of the isobaric β-decay chainsFull size table


Extended Data Table 2 List of large-bandgap crystalsFull size table
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