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            Abstract
Lightning and thunderclouds are natural particle accelerators1. Avalanches of relativistic runaway electrons, which develop in electric fields within thunderclouds2,3, emit bremsstrahlung Î³-rays. These Î³-rays have been detected by ground-based observatories4,5,6,7,8,9, by airborne detectors10 and as terrestrial Î³-ray flashes from space10,11,12,13,14. The energy of the Î³-rays is sufficiently high that they can trigger atmospheric photonuclear reactions10,15,16,17,18,19 that produce neutrons and eventually positrons via Î²+ decay of the unstable radioactive isotopes, most notably 13N, which is generated via 14Nâ€‰+â€‰Î³â€‰â†’â€‰13Nâ€‰+â€‰n, where Î³ denotes a photon and n a neutron. However, this reaction has hitherto not been observed conclusively, despite increasing observational evidence of neutrons7,20,21 and positrons10,22 that are presumably derived from such reactions. Here we report ground-based observations of neutron and positron signals after lightning. During a thunderstorm on 6 February 2017 in Japan, a Î³-ray flash with a duration of less than one millisecond was detected at our monitoring sites 0.5â€“1.7 kilometres away from the lightning. The subsequent Î³-ray afterglow subsided quickly, with an exponential decay constant of 40â€“60â€‰milliseconds, and was followed by prolonged line emission at about 0.511 megaelectronvolts, which lasted for a minute. The observed decay timescale and spectral cutoff at about 10 megaelectronvolts of the Î³-ray afterglow are well explained by de-excitation Î³-rays from nuclei excited by neutron capture. The centre energy of the prolonged line emission corresponds to electronâ€“positron annihilation, providing conclusive evidence of positrons being produced after the lightning.
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                    Figure 1: Lightning discharges and subsecond decaying high-energy radiation.[image: ]


Figure 2: De-excitation Î³-ray spectra of the subsecond afterglow.[image: ]


Figure 3: Count-rate histories of the annihilation signal.[image: ]


Figure 4: Î³-ray spectra during the prolonged annihilation signal.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Location of the observation sites.
a, Visible image of the geostationary satellite Himawari 8 at 06:00 utc on 6 February 2017. The square and circle indicate Kashiwazaki-Kariwa and Kuju, respectively. bâ€“d, Precipitation intensity map between 08:20 and 08:40 utc on the same day, retrieved from the radar system of the Japan Meteorological Agency. Orange squares indicate Kashiwazaki-Kariwa nuclear power station.


Extended Data Figure 2 Detector response to the initial radiation flash.
aâ€“c, Time histories of the maximum (black) and minimum (red) ADC values in the ADC-sampled waveforms of the photons detected with detectors A (a), B (b) and C (c). Normally, the minimum value is equal to the baseline (about 0â€‰V at ADCâ€‰=â€‰2,050 ch), but undershoot was observed in our experiments (see Methods section â€˜Initial flashâ€™). An energy of 10â€‰MeV corresponds to ADC increases of 1,395 ch, 1,218 ch and 404 ch for detectors A, B and C, respectively. The data gap for detector A is due to overflow of memory buffer in the ADC board.


Extended Data Figure 3 Illustration of lightning-triggered physical processes.
a, Physical processes during a chain of radiation events induced by the photonuclear reactions. b, Diffusion of neutrons produced in lightning and drift of the positron-emitting cloud.


Extended Data Figure 4 Neutron cross-section on nitrogen and time profile of scattered neutrons.
a, Neutron cross-section on 14N (black) as a function of neutron kinetic energy40,41, including elastic (green) and inelastic (blue) scattering, charged-particle production (yellow) and neutron capture (red). b, Kinetic energy (black) and relative number of neutrons (red) as a function of time. The initial energy of neutrons is assumed to be 10â€‰MeV and the initial number of neutrons is normalized to 1. Dashed lines indicate the times of the nth scatterings.


Extended Data Figure 5 De-excitation Î³-ray spectra compared with simulations.
aâ€“c, Background-subtracted Î³-ray spectra of the subsecond Î³-ray afterglow, with black crosses indicating Â±1Ïƒ errors, for detectors A (a), B (b) and C (c). The source events are extracted for the period tâ€‰=â€‰40â€“100â€‰ms for detector A and tâ€‰=â€‰20â€“200â€‰ms for detectors B and C. The curves show the Monte Carlo simulations of de-excitation Î³-rays from atmospheric nitrogen (green dashed line), surrounding materials (blue dashed line), the detector itself (magenta dashed line) and their total (red solid line). The simulated spectra are normalized by the total counts above 1â€‰MeV.


Extended Data Figure 6 Observed annihilation spectrum and simulated models.
The background-subtracted spectrum in the delayed phase for detector A, accumulated over tâ€‰=â€‰11.1â€“62.8â€‰s, is plotted, with black crosses indicating Â±1Ïƒ errors. The simulated model curves are overlaid, for assumed distances to the base of the positron-emitting cloud of 0â€‰m (that is, the detector is within the cloud; red), 40â€‰m (green), 80â€‰m (blue) and 160â€‰m (magenta). The models are normalized by the total counts in the 0.4â€“0.6-MeV band.


Extended Data Table 1 Specifications of our detectors and values obtainedFull size table
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Generating radioactive isotopes in thunderstorms
Lightning, particularly the very energetic Î³-ray flashes, can theoretically generate radioactive isotopes through the interaction of relativistic electrons with atoms and molecules in the air. Some weak observational evidence for this was recently claimed. Teruaki Enoto and collaborators report observations of a coastal thunderstorm in Japan on 6 February 2017, in which they see a clear signature of positron annihilation associated with Î³-ray flashes, combined with Î³-rays arising in the de-excitation of nuclei excited by neutron capture. They conclude that the positrons arise from the decay of neutrons after the lightning.
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