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            Abstract
The atomic nucleus and its electrons are often thought of as independent systems that are held together in the atom by their mutual attraction. Their interaction, however, leads to other important effects, such as providing an additional decay mode for excited nuclear states, whereby the nucleus releases energy by ejecting an atomic electron instead of by emitting a Î³-ray. This â€˜internal conversionâ€™ has been known for about a hundred years and can be used to study nuclei and their interaction with their electrons1,2,3. In the inverse processâ€”nuclear excitation by electron capture (NEEC)â€”a free electron is captured into an atomic vacancy and can excite the nucleus to a higher-energy state, provided that the kinetic energy of the free electron plus the magnitude of its binding energy once captured matches the nuclear energy difference between the two states. NEEC was predicted4 in 1976 and has not hitherto been observed5,6. Here we report evidence of NEEC in molybdenum-93 and determine the probability and cross-section for the process in a beam-based experimental scenario. Our results provide a standard for the assessment of theoretical models relevant to NEEC, which predict cross-sections that span many orders of magnitude. The greatest practical effect of the NEEC process may be on the survival of nuclei in stellar environments7, in which it could excite isomers (that is, long-lived nuclear states) to shorter-lived states. Such excitations may reduce the abundance of the isotope after its production. This is an example of â€˜isomer depletionâ€™, which has been investigated previously through other reactions8,9,10,11,12, but is used here to obtain evidence for NEEC.
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                    Figure 1: Relevant part of the 93Mo decay scheme.[image: ]


Figure 2: Spectra demonstrating the signature of NEEC in 93Mo.[image: ]


Figure 3: Spectra used to determine the NEEC probability in 93Mo.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Configuration of the target used in the experiment.
a, Schematic of the target construction showing the layers in which 93Mo production occurs (Li), NEEC can occur (C) and the backing that stops all recoils (208Pb), in addition to the important gap of about 3â€‰mm that is needed to accommodate the effective half-life for the decay of the 4,900-keV level. Relative dimensions are not to scale. The beam is incident on the Li surface. b, Photograph of the target positioned inside the Gammasphere target chamber. The beam enters from the lower right side and is parallel to the double rods shown in the upper left part of the photograph.


Extended Data Figure 2 Spectra showing the line shape of the 2,475-keV transition in 93Mo.
a, b, The spectra are from the detectors in ring 9 of Gammasphere at 90Â° (a) and ring 7 at 79Â° (b). The spectra in red were recorded while using a Li target backed with 208Pb and with no gap in between. The blue spectra were obtained with a modified target configuration with a gap of about 3â€‰mm. The 2,361-keV peak corresponds to a transition in 92Mo that lies below a level with a half-life of t1/2â€‰=â€‰35 ps. The similar line shapes of these two transitions support the estimate of a delay of tens of picoseconds in the 2,475-keV emission and therefore the rationale for the final target construction.


Extended Data Figure 3 Spectra used to determine background contributions.
Component spectra for the double gate on the Doppler-shifted 2,475-keV Î³-ray (1) and the unshifted 1,478-keV Î³-ray (2), where gates on the peak and background regions are denoted as â€˜gâ€™ and â€˜bâ€™, respectively (see text). a, g1g2. b, g1b2. c, b1g2. d, b1b2. Only those Î³-rays in 93Mo relevant to the discussion are labelled, with the dashed lines marking their energies. We note that the 770-keV peak in a is a multiplet with the 773- and 777-keV transitions in 92Mo and 97Ru, respectively; only the last two peaks appear in b and d.


Extended Data Figure 4 Calculations of possible competing processes.
The inelastic-scattering cross-sections for exciting 93mMo to the intermediate state, calculated with the code FRESCO, are plotted versus the energy of recoiling 93Mo ions traversing the 7Li (blue) and 12C (red) target layers. The initial energy is the average recoil energy corresponding to 93Mo production at the centre of the Li target.
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Exciting a nucleus of 93Mo
If an atomic nucleus absorbs an electron of the right energy, it can be excited to a higher-energy state. This process is called nuclear excitation by electron capture and, although it has been recognized theoretically, has not yet been observed. Chris Chiara and colleagues have now seen evidence of this effect in experiments on atoms of the isotope molybdenum-93. The effect could affect the survival of some isotopes inside stars, because the excitation can cause the states to be long-lived.
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