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ABSTRACT 
Absorption of high-energy X-rays by molecules initiates a cascade of electronic relaxation processes that redistribute charge and energy on femtosecond timescales. These ultrafast steps determine how the system evolves from a localized excitation to widespread ionization of the molecular framework and, ultimately, to fragmentation through Coulomb explosion. Despite their central role in X-ray science and radiation chemistry, the pathways of charge buildup and energy flow at the molecular level remain incompletely understood. Molecules containing high-Z atoms such as bromine or iodine are of particular interest because their large inner-shell ionization cross sections make them dominant sites of X-ray absorption (“hotspots”), triggering rich electronic decay cascades that drive rapid and extensive molecular damage. Beyond their fundamental relevance to ultrafast radiation–matter interactions, these processes are also of practical importance in X-ray-mediated cancer therapy, where halogenated nucleoside analogs act as radiosensitizers in hypoxic tumor cells. Current biological models typically describe radiation damage in terms of low-energy secondary electrons and hydroxyl radicals generated from water radiolysis, while largely overlooking the direct contribution of the radiosensitizer molecules themselves. 
Addressing this gap requires experiments capable of disentangling charge redistribution, fragmentation dynamics, and the role of embedded high-Z atoms within complex molecular systems. Our new high-resolution electron–multi-ion coincidence setup, MUSTACHE, is designed for this type of investigation and is optimized for tender and hard X-ray studies [1]. By correlating energy-resolved electrons with multiple ionic fragments, MUSTACHE provides a unique means to probe how molecular structure and halogen “hotspot” characteristics govern charge flow and fragmentation pathways. Our first measurements on halogen-containing radiosensitizers – the uridine derivatives 5-iodo-4-thio-2′-deoxyuridine and 5-bromo-4-thio-2′-deoxyuridine – performed at the GALAXIES beamline reveal that absorption of a single hard X-ray photon can induce a violent Coulomb explosion, producing predominantly small (atomic) and multiply charged fragments. These results demonstrate that such molecules release not only cascades of Auger electrons but also energetic ionic fragments capable of inflicting localized chemical and mechanical damage – species not accounted for in existing radiobiological models. Together, these insights can help advancing our understanding of the molecular-scale mechanisms underlying radiosensitizer action and their potential impact in X-ray-based therapies.
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