Cryogenic Performance of a Diffuse BGO Scintillator Array in the KAPAE Phase II Detector
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The KNU Advanced Positronium Annihilation Experiment (KAPAE) Phase II employs a 4π BGO scintillation calorimeter optimized for high-sensitivity rare-event searches. In this work, we focus primarily on the scintillation performance of a chemically diffused BGO crystal array developed for cryogenic operation. The crystal surfaces were treated with a chemical diffusion process to enhance light collection efficiency, and the detector was operated at low temperature to suppress thermal noise.

Systematic measurements demonstrate that the diffused BGO crystals exhibit improved scintillation characteristics under cryogenic conditions. At −37 °C, the scintillation decay time was measured to be 960 ns, and the combined effects of enhanced photon collection from the diffused surfaces and reduced SiPM thermal noise under cryogenic operation resulted in a improved energy resolution of 9% at 662 keV. This performance represents a improvement over earlier BGO positronium calorimeters, including the ETH Zurich experiment, which reported resolutions of approximately 15% [1]. The energy resolution characteristics of BGO are consistent with established measurements [2].

The diffused BGO array was integrated into the KAPAE Phase II detector and operated continuously for 120 days in an underground environment [3], demonstrating stable long-term performance. Based on the measured detector response and validated Geant4 simulations [4], an expected sensitivity at the level of ~10⁻⁸ is achieved for invisible para-positronium decay searches. Analysis of the full dataset shows that the resulting branching-ratio upper limit surpasses previous BGO-based experimental constraints.
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