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Abstract [Background] Gamma-induced positron annihilation (GIPA) spectroscopy for material defect
characterization faces challenges of low counting rates and insufficient measurement efficiency when using (p, y)
nuclear reaction sources. [Purpose] This study aims to develop an optimized gamma-induced positron annihilation
spectrometer based on the '*7Gd(n,y)'*®*Gd reaction, making use of its high thermal neutron cross-section (~2.54x
10° b) and high-energy y-rays (7.9 MeV) to significantly enhance counting rate and signal-to-noise ratio through
systematic optimization of target structure, geometric configuration, and shielding design. [Methods] Firstly, Monte

Carlo N-Particle (MCNP) simulations were performed to optimize the composite target structure, evaluating various
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combinations of gadolinium (Gd) and cadmium (Cd) thicknesses to maximize y-ray yield while completely absorbing
residual thermal neutrons. Then, the geometric configuration was systematically investigated by simulating the
angular distribution of y -rays emitted from the '’Gd(n, v)'**Gd reaction and determining the optimal sample
orientation () relative to the neutron beam and the optimal scattering angle («) between the sample and the high-
purity germanium (HPGe) detector hence to maximize the detection efficiency of 0.511 MeV annihilation photons.
Finally, lead shielding structures with varying thicknesses (0~25 cm) were modeled to quantify the reduction in
transmitted y -ray background and enhance the signal-to-noise ratio at the detector. [Results] Simulation results
demonstrate that the optimal composite target configuration of 0.05 mm Gd + 1 mm Cd achieves maximum v-ray
production (3.18x107 y-rays per 107 incident thermal neutrons) while completely absorbing residual thermal neutrons.
The optimized geometric configuration with the sample axis parallel to the neutron beam (6 = 0°) and a scattering
angle of & > 90° yields an annihilation photon (0.511 MeV) counting rate of 1.42x10” cm™'n™" at the detector. With a
15 cm lead shielding thickness, the transmitted y -ray flux at the detector is significantly reduced from 8.20x
10° em™n™' (unshielded) to 7.06x10° c¢cm™n™', resulting in a signal-to-noise ratio improvement to 1.48.
[Conclusions] The integration of composite target optimization, strategic geometric configuration and effective lead
shielding proposed in this study achieves a 2~3 orders of magnitude reduction in background noise while maintaining
high annihilation photon detection efficiency, resulting in a signal-to-noise ratio of 1.48, providing critical
engineering solutions for nondestructive characterization of deep material defects (~1 cm depth), offering a reliable

technical approach for online defect detection in critical components such as aircraft engine blades and enabling

dynamic characterization of material microstructure under multi-physics coupling environments.
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