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To address the challenges of increased beam power and target survivability associated with next-generation 
particle production beam lines, high dose, high-energy proton beam conditions are simulated using irradiation 
from low-energy ion beams. A low-energy ion irradiation study of POCO ZXF-5Q graphite under conditions similar 
to those of the NuMI NT-02 neutrino production target at the Fermi National Accelerator Laboratory is reported. 
Helium ion irradiation was performed at 100◦ C to a maximum damage level of 0.9 displacements per atom (DPA). 
Irradiation induced hardening, swelling of the irradiated region, inter-plane lattice expansion, and intraplane 
lattice contraction with increasing ion fluence was observed using micromechanical (nanoindentation, atomic 
force microscopy) and electron microscopy (high-resolution imaging, selected area diffraction) characterization. 
Similar changes were also observed in post irradiation examination of the NT-02 target indicating that ion 
irradiation can be a valuable tool for estimating radiation damage in proton beam targets. Caution must be 
exercised though, because the hardening, lattice alteration, and swelling occur to different magnitudes for a 
given damage level. The observed hardening and embrittlement were greater for ion irradiated graphite. For He 
ion irradiated samples the lattice spacing changes were smaller at low damage levels (78% less expansion and 
71% less contraction at 0.1 DPA) and larger at high damage levels (38% more expansion and 5% more contraction 
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