Ultrafast laser–tissue interaction modeled via two-electron-temperature and free-carrier dynamics

H. Delibašić Marković1, V. Petrović1 and V. Srećković2
1University of Kragujevac, Faculty of Science, Radoja Domanovića 12, 34000 Kragujevac, Serbia 
2University of Belgrade, Institute of Physics Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
e-mail: hristina.delibasic@pmf.kg.ac.rs
We present a numerical study of femtosecond laser interaction with skin-like biological tissue using a two-electron-temperature and free-electron-density framework. The model resolves nonequilibrium energy transfer between nonthermal and thermalized electrons, coupled with the generation and spatiotemporal evolution of free carriers. Originally applied to metals [1] and later extended to wide-bandgap materials [2], this approach is adapted here to describe a soft, heterogeneous, water-rich medium with embedded absorbers. The governing system includes balance equations for high- and low-energy electron populations, as well as a rate equation for the free electron density. The latter accounts for multiphoton ionization, cascade processes, and chromophore-mediated photoionization, which is particularly relevant in pigmented or vascular tissue. Electron–phonon coupling is modeled as effective energy transfer to the surrounding matrix [3, 4], enabling thermalization on sub-picosecond timescales. Several physical effects, essential for realistic modeling, are incorporated: nonlinear absorption, local field enhancement near chromophores, and transient changes in the refractive index due to free carriers. Additionally, saturation of absorption, carrier diffusion, and heat dissipation through water content are considered. These elements are critical for understanding early energy localization and avoiding over-simplified energy deposition models [5]. Simulations are carried out in one dimension using an explicit finite-difference scheme under Gaussian pulse excitation. The model captures the dynamic interplay between ultrafast ionization, localized heating, and optical property modulation. Results suggest that the inclusion of distinct electron populations and chromophore-specific effects significantly alters the predicted damage thresholds and spatial confinement. This work builds upon recent extensions of the two-temperature model in nonequilibrium systems [6], offering a flexible basis for investigating ultrafast photothermal interactions in biological contexts.
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