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ABSTRACT

In high-energy-density physics, from inertial confinement fusion to astrophysical plasmas, heat is
carried primarily by radiation rather than by material conduction. The photon absorption cross-
section decreases sharply with temperature, allowing radiation to diffuse much more readily through
hot material than through cold material [1]. Under the equilibrium-diffusion approximation, the cou-
pled radiation-diffusion system reduces to a single nonlinear diffusion equation whose temperature-
dependent conductivity degenerates as the medium cools. The resulting equation is degenerate
parabolic, leading to finite-speed propagation and the formation of a sharp radiation front, in con-
trast to the instantaneous spreading characteristic of linear diffusion. The Marshak wave problem, in
which a radiation source at the boundary drives such a front into a cold medium, provides a classical
benchmark for this behavior [2, 3]. Accurately resolving this front is computationally challeng-
ing. The strong nonlinearity and degeneracy motivate the use of implicit schemes, which, although
unconditionally stable, require solving a large nonlinear algebraic system at every time step. Conse-
quently, the overall computational cost depends strongly on the efficiency of the nonlinear solution
procedure [4, 5]. To address this challenge, we develop a conservative finite volume framework
coupled with a Jacobian-Free Newton-Krylov (JENK) method for solving the resulting nonlinear
systems. In this context, accurate and computationally efficient numerical methods are essential for
reliably resolving the underlying physics and for providing a foundation for more complex radiation-
diffusion simulations. The proposed approach is evaluated through mesh and time-step refinement
studies, with particular emphasis on solution accuracy, convergence behavior, and computational
cost, aiming to establish an effective balance between numerical accuracy and computational effi-
ciency.
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