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In this work, we present theoretical studies of single-shot damage of ruthenium thin films induced by 

femtosecond extreme ultraviolet (EUV) free-electron laser (FEL) pulses with 13.5 nm wavelength. 
Previous experimental analysis of the damaged spots by means of high-resolution scanning electron 
microscopy, transmission electron microscopy and atomic force microscopy revealed the nature of the 
induced damage to be melting of the Ru surface with subsequent spallation of the top Ru layer. 

A combined model is used to simulate the interaction of the EUV femtosecond FEL pulse with the Ru 
film: 

(i) Photoabsorption and nonequilibrium electron kinetics are described with the Monte Carlo code 
XCascade-3D [1], which enables one to calculate the time-space evolution of electron cascades 
induced by the EUV pulse. We show that since the electron cascading practically ends already during 
the pulse, the EUV-induced electronic distribution in Ru may be considered as the thermal one at all 
times. 

(ii) Heat diffusion of thermalized electrons into the depth of the material and simultaneous heating of 
the lattice via electron-phonon interaction are described within the two-temperature model (TTM). The 
utilized electron-phonon coupling factor, calculated with the ruthenium density of states taken into 
account, shows a good agreement with the available experimental data. Due to the strong electron-
phonon coupling in Ru, thermal equilibrium between electrons and lattice is reached at approximately 1 
ps after the laser pulse.  

(iii) Finally, the lattice dynamical effects such as melting and spallation are modeled with the classical 
molecular dynamics approach. 

The simulations show that heating of Ru by the FEL EUV pulse occurs in the stress confinement 
regime which means that the lattice temperature increase is faster than the time needed for the system 
to mechanically react to that ultrafast heating. Large stresses develop inside the material leading to 
spallation of the top Ru layer, which is in agreement with the mentioned experimental observations. 
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