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 In our group we use all main atomic-level simulation 

methods: 

Density functional theory (DFT) 

 Solving Schrödinger equation to get electronic 

structure of atomic system 

Molecular dynamics (MD) 

 Simulation of atom motion, classically and by DFT 

Kinetic Monte Carlo (KMC) 

 Simulation of atom or defect migration in time 

 Simulations of plasma-wall interactions 

 Simulation of plasma particle interactions with 

surfaces 

We use all of them  to tackle the arcing effects! 



Stage 1: Charge distribution @ surface 

Method: DFT with external electric field 

Stage 4: Plasma evolution, burning of arc 

Method: Particle-in-Cell (PIC)  

Stage 5: Surface damage due to the 
intense ion bombardment from plasma 
Method: Arc MD  

~few fs 

~few ns 

~ sec/hours 

~10s ns 

~ sec/min 

~100s ns 

Stage 2: Atomic motion & evaporation  
                                +  
            Joule heating (electron dynamics)   

Method: Hybrid ED&MD model (includes 
Laplace and heat equation solutions)  

Stage 3b: Surface evolution: taking into 
account all the studied dynamic 
processes (including electromigration) 

Method: Kinetic Monte Carlo 

Stage 3a: Onset of tip growth; 
Dislocation mechanism 

Method: MD, FEM 

Bukhard Jüttner 
1979 
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Cu(100) Cu(110) Cu(111) 

 (with adatom), eV 0.427 0.121 0.414 
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(colors on atoms represents the charges, details in 

Stefan Parviainen’s talk) 



Details in F. Djurabekova, S. Parviainen, A. Pohjonen and K. 
Nordlund, PRE 83, 026704 (2011). 
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Fowler-Nordheim 

constants: 

No electromigration is still taken into account! 



Here C
V
 volumetric heat capacity. 

Phonons are implicitly present in 

classical MD. In the equation we 

include only electron thermal 

conductivity given by the Wiedemann-

Franz law 
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S. Parviainen, F. Djurabekova, H. Timko, and K. Nordlund, Comput. 
Mater. Sci. 50, 2075 (2011).  
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Where Lorenz number is found as 

Electric 
current 
(resistive 
heating) 

Lattice and electronic 
heat conduction 
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A. Descoeudres, F. 
Djurabekova, and K. 
Nordlund, DC 
Breakdown 
experiments with 
cobalt electrodes, 
CLIC-Note XXX, 1 
(2010). 



A. Pohjonen, F. Djurabekova, et al., Dislocation nucleation from near 
surface void under static tensile stress on surface in Cu, Jour. Appl. Phys. 
110, 023509 (2011).  





We also performed the series of FEM 
calculations. We obtained an interesting 
result: 
The presence of surface near to the void 
increases the chances for dislocation 
nucleation, but not drastically! 





Power law fit  Stress model fit 
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[W. Wuensch, public presentation at the CTF3, available online at 
http://indico.cern.ch/conferenceDisplay.py?confId=8831.] with the model.] 
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K. Nordlund and F. Djurabekova, Defect model for the 
dependence of breakdown 
rate on external electric fields, Phys. Rev. ST-AB 15, 
071002 (2012). 



 

 

H. Timko, K. Matyash, R. Schneider, F. Djurabekova, K. Nordlund, A. 
Hansen, A. Descoeudres, J. Kovermann, A. Grudiev, W. Wuensch, S. 
Calatroni, and M. Taborelli , Contrib. Plasma Phys. 51, 5-21 (2011) 

Corresponding to experiment...  

jFE 



 The 1D PIC simulations give the plasma  

density time evolution above the surface:  
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Multiscale modelling of sparks: 
Classical MD simulations 

MD simulations of surface bombardment on a given area A 

 Ion flux and energy distribution corresponded exactly to that 

from PIC simulations! 

- Flux of ~1025 on eg. r=15 nm circle => one ion/20 fs!! 

Top view Side view 
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H. Timko, F. Djurabekova et al., Mechanism of 
surface modification from the arc plasma-surface 
interaction in Cu, Phys. Rev. B 81, 184109 (2010). 





















“Backscattered electrons enhance the x-ray photon yield. But the total number of 
photons produced and also the number of secondary electrons released from the 
cathode remains small. Their total yield in comparison with the number of primary 
electrons is rather small. We therefore conclude that x-ray photons play only a minor 
role in explaining the pre-breakdown current flowing through the gap in vacuum 
interrupters.” 
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