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SEAKMC: Self-Evolving Atomistic Kinetic 
Monte Carlo 

Xu, Osetsky, Stoller, Physical Review B 84 (2011) 132103.  

Xu, Osetsky, Stoller, J. Phys.: Condens. Matter 24 (2012) 375402. 

1. An atomistic Monte Carlo method 

 

2. Inter-atomic interactions are described by empirical potentials 

 

 

 

 

 

 

3. A dimer method for finding transitions states of the system 

 

4. Tricks of trade to lower computational cost  

 

ÅW-W: modified Ackland-Thetford 
ÅW-He: a pair-wise 
ÅHe-He: Beck 

N. Juslin, B.D. Wirth,  J. Nucl. Mater. 432 (2013) 61. 
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SEAKMC method, continuation 

1. Initial configuration 

2. Define active volumes 

3. Saddle-point search 

4. Kinetic Monte Carlo 

5. Relaxation; local or global 

6. Treatment of results 

1 

2 

3 

4 

5 
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SEAKMC is useful for problems dealing 

with large systems and complex defects 
(e.g. <100> loop formation in bcc Fe;  

Xu et al., Phys. Rev. Lett. 110 (2013)) 

 

but it ignores atomic movement, so that 

some non-zero temperature effects may 

be lost 
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Calculations 

System size: (20a0)
3 (~18,000 at) 

 

Free surfaces: (111), (110) and (100) 

 

Simulations: static or SEAKMC at 

         T=600K, 900K, 1200K 

He clusters are initially placed at 

different places in the box 

 

12-48 dimer searches for each 

cluster; activation volume of ~2.7a0 

for vacancy and He atom and 

~5.4a0 for self-interstitial atom  
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3-He cluster configurations 

1. For {110} surface, two orientations:  

  i.  ñtriangle tip upò:    2He closer to surface; 

  ii. ñtriangle tip down: 1He closer to surface. 

 

2. For {100} surface, two orientations:  

  i. ñtriangle tip upò; 

  ii.  triangle parallel to the surface. 

 

3. For {111} surface, one orientation:  

       ñtriangle tip upò. 
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Binding of 3-He cluster with free surfaces 

The interaction is short-ranged and week 

(110) surface 
(100) surface 

(111) surface 
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3-He cluster dynamics near surfaces 

Saddle Point Energy System Energy 

Rotations 

Jumps 

No significant change in 

the cluster center of mass 

Trap mutation in the 

vicinity of surface 
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Trap mutation: immobilization of 3-He 
near surfaces by creating a Frenkel pair 

3He-V and W ad-atom  

in <111> direction, dE~3eV 

Similar results for all three surfaces 

Small clusters may be immobilized in the vicinity of 
surface and this contributes to He retention, 

while larger clusters create Frenkel pairs in the bulk.  

<111>  
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Trap mutation in the bulk 

Trap mutation in the bulk requires larger number of He 

atoms 

10He        10He-V  +  SIA  +  1.74 eV 
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SEAKMC results and comparison with MD 

SEAKMC ~150 trajectories.   

Higher T: more energetic jump events become more frequent as compared to rotation events. 

No visible effect of energy gradient on diffusion: too week interaction. 

No cluster dissociation near surfaces.  Trap mutations occur: 

 

Surface    Atomic layer  Distance from surface  MD at 1200K (see below*) 

(110)   3rd   Õ2 a0   5th (16%); 4th (72%); 3rd (12%) 

(100)  3rd   1.0 a0 

(111)  8rd (and close)  ~2.0 a0 

* L. Hu, K.D. Hammond, B.D. Wirth, D. Maroudas, Surf. Sci. Lett. (2014). 

  659 trajectories at 1200K; initial position: 10th atomic layer from {100} surface  

This indicates importance of atomic vibrations in the interaction 

between He clusters and free surfaces: the interaction becomes 

stronger 

(+partial or complete dissociation) 
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Immobilization of 3-He near free surfaces 
must contribute significantly to He retention 

ÅFormation of large mobile He clusters is less probable and may be 
artificial in modeling with high particle flux used (see poster by P. 
Klaver), where difference in high and low flux simulations is shown. 

ÅEstimate of He mean free path (MFP) for the time between He atom 
impingements: 

ÅFor  DHe= 10-8 m2/s,  FHe= 1023 /m2s  and  t = 20 ns, 

Å                    MFP=ã2DHet= 20nm, 

Å                    1He produced in the area=(20nm)2. 

ÅAt least at the beginning of irradiation, most important defects are 

Å                 mobile 1-3 He atom and  

Å                  immobile V-nHe complexes. 
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Interaction of He-V clusters with point 
defects and He atoms 
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Interaction of 15He-3V cluster with a He atom 

In the bulk 15He atom cluster 

creates three Frenkel pairs 

He is repelled from some sites in 

<111>; attracted in other directions 

with capture distance ~1.5-2.5 a0 

The interaction is anisotropic 
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Interaction of 15He-10V cluster with a 
vacancy and a He atom 

Anisotropy of interaction is observed for vacancy; 

The interaction is more isotropic for He .   

He atom is attracted Vacancy is quite strongly 

repelled in <100> and <110>  
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Estimates of the interaction radii 
(more accurate calculations needed) 

Conventional criterion for the interaction energy: E(RI) < -kBT 

(see, e.g. Barashev et al., Philos. Mag. 90 (2010) 897-906.) 

 

Simple averaging over different directions, weighted by the number 

of directions: 8 <111>, 6 <100> and 12 <110>. For kBT=0.1 (1200K) 

  

He + (15He-3V):    dR= (8*1.86+6*2.5+12*3.2)/26 = 2.6 a0 

He + (15He-10V):  dR= (8*1.86+6*1.5+12*1.7)/26 = 1.7 a0 

V   + (15He-10V):  dR= (8*1.86+6*1.5+12*1.7)/26 = 1.7 a0 

 

Vacancy may join the bubble despite of the repulsion, since the 

barrier in <111> direction is not too high, ~ RT  - needs verification. 

Temperature dependence is very week at high T, 

due to high gradients of the interaction energy  



16 Managed by UT-Battelle 
for the Department of Energy 

SEAKMC simulation of interactions 

Difficulty: when a mobile defect studied is near vacancy-He 

complex, fast He atom movement occupy all calculation time and 

various tricks employed to exclude them do not help much. 

 

??? 

The reaction radii are better (easier) estimated using 

energy criterion (previous slide) than from kinetic 

behavior 
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Summary  

ÅInteraction of 3He cluster with free surfaces is week and short ranged. 

Å3He cluster is mobile in the bulk but is immobilized near surfaces via 
formation of a Frenkel pair, with W ad-atom on the surface. 

ÅSEAKMC results are similar to MD; but absence of atomic movement 
leads to underestimation of 3He-surface interaction strength. 

ÅImmobilization of 3He near free surfaces must contribute significantly 
to He retention. 

ÅFormation of larger mobile He clusters is less probable and may be 
artificial in modeling with high particle flux used (mention poster by 
Peter Klaver, where difference in high and low flux simulations is 
demonstrated). Rate theory treatment is required. 

ÅInteraction of He atoms and vacancies with He-V complexes is 
anisotropic. 
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Thank you for attention 
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Current activities  

Modeling work for FY-2014 using SEAKMC approach 

 

A. Helium and point defect reactions, surface effects 
1. 15 He-3V cluster and a He atom near free surfaces with different (100), (111) and 

(110) orientations (relevant to near-surface PSI conditions). 

2. Reactions of a 15 Heð(10-12)V cluster with mobile He atom, vacancy and self-

interstitial atom (SIA) and some SIA clusters in the material bulk (relevant to bulk 

fusion neutron science). 

 

B. Radiation-induced defect reactions, bulk effects relevant to cascade aging 
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Additional figure: 
A Frenkel pair created by a He cluster in bulk 

Å10-He cluster 

ÅEnergy difference between A and C: 1.74 eV 

A B C 


