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Guiding  principle:
 If Edison had a needle to find in a haystack, he would proceed at once with the diligence 
of the bee to examine straw after straw until he found the object of his search… I was a 
sorry witness of such doings, knowing that a little theory and calculation would have 
saved him 90% of his labor.  
–Nikola Tesla, New York Times, October 19, 1931 

The traditional trial-and-error approach to PMI for future fusion devices by successively 
refitting the walls of toroidal plasma devices with different materials and component 
designs is becoming prohibitively slow and costly 

Need bottom-up approach arising from the fundamental atomistic and nano science 
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Big Picture: 
“State of the Art” Plasma Simulation Codes Use 

Rudimentary PMI Models 
•  SOLPS	  =	  B2	  (2-‐D	  fluid	  plasma	  transport)	  +	  EIRENE	  (3-‐D	  kineZc	  neutral	  
transport)	  used	  to	  simulate	  JET,	  design	  ITER,	  etc.	  

•  ReflecZon,	  physical	  spu]ering	  data	  from	  TRIM	  (BCA)	  calculaZons,	  
•  User	  specified	  absorpZon	  coefficients,	  
•  Empirical	  or	  calibrated	  chemical	  spu]ering	  yields.	  

•  UEDGE	  (2-‐D	  fluid	  plasma	  transport)	  &	  XGC	  (kineZc	  plasma	  turbulence	  &	  
transport)	  use	  specified	  recycling	  coefficients,	  

•  Can	  be	  coupled	  to	  DEGAS	  2	  kineZc	  neutral	  transport	  to	  use	  TRIM	  reflecZon	  data.	  
•  PMI	  do	  not	  evolve	  in	  response	  to	  plasma	  ⇒	  no	  consistent	  soluZon	  to	  
plasma-‐material	  system.	  

•  Replacing	  with	  dynamic,	  first	  	  principles,	  mulZ-‐scale	  model:	  
•  Consistent	  treatment	  of	  D	  retenZon	  &	  recycling,	  
•  Surface	  morphology	  evoluZon	  through	  erosion	  &	  redeposiZon,	  
•  KineZc	  characterizaZon	  of	  impurity	  sources,	  
•  Etc.	  



Challenges at the Plasma-Material Interface 
This is not the material science 

Science of the interface has many fundamental processes & synergies 
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Emphasis	  on	  integra.ng	  the	  simula.on	  of	  a	  fusion	  plasma	  with	  the	  material	  boundary	  falls	  inherently	  on	  the	  
plasma	  material	  interface	  because	  the	  phenomenology	  of	  the	  interface	  evolves	  much	  faster	  than	  plasma	  .me	  
scales	  and	  because	  the	  interface	  traverses	  a	  wider	  range	  of	  scales,	  which	  overlap	  with	  the	  scales	  of	  the	  plasma.	  



How  does  PMI  see  a  flux  of    1025  parAcles/m2s  mean  (ITER)?

Each particle will functionalize the material, change the surface for the 
subsequent impact! 
Processes essentially discrete                 Atomistic Happening at 
nanoscale in both time and space, scales determined by impact 
plasma particle energy  
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The	  flux	  is	  0.01	  par.cle/nm2ns,	  i.e.	  1	  par.cle	  each	  10	  ns	  at	  10	  nm2	  

A typical evolution of deuterium impact  at 100 eV even with 
chemical sputtering in carbon takes no more than 50 ps, and 
penetration no more than 2 nm; in tungsten events even faster  

The traditional trial-and-error approach to PMI for future fusion devices by successively 
refitting the walls of toroidal plasma devices with different materials and component designs is 
becoming prohibitively slow and costly. Need bottom-up approach arising from the 
fundamental atomistic and nano science 

Multiscale  nature of the physical processes at interface 

The	  interface	  at	  which	  plasma	  and	  material	  meet	  is	  a	  dynamic	  en.ty,	  a	  mix	  of	  material	  and	  
plasma	  that	  is	  governed	  by	  the	  history	  of	  their	  interac.on,	  	  
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Probing the PMI requires integration of many experimental and theoretical  
techniques spanning orders of magnitude in time, length, and energy scales 
 

e.g., Rutherford backscattering, 
elastic recoil detection 

e.g., low energy ion scattering, 
x-ray photoelectron spectroscopy 

      e.g., secondary neutral mass spectrometry 

e.g., quartz crystal microbalance 

Monte-Carlo techniques 
Diffusion; transport 

Mul.scale	  problem	  



Strategic  objecAves:  Integrated  plasma  &  material  modeling  system

Atomis.c	   PMI	   codes	   (ComputaZonal	  
chemistry	   NWChem,	   Approximate	  
DFT:	   SCC-‐DFTB,	   Quantum-‐Classical	  
Molecular	   Dynamics,	   Classical	  
Molecular	  Dynamics,	  LAMMPS)	  
	  
	   Mesoscopic	   PMI	   codes	   	   (DEM:	  
L IGGGHTS	   and	   KMC:SPPARKS,	  
referenced	   in	   the	   text,	   and	   Lajce-‐
Boltzmann	   codes	   [PALABOS]	   and	  
[SAILFISH]),	  
	  
Plasma	   codes	   	   (XGC	   family	   and	  
DEGAS	  2)	  

Plasma	  codes	  resolve	  events	  at	  the	  scale	  of	  µs	  
At	  shorter	  than	  µs	  .me:	  Study	  phenomenology,	  provide	  parameters	  for	  MC	  approaches	  at	  longer	  .me	  scale!!!	  

Integra.on	  of	  PMI	  and	  plasma	  at	  the	  “same	  foo.ng”,	  with	  nano	  PMI	  drivers	  	  
Study	  PMI	  separately,	  
	  with	  plasma	  drivers	  



Basic	  Problem	  of	  ComputaZonal	  Chemistry	  

Schrodinger	  equaZon	  for	  electrons:	  2nd	  order,	  linear	  parZal	  differenZal	  equaZon	  in	  	  
3*N	  dimensions	  for	  N	  electrons	  

For	  dynamics	  add	  Zme	  dependent	  derivaZve	  (addiZonal	  scalar	  dimension)	  	  



Where	  are	  we	  with	  its	  solu.on	  aWer	  trying	  for	  	  90+	  years?:	  
	  	  	  can	  do	  only	  very	  simple	  systems	  	  

Various	  approaches:	  
•  Ab	  iniZo	  theory	  
Goal	  to	  construct	  approximate	  wave	  funcZons	  that	  can	  be	  systemaZcally	  	  
improved	  toward	  exact	  soluZon	  –	  if	  we	  have	  large	  enough	  computer	  
How	  to	  do	  it?	  –subject	  of	  the	  first	  40	  years	  of	  computaZonal	  chemistry	  
	  
•  Density	  funcZonal	  theory	  (cannot	  systemaZcally	  improve	  toward	  exact)	  
•  Quantum	  Monte	  Carlo	  ?	  



What  many  electron  systems  can  we  solve?

•  A	  non-‐interacZng	  system	  

•  Hartree-‐Fock:	  	  Simplest	  possible	  electronic	  wave	  funcZon	  is	  an	  anZsymmetric	  product	  of	  	  
one-‐electron	  wave	  funcZons	  
Each	  electron	  is	  assumed	  to	  move	  in	  the	  average	  potenZal	  of	  all	  other	  electrons	  –	  but	  no	  	  
instantaneous	  ,	  direct	  coupling	  of	  electrons	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  This	  is	  somewhat	  related	  to	  much	  more	  used	  DFT	  	  
•  DFT	  
A	  lot	  of	  problems	  that	  are	  outweighted	  by	  the	  success;	  Came	  into	  chemistry	  form	  solid-‐state	  
physics	  
Must	  be	  applied	  with	  calibraZon	  against	  ab	  iniZo	  wave	  funcZon	  methods;	  	  
Done	  for	  many	  system	  types	  	  
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DFT  problems

Weak	  interacZons	  missing	  (long	  range	  correlaZon,	  dispersion)	  
Excited	  states,	  open	  shells	  missing	  
True-‐Zme	  dependence	  missing	  
RelaZvisZc	  effects	  missing	  
Size-‐dependence	  of	  calculaZons?	  
	  
No	  systema.c	  path	  for	  improvement	  
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NWChem:  General  ComputaAonal  Chemistry  
package  –  open  source

NWChem	  aims	  to	  provide	  its	  users	  with	  computaZonal	  chemistry	  tools	  that	  are	  scalable	  both	  
in	  their	  ability	  to	  treat	  large	  scienZfic	  computaZonal	  chemistry	  problems	  efficiently,	  and	  in	  
their	  use	  of	  available	  parallel	  compuZng	  resources	  from	  high-‐performance	  parallel	  	  
supercomputers	  to	  convenZonal	  workstaZon	  clusters.	  	  
	  
NWChem	  sosware	  can	  handle	  (all	  menZoned	  methods):	  
• Biomolecules,	  nanostructures,	  and	  solid-‐state	  	  
• From	  quantum	  to	  classical,	  and	  all	  combinaZons	  	  
• Ground	  and	  excited-‐states	  	  
• Gaussian	  basis	  funcZons	  or	  plane-‐waves	  	  
• Scaling	  from	  one	  to	  thousands	  of	  processors	  (250,000)	  
• ProperZes	  and	  relaZvisZc	  effects	  	  



MADNESS	  



What is MADNESS?	  

A general purpose numerical environment for reliable and fast scientific 
simulation 
– Chemistry, nuclear physics, atomic physics, material science, 
nanoscience, climate, fusion, ... 
 
• A general purpose parallel programming environment designed for the 
peta/exa-scales 
 
Addresses many of the sources of complexity that constrain the HPC 
ambitions	  

h]p://en.wikipedia.org/wiki/Madnes	  

High-‐level	  soWware	  environment	  for	  the	  solu.on	  of	  integral	  and	  differen.al	  equa.ons	  in	  many	  dimensions	  
using	  adap.ve	  and	  fast	  harmonic	  analysis	  methods	  with	  guaranteed	  precision	  based	  on	  mul.resolu.on	  analysis	  
and	  separated	  representa.ons	  .	  Solution of integral not differential equations. Wavelet representation of operators. 	  



The	  user	  chooses	  accuracy,	  and	  the	  simulaZon	  box	  size,	  system	  changes	  mesh	  (even	  100,000	  Zmes	  during	  calculaZon)	  	  
to	  reach	  the	  required	  accuracy	  of	  the	  wave	  funcZon.	  	  	  



SCC-‐DFTB  method:  
A  cheap  QM  alternaAve  to  DFT  

for  
QCMD

	  
“1000	  Zmes	  faster	  than	  DFT-‐MD,	  1000	  Zmes	  slower	  than	  CMD”	  

	  
	  













OUR	  Inves.ga.on	  of	  the	  parallel	  efficiency	  of	  the	  SCC-‐DFTB	  (one	  node	  use	  of	  	  up	  to	  8	  cores	  at	  Titan)	  



1000  and  5000  nodes  at  Titan  for  the  
staAsAcs  (cannot  help  Ame  causality!!!)



• 	   	  From	  in-‐situ	  experiments	  	  labs,	  and	  more	  than	  7	  different	  tokamak	  machines	  (TFTR	  ,	  CDX-‐U,	  	  FTU,	  	  DIII-‐D,	  	  
TJ-‐II,	  EAST	  ,	  and	  NSTX	  ):	  Graphite	  with	  thin	  lithium	  coaZngs	  have	  a	  "significant"	  effect	  on	  plasma	  behavior:	  
Reduced	  hydrogen	  recycling,	  erosion	  and	  ELMs,	  improved	  energy	  confinement	  Zme	  	  
	  
No.ceable	  is	  the	  ra.o	  of	  the	  dimensions	  of	  the	  
plasma	  and	  Li	  layer!!!	  

• 	  IniZally	  the	  experimentalists	  conjecture	  was	  that	  there	  was	  some	  "funcZonality"	  that	  governed	  the	  
behavior	  of	  the	  Li-‐C-‐O-‐H	  system	  observed	  indirectly	  by	  analyzing	  the	  O(1s)	  and	  	  C(1s)	  peaks.	  	  
	  
Working	  assumpZon	  was	  that	  the	  main	  generator	  	  was	  Li-‐H	  chemistry	  	  
	  	  

Our	  applica.on	  of	  SCC-‐DFTB:	  Lithium	  wall	  condi.oning	  improves	  confinement!	  	  
Why?	  

~	  1’s	  m	  

~	  1-‐10’s	  nm	  

“Nano-‐control	  of	  macro	  device”	  

D+	  



Lithium	  dynamics:	  Difficult	  to	  study	  theoreZcally	  by	  usual	  classical	  MD	  
because	  of	  Li	  polarizing	  features	  when	  interacZng	  with	  other	  elements	  	  	  

ElectronegaZvity	  is	  chemical	  property	  of	  	  an	  element	  	  defining	  its	  tendency	  to	  a]ract	  	  
electrons:	  Li	  has	  it	  excepZonally	  low	  in	  comparison	  to	  H	  ,	  C,	  	  O,	  Mo,	  W.	  

Consequence:	  Bonding	  between	  	  
Li	  and	  other	  atoms	  covalent	  and	  	  
polar;	  
Long-‐range	  nonbonding:	  
Coulomb	  :1/R	  	  
Lennard-‐Jones	  :1/R6,	  	  1/R12	  	  

Quantum-‐Classical	  MD	  based	  on	  Self-‐Consistent-‐Charge	  Density-‐Func.onal	  Tight-‐Binding	  (SCC-‐DFTB)	  method	  	  
(developed	  by	  Bremen	  Center	  for	  ComputaZonal	  Mat.	  Science,	  Germany)	  a	  possible	  answer	  for	  qualitaZve	  
phenomenology	  is	  our	  choice	  

Quantum-‐mechanical	  approach	  a	  must	  



From	  experiments:	  There	  was	  correlaZon	  between	  hydrogen	  retenZon	  and	  the	  behavior	  change	  of	  the	  O(1s)	  
and	  C(1s)	  peaks	  ONLY	  IN	  THE	  PRESENCE	  OF	  LITHIUM	  	  
	  
	  The	  Li(1s)	  peak	  was	  always	  invariant????	  

What	  did	  experiments	  teach	  us?	  
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D	  has	  a	  slight	  preference	  for	  interacZng	  with	  Li	  
rather	  than	  with	  C	  when	  small	  concetraZons	  of	  O	  
present	  	  
KrsZc	  et	  al.,	  FED	  (2012)	  

But	  theory	  said:	  
	  	  	  	  	  	  	  	  	  

J.P.	  Allain,	  C.	  Taylor	  



SimulaAon  of  deuterium  impact  to  lithiated  and  oxidized  
carbon  surface    (quantum-‐classical  approach,  SCC-‐DFTB)  –  
larger  O  concetraAons

• Cell	  of	  a	  few	  hunreds	  atoms	  of	  lithiated	  and	  oxidated	  
amorphous	  carbon	  	  
• (~20%	  of	  Li,	  	  and/or	  ~20%	  of	  O),	  at	  300K	  
How?	  
• By	  	  random	  seed	  of	  Li	  and	  O	  in	  amorphous	  	  
carbon	  	  and	  energy	  minimiza.on,	  followed	  by	  thermalizaZon	  
• bombarded	  by	  5	  eV	  D	  atoms,	  up	  to	  500fs	  for	  	  
the	  full	  evoluZon	  	  	  
• Perpendicularly	  to	  the	  shell	  interface	  

• 5004	  random	  trajectories	  (embarrassingly	  parallel	  runs	  at	  Jaguar,	  Kraken);	  Time	  step	  1	  fs;	  	  
30,000-‐50,000	  CPU	  hours	  per	  run,	  number	  of	  runs	  >	  20.	  



Simula.ons:	  How	  much	  is	  uptake	  of	  D	  correlated	  
to	  O	  and	  Li	  contents?	  	  

If	  there	  is	  a	  SIGNIFICANT	  amount	  of	  oxygen	  on	  surface	  with	  lithium	  present	  in	  the	  
graphite	  matrix,	  OXYGEN	  becomes	  the	  main	  player	  in	  retenZon-‐erosion	  chemistry;	  NOT	  
LITHIUM!!!	  

PredicZon	  from	  simulaZon:	  

KrsZc	  et	  al,	  PRL	  110,	  105001	  (2013)	  



Here	  came	  the	  experiment	  again	  (C.	  Taylor,	  J.P.	  Allain):	  
1)  At	  most	  5%	  oxygen	  content	  on	  the	  surface	  of	  NON-‐LITHIATED	  graphite...	  AS	  

EXPECTED.	  	  	  

2)  With	  lithium	  one	  gets	  10%	  	  of	  Oxygen	  

3)  IMPORTANT:	  LOW-‐ENERGY	  IRRADIATION	  of	  D	  promotes	  20-‐40%	  oxygen	  	  on	  the	  
surface.	  	  	  

.....	  (only	  when	  LITHIUM	  present	  in	  GRAPHITE!!)	  

Experimental	  validaZon	  
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D  interacAons  with  lithiated  graphite

•  (les)	  The	  surface	  chemistry	  is	  found	  independent	  of	  the	  incident	  energy	  
•  (right)	  With	  lithium	  on	  graphite,	  surface	  concentraZon	  of	  Oxygen	  increased	  upon	  bombardment	  by	  D	  
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How	  to	  get	  high	  concentraZons	  of	  Oxygen	  in	  the	  surface?	  
How	  could	  we	  study	  100’s	  of	  eV	  and	  keV	  impacts	  with	  5	  eV	  D?	  

KrsZc	  et	  al,	  PRL	  110,	  105001	  (2013)	  



It	  is	  not	  Lithium	  that	  suppresses	  erosion	  of	  C,	  and	  increases	  retenZon	  of	  H	  
	  
OXYGEN	  	  plays	  the	  key	  role	  in	  the	  binding	  of	  hydrogen.	  	  	  
	  
Lithium	  is	  the	  oxygen	  geler:	  Lithia.on	  of	  C	  brings	  	  
A	  LOT	  OF	  Oxygen	  inside	  C	  and	  this	  the	  main	  role	  of	  Li.	  	  
	  
If	  there	  is	  a	  SIGNIFICANT	  amount	  of	  oxygen	  on	  surface	  with	  lithium	  present	  in	  the	  graphite	  
matrix,	  OXYGEN	  becomes	  the	  main	  player;	  NOT	  LITHIUM!!!	  Oxygen	  and	  Oxygen-‐Carbon	  
bond	  D	  strongly:	  suppressing	  erosion	  &	  increasing	  D	  retenZon.	  
...	  consistent	  with	  the	  XPS	  data!!	  

What	  we	  learn	  from	  this	  T&E	  corroboraZon?	  



How  to  do  nanosynthesis  in  plasma:  of  a  SWCNT  
QCMD  with  SCC-‐DFTB

Iron	  catalyst	  

Courtesy:	  S.	  Irle	  



Synthesis	  of	  BN	  nanotubes	  

Self-‐organizaZon	  of	  the	  	  NT	  layers	  

Covalent-‐ionix	  bonding	  of	  BN	  



CMD	  TOOLS	  

hlp://lammps.sandia.gov	  
	  
LAMMPS	  is	  classical	  molecular	  dynamics	  code	  	  
For	  ensemble	  of	  par.cles	  in	  a	  liquid,	  solid,	  or	  	  
gaseous	  phase	  
	  
Highly	  efficient,	  GPU	  func.onality	  recently	  too	  
Highly	  parallelized,	  up	  to	  millions	  of	  atoms	  
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KrsZc,	  2014	  
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With	  a	  vacancy	  present	  (J.C.	  Wells,	  2014)	  



How  much  is  LAMMPS  parallelizaAon  efficient  
for  Tersoff-‐type  potenAals





EXAMPLES	  of	  (SUCCESFUL)	  use	  of	  CMD	  



Remarkable agreement of theory & beam exp’t when 
simulation prepare the sample at the level of nanoscale 
(fluence) to mimic exp’t. No fitting parameters!	  	   

Chemical	  spu]ering	  of	  carbon	  

Meyer	  et	  al,	  PS	  T128,	  50	  (2007).	  

Examples of the successes : Hydrocarbons 

CARBON 



Strong	  recombina.on	  of	  Frenkel	  	  pairs	  

Neutron-‐caused	  defects	  simulated	  by	  effects	  of	  W	  self-‐atom	  (ion	  in	  exp.)	  damage	  

1 2
02

1 2

4
( ) k
M M E

M M+
•  Virgin	  W	  has	  very	  low	  density	  of	  intrinsic	  defect	  sites	  at	  which	  to	  trap	  He	  
•  30	  keV	  W	  ion	  exposure	  creates	  extrinsic	  near-‐surface	  defects	  that	  should	  facilitate	  

	  He	  trapping	  during	  subsequent	  He	  ion	  exposures,	  perhaps	  even	  amorphize	  
	  	  	  	  	  surface,	  and/or	  accelerate	  fuzz	  growth,	  but	  effect	  is	  small	  

Why so small effects? 

Exp::	  

KrsZc	  

Movie	  



TUNGSTEN	  DEFECT	  RECOMBINATION	  



MD	  simula>on	  of	  self-‐atom	  damage	  1	  keV	  

1016/cm2	  

Experimental	  W	  
Self-‐ion	  fluence	  

Molecular	  dynamics	  results	  of	  damage	  accumula.on	  for	  consecu.ve	  W	  impacts:	  
• 	  Unlike	  TRIM,	  accumulated	  damage	  is	  not	  linear	  with	  dose	  (#	  of	  impacts)	  
• 	  In	  fact,	  accumulated	  damage	  saturates	  at	  much	  smaller	  doses	  than	  applied	  in	  expt.	  
• 	  Evidence	  for	  spontaneous	  recombinaCon	  of	  Frenkel	  pairs	  inside	  criCcal	  distance	  

The	  first	  three	  cascades	  
TRIM 

Recent	  experiments	  on	  deuterium	  	  retenZon	  in	  pre-‐damaged	  W	  by	  self-‐ions	  show	  saturaZon	  about	  1	  
dpa!!!	  

KrsZc	  



0.5	  keV,	  T=300K	  

2	  keV,	  300K	  

The	  calculaZons	  of	  self-‐damage	  in	  tungsten	  
done	  in	  range	  250	  eV	  -‐10	  keV	  
(collabora.on	  with	  Yong	  Wu,	  IAPCM,	  Fu	  Yong	  Zhao	  (2014)	  
IAPCM,	  Beijing)	  

•  For	  impact	  energies	  <	  2	  keV	  implanta.on	  	  
dominates	  over	  spulering:	  
	  	  	  	  	  IntersZZals	  dominates	  vacancies	  
•  At	  higher	  energies	  the	  trend	  inverts	  
At	  large	  fluences:	  
•  The	  dominant	  defect	  linearly	  
Increases	  with	  increase	  of	  the	  dominant	  one	  of	  the	  	  
Implanted	  and	  spulered;	  
•  	  Sub-‐dominant	  	  
defects	  saturates	  into	  a	  constant	  



E (keV) Spurt. yield Implant.
Yield

Reflect.
probability

1 0.73 0.85 0.14

10 2.98 0.87 0.13

EW=1 keV
T=1000 K
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Significant	  fracCon	  of	  “defects”	  located	  in	  surface	  layer,	  and	  	  
• contribute	  to	  surface	  roughening,	  rather	  than	  creaCng	  He	  trap	  sites.	  
:	  	  

10	  keV	  

KrsZc,	  2013	  



Defect	  clustering	  	  (1	  kev,	  !000K)	  

Vacancies	   IntersZZals	  
Aser	  888	  impacts	  of	  W	  

KrsZc,	  2013	  



Previously	   bombarded	   tungsten	   cell	   (~4400	   W	  
atoms)	  with	  25	  eV	  D	  impact:	  about	  500	  retained	  
D	  atoms;	  
The	   atoms	   in	   the	   cell	   termostated	   to	   various	  
temperatures	   in	   the	   range	   500K-‐2500K	   and	  
relaxed	  	  

In	  order	  to	  calculate	  diffusion	  of	  deuterium	  in	  W	  we	  use	  the	  
expression	  which	  relates	  macroscopic	  transport	  coefficient	  D	  with	  
microscopic	  informaZon	  on	  the	  mean	  square	  distance	  of	  	  atom	  
migraZon	  
	  
We	  apply	  MD	  with	  LAMMPS:	  
	  
Mobility	  of	  atoms	  in	  MD	  is	  described	  by	  the	  means	  square	  
displacement	  
	  	  	  	  	  	  	  	  	  	  	  	  

MSD	  contains	  informaZon	  on	  diffusion	  coefficient	  	  D	  through	  Einstein	  	  
RelaZon	  
	  

	  	  
dn Is	  the	  number	  of	  dimensions	  

For	  long	  Zme,	  the	  slope	  of	  the	  MSD	  vs	  Zme	  is	  proporZonal	  to	  the	  	  
diffusion	  coefficient	  D	  

DIFUSION	  of	  D	  	  in	  Tungsten	  	  

MSD =< Δ
!
r (t)2 >= A+ 2ndDt + fluctuations

MSD =< Δ!r (t)2 >= 1
N

(!ri (t)−
i=1

N

∑ !ri (0))
2
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In	  principle	  it	  is	  enough	  1	  D	  atom	  for	  	  calculaZng	  	  	  
diffusion	  coefficient,	  but	  the	  fluctuaZons	  are	  to	  high.	  

N=1,	  T=500K	  
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Averaging	  MSD	  over	  100	  atoms	  significantly	  	  
pacifies	  fluctuaZons;	  	  

N=102,	  T=500K	  
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Results	  improved	  at	  higher	  temperatures	  due	  to	  the	  faster	  	  
diffusion	  
and	  by	  choosing	  various	  iniZal	  Zmes	  	  and	  then	  averaging	  

N=558,	  T=2000K	  
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Both	  E	  and	  D0	  are	  increasing	  with	  deuterium	  density	  
Exponent	  increase	  expresses	  stronger	  D-‐D	  than	  D-‐W	  interacZon.	  

SZll,	  diffusion	  is	  reduced	  with	  increase	  of	  density,	  	  
Due	  to	  the	  faster	  change	  of	  the	  exponenZal	  	  
than	  prefactor.	  	  
	  



DFT,	  Em=021	  eV	  

Current	  

Comparison	  of	  experimental	  data	  and	  
previous	  simulaZons	  with	  the	  the	  new	  
MD	  simulaZons	  Experimental	  references	  
(from	  up	  to	  down):	  R.	  Frauenfelder,	  J.	  
Vac.	  Sci.	  Technol.	  6,	  388	  (1969);	  A.P.	  
Zakharov	  et	  al,	  Fiz.-‐Khim.	  Mekh.	  9,	  29	  
(1973);	  G.	  BenamaZ	  et	  al,	  J.	  Nucl.	  Mater.	  
283-‐287,	  1033	  (2000).	  DFT	  calculaZons	  
Heinola	  JAP	  107,	  113531	  



	  Impact	  energy	  needed	  to	  form	  stable	  defects	  in	  the	  
crystal.	  X	  axis	  represents	  the	  original	  posiCon	  of	  impinging	  
atom.	  Black,	  red	  and	  blue	  line	  represents	  the	  energy	  profile	  
for	  impact	  along	  (001),	  (101)	  and	  (111)	  direcCon,	  
respecCvely.	  Dashed	  lines	  represent	  extrapolated	  energy	  
value,	  ideally	  for	  impact	  on	  bulk	  atoms.	  
	  	  

Impact	  energy	  needed	  to	  form	  stable	  defects	  in	  the	  crystal.	  X	  
axis	  represents	  the	  original	  posiCon	  of	  impinging	  atom.	  Black	  
and	  red	  line	  represents	  the	  energy	  profile	  for	  impact	  along	  
(100)	  and	  (110)	  direcCon,	  respecCvely.	  Dashed	  lines	  represent	  
extrapolated	  energy	  value,	  ideally	  for	  impact	  on	  bulk	  atoms.	  No	  
stable	  defects	  observed	  for	  inner	  atom	  layers	  for	  whatever	  high	  
impact	  energy,	  because	  the	  recombinaCon	  of	  defects	  by	  
diffusion	  (rotaCon	  mechanism)	  always	  takes	  effect.	  
	  	  

Displacement	  	  
Energy	  for	  	  
various	  surface	  	  
layers	  



Possible  to  control  surface  diffusion  by  
tungsten  morphology

•  Examples:	  Two	  nano-‐	  film	  layers,	  nanograins,…	  

3000	  D	  

5500D	  

The	  nano-‐boundary	  	  
Slows	  down	  the	  diffusion	  
If	  in	  the	  direc.on	  	  
Orthogonal	  to	  impact	  
The	  upper	  layer	  filled	  	  
with	  D,	  further	  filling	  	  
amorphizes	  W	  



THE  SATURATED  UPPER    MAY  START  
DEGASING  AND  PREVENT  FURTHER  D  INPUT

SZmulated	  high-‐T	  diffusion	  	  
Can	  help	  to	  see	  this	  effect	  
At	  the	  MD	  scale	  of	  Zme	  	  



Conclusions 
•  The	  plasma-‐material	  interface	  has	  a	  big	  effect	  on	  the	  	  plasma	  performance,	  and	  we	  don't	  understand	  why!	  The	  answers	  can	  

be	  found	  in	  the	  plasma-‐PMI	  integraZon	  science.	  
•  The	  main	  weight	  in	  the	  science	  of	  integraZon	  of	  fusion	  plasma	  and	  its	  interfacial	  surface	  boundaries	  is	  carried	  	  by	  PMI	  	  

because	  1)	  the	  basic	  PMI	  phenomenology	  evolves	  much	  faster	  than	  the	  plasma	  Zme	  scale,	  and	  2)	  it	  evolves	  through	  wider	  
range	  of	  	  the	  scales,	  which	  parZally	  overlap	  with	  the	  scale	  of	  plasmas.	  The	  PMI	  has	  to	  be	  understood	  and	  parameterized	  at	  
nanoscale	  before	  integraZng	  it	  with	  plasma	  at	  the	  “same	  fooZng”	  at	  micro-‐scale.	  

•  Bringing	  together	  the	  various	  	  scales	  of	  PMI	  and	  plasma	  is	  the	  fundamental	  mulZsdisciplinary	  quesZon,	  covering	  plasma	  
science,	  surface	  science,	  atomic	  physics,	  computer	  science	  and	  applied	  mathemaZcs.	  	  

•  We	  are	  now	  capable	  to	  do	  this	  integraZon	  by	  combining	  nano,	  meso	  and	  conZnuum	  scales:	  Computer	  resources,	  computer	  
codes,	  knowledge	  “how-‐to”	  and	  quality	  manpower	  are	  available.	  	  

•  Quality	  validaZon	  of	  the	  simulaZons	  is	  the	  key	  for	  the	  “right	  track”.	  Mimicking	  the	  experiments	  by	  simulaZon	  is	  the	  key	  for	  the	  
successful	  validaZon.	  High	  quality	  experiments,	  well	  suited	  for	  the	  purpose	  do	  exist.	  

•  Need	  systema.c	  improvement	  of	  understanding	  of	  PMI	  processes	  in	  order	  to	  reduce	  
epistemic	  uncertain.es.	  Only	  then	  we	  will	  be	  able	  to	  apply	  the	  apparatus	  of	  aleatoric	  
uncertain.es	  	  in	  order	  to	  have	  a	  controlled	  UQ	  for	  the	  PMI	  processes.	  	  


