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Ac%vi%es	  proposed	  end	  of	  2013:	  Tri%um	  trapping	  in	  W	  alloys	  

Ø  Tri%um	  implanta%on	  studies	  in	  different	  W	  based	  materials:	  
Ø  ITER	  grade	  W	  
Ø  W	  deposited	  layer	  by	  PVD	  (Physical	  vapor	  deposi%on)	  
Ø  W	  alloys:	  

Ø  W	  solide	  solutes	  as	  W-‐Ta	  
Ø  Par%cle	  reinforced	  W	  as	  W-‐Y203	  or	  W-‐TiC	  

Ø  Modeling	  the	  Tri%um	  implanta%on	  in	  close	  collabora%on	  with	  CRP’s	  Marie	  France	  Barthe	  
	  
in	  parallel,	  we	  will	  work	  on:	  

•  T	  trapping	  on	  dust	  produced	  by	  plasma	  spuZering	  
•  T	  trapping	  in	  Be	  dust	  and	  massive	  material	  
•  T	  trapping	  by	  plasma	  implanta%on	  



Ø  Tri%um	  implanta%on	  studies	  in	  different	  W	  based	  materials:	  
Ø  ITER	  grade	  W	  
Ø  W	  deposited	  layer	  by	  PVD	  (Physical	  vapor	  deposi%on)	  
Ø  W	  alloys:	  

Ø  W	  solide	  solutes	  as	  W-‐Ta	  
Ø  Par%cle	  reinforced	  W	  as	  W-‐Y203	  or	  W-‐TiC	  

Ø  Modeling	  the	  Tri%um	  implanta%on	  in	  close	  collabora%on	  with	  CRP’s	  Marie	  France	  Barthe	  
	  
in	  parallel,	  we	  will	  work	  on:	  

•  T	  trapping	  on	  dust	  produced	  by	  plasma	  spuZering	  
•  T	  trapping	  in	  Be	  dust	  and	  massive	  material	  
•  T	  trapping	  by	  plasma	  implanta%on	  

Ø  No	  real	  support	  to	  work	  on	  massive	  samples	  at	  any	  level	  	  (as	  Eurofusion)	  	  	  
•  0,2PPY	  of	  support	  for	  T	  ac%vity	  ≅	  12k€	  	  
(comparison	  of	  T	  inventory	  of	  massif	  and	  layer,	  to	  be	  presented	  at	  the	  next	  ICFRM)	  

	  
è	  Experimental	  ac%vi%es	  focused	  on	  dust	  and	  supported	  by	  

•  	  	  Aix	  Marseille	  University	  project	  on	  consequences	  of	  dust	  inhala%on	  on	  cell	  
•  	  	  ITER	  contract	  on	  behavior	  of	  dust	  in	  different	  media	  
	  

What	  are	  the	  open	  issues	  raised	  by	  dust	  in	  ITER	  and	  generally	  in	  future	  tokamaks?	  

Ac%vi%es	  proposed	  end	  of	  2013:	  Tri%um	  trapping	  in	  W	  alloys	  



Due	  to	  severe	  Plasma	  Wall	  Interac%ons,	  fusion	  machines	  produce	  tri%ated	  dust.	  
In	  ITER,	  safety	  limit:	  one	  ton	  of	  dust	  in	  the	  Vacuum	  Vessel	  

	  
These	  dust:	  	  

•  are	  ac%vated	  and	  tri%ated.	  
•  Are	  of	  different	  composi%ons	  (in	  ITER:	  pure	  W,	  pure	  Be	  and	  mixed	  materials)	  
•  Have	  large	  size	  distribu%on	  (from	  10s	  of	  nanometer	  to	  cms)	  

•  In	  Carbon	  machine,	  poly-‐disperse	  size	  distribu%on	  centered	  at	  2-‐3	  μm	  
•  Experience	  large	  Specific	  Surface	  Area	  due	  to	  accre%on	  processes	  

è	  Enhanced	  surface	  effects	  (compared	  to	  massive	  samples)	  
	  
They	  can	  escape	  from	  the	  Torus	  in	  case	  of	  Lost	  Of	  Vacuum	  Accident	  (LOVA)	  

	  
	  

	  

Tokamak	  dust	  proper%es	  



Due	  to	  severe	  Plasma	  Wall	  Interac%ons,	  fusion	  machines	  produce	  tri%ated	  dust.	  
In	  ITER,	  safety	  limit:	  one	  ton	  of	  dust	  in	  the	  Vacuum	  Vessel	  

	  
These	  dust:	  	  

•  are	  ac%vated	  and	  tri%ated.	  
•  Are	  of	  different	  composi%ons	  (in	  ITER:	  pure	  W,	  pure	  Be	  and	  mixed	  materials)	  
•  Have	  large	  size	  distribu%on	  (from	  10s	  of	  nanometer	  to	  cms)	  

•  In	  Carbon	  machine,	  poly-‐disperse	  size	  distribu%on	  centered	  at	  2-‐3	  μm	  
•  Experience	  large	  Specific	  Surface	  Area	  due	  to	  accre%on	  processes	  
  è	  Enhanced	  surface	  effects	  (compared	  to	  massive	  samples)	  

	  
They	  can	  escape	  from	  the	  Torus	  in	  case	  of	  Lost	  Of	  Vacuum	  Accident	  (LOVA)	  

	  
Open	  ques%ons:	   	  	  
•  What	  is	  the	  total	  quan%ty	  of	  tri%um	  trapped	  in	  these	  par%cles?	  
•  How	  tri%um	  is	  released	  in	  func%on	  of	  the	  	  ambient	  atmosphere?	  In	  aqueous	  media?	  
•  In	  case	  of	  inhala%on	  :	  

•  What	  is	  the	  behavior	  of	  these	  par%cles/of	  the	  tri%um?	  
•  Are	  the	  par%cles	  dissolved	  in	  the	  biologic	  media?	  
•  Where	  are	  the	  par%cles/the	  tri%um	  located	  in	  the	  cells?	  
•  What	  are	  the	  consequences	  inhala%on	  in	  term	  of	  cyto-‐toxicity	  and	  of	  geno-‐toxicity?	  

Tokamak	  dust	  proper%es	  &	  dust	  open	  issues	  



Open	  ques%ons:	   	  	  
•  What	  is	  the	  total	  quan%ty	  of	  tri%um	  trapped	  in	  these	  par%cles?	  
•  How	  tri%um	  is	  released	  in	  func%on	  of	  the	  	  ambient	  atmosphere?	  In	  aqueous	  media?	  
•  In	  case	  of	  inhala%on	  :	  

•  What	  is	  the	  behavior	  of	  these	  par%cles/of	  the	  tri%um?	  
•  Are	  the	  par%cles	  dissolved	  in	  the	  biologic	  media?	  
•  Where	  are	  the	  par%cles/the	  tri%um	  located	  in	  the	  cells?	  
•  What	  are	  the	  consequences	  inhala%on	  in	  term	  of	  cyto-‐toxicity	  and	  of	  geno-‐toxicity?	  

Tasks	  to	  be	  done:	  
•  ITER	  relevant	  par%cles	  produc%on	  and	  characteriza%on	  (no	  tokamak	  produc%on)	  

•  Current	  work	  on	  W	  (but	  Be	  studies	  (dust	  and	  massive)	  star%ng	  in	  September)	  
•  Targets	  :	  	  

•  Small	  par%cles	  of	  about	  100nm	  for	  Biological	  test	  
•  High	  probability	  to	  escape	  HEPA	  filters	  

•  Larger	  size	  for	  comparison	  
•  Par%cle	  tri%a%on	  è	  total	  quan%ty	  of	  tri%um	  trapped	  
•  Tri%um	  release	  studies	  

•  in	  different	  media	  and	  ambiances	  (including	  biological	  media)	  
•  Tri%um	  specia%on	  

•  +	  	  In	  vitro	  tests	  

Tasks	  to	  be	  done	  



Open	  ques%ons:	   	  	  
•  What	  is	  the	  total	  quan%ty	  of	  tri%um	  trapped	  in	  these	  par%cles?	  
•  How	  tri%um	  is	  released	  in	  func%on	  of	  the	  	  ambient	  atmosphere?	  In	  aqueous	  media?	  
•  In	  case	  of	  inhala%on	  :	  

•  What	  is	  the	  behavior	  of	  these	  par%cles/of	  the	  tri%um?	  
•  Are	  the	  par%cles	  dissolved	  in	  the	  biologic	  media?	  
•  Where	  are	  the	  par%cles/the	  tri%um	  located	  in	  the	  cells?	  
•  What	  are	  the	  consequences	  inhala%on	  in	  term	  of	  cyto-‐toxicity	  and	  of	  geno-‐toxicity?	  

Tasks	  to	  be	  done:	  
•  ITER	  relevant	  par%cles	  produc%on	  and	  characteriza%on	  (no	  tokamak	  produc%on)	  

•  Current	  work	  on	  W	  (but	  Be	  studies	  (dust	  and	  massive)	  star%ng	  in	  September)	  
•  Targets	  :	  	  

•  Small	  par%cles	  of	  about	  100nm	  for	  Biological	  test	  
•  High	  probability	  to	  escape	  HEPA	  filters	  

•  Larger	  size	  for	  comparison	  
•  Par%cle	  tri%a%on	  è	  total	  quan%ty	  of	  tri%um	  trapped	  
•  Tri%um	  release	  studies	  

•  in	  different	  media	  and	  ambiances	  (including	  biological	  media)	  
•  Tri%um	  specia%on	  

•  +	  	  In	  vitro	  tests	  

Tasks	  to	  be	  done	  



Tian	  et	  al.,	  J.	  Nucl.	  Mater.	  399,	  101	  
(2010)	  

200	  eV/D	  
F=3.1024	  D/

m2	  

• 	  how	  D	  reten6on	  in	  tungsten	  depends	  on:	  

-‐ 	  Sample	  (temperature,	  grade…)	  

-‐ 	  Ion	  flux	  (1018-‐1022	  D.m-‐2.s-‐1)	  

-‐ 	  Ion	  fluence	  (1021-‐1027	  D.m-‐2)	  

-‐ -‐>	  a	  non-‐linear	  trend	  on	  5	  orders	  of	  magnitude	  

Reten6on	  α	  Fluence0.5-‐0.7	  

• 	  Problem:	  TPD	  varies	  from	  one	  lab	  to	  the	  other…	  what	  physics	  to	  put	  in	  models?	  

Ogorodnikova	  et	  al.	  J.	  Nucl.	  
Mater.	  313-‐316,	  469	  (2003)	  

Ogorodnikova	  et	  al.,	  Phys.	  Scr.	  
T138,	  014053	  (2009)	  

TPD:	  Temperature	  Programmed	  Desorp%on	  	  

Deuterium	  implanta%on	  studies:	  The	  WHISCI	  project	  
(06/2015)	  



Mul%-‐scale	  modeling	  validated	  by	  well	  controlled	  laboratory	  experiments	  

9	  

Coordinator:	  Regis	  Bisson	  (PIIM	  Laboratory)	  

Deuterium	  implanta%on	  studies:	  The	  WHISCI	  project	  
(06/2015)	  

Strong	  and	  constant	  interac6ons	  in	  place	  
(star6ng	  3	  years	  ago)	  



Mul%-‐scale	  modeling	  validated	  by	  well	  controlled	  laboratory	  experiments	  

10	  

Coordinator:	  Regis	  Bisson	  (PIIM	  Laboratory)	  

Deuterium	  implanta%on	  studies:	  The	  WHISCI	  project	  
(06/2015)	  

Strong	  and	  constant	  interac6ons	  in	  place	  
(star6ng	  3	  years	  ago)	  



Mul%-‐scale	  modeling	  validated	  by	  well	  controlled	  laboratory	  experiments	  

11	  

Coordinator:	  Regis	  Bisson	  (PIIM	  Laboratory)	  

Deuterium	  implanta%on	  studies:	  The	  WHISCI	  project	  
(06/2015)	  

Strong	  and	  constant	  interac6ons	  in	  place	  
(star6ng	  3	  years	  ago)	  
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Outline	  
	  

1.   Par%cles	  produc%on	  and	  characteriza%on	  
2.   Samples	  tri%a%on	  (massive	  &	  dust)	  
3.   Tri%um	  inventory	  and	  release	  

•  In	  gas	  (comparison	  of	  dust	  and	  massive	  samples)	  
•  In	  aqueous	  solu%on	  

4.   Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  
5.   Positrons	  studies	  of	  implanted	  samples	  
	  



Targets:	  
•  Small	  par%cles	  of	  about	  100nm	  for	  Biological	  tests	  

•  High	  probability	  to	  escape	  HEPA	  filters	  
•  Larger	  size	  for	  comparison	  
•  Characteriza%on:	  SEM/TEM,	  XRD,	  BET	  (SSA),	  XPS	  

Different	  Processes	  used:	  
•  By	  	  impac%on	  filtra%on	  of	  commercial	  dust,	  IRSN	  	  

	   	   	  (F.	  Gensdarmes,	  C.	  Monsanglant-‐Louvet)	  
	  
	  
	  
	  

•  By	  Planetary	  Milling,	  LSPM,	  Paris	  13	  (D	  Vrel)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  

@	  Large	  quan%ty	  produced	  (g),	  Pure	  W	  	  
@	  highly	  poly-‐disperse,	  need	  complex	  filtra%on	  
@	  Low	  SSA	  

1-‐	  Par%cles	  produc%on	  and	  characteriza%on	  

@	  Large	  quan%ty	  produced	  (g),	  Pure	  W	  
@	  mono-‐disperse,	  2	  types:	  centered	  at	  0.7μm	  or	  at	  	  2.9μm	  
@	  Low	  Surface	  Specific	  Area	  (SSA)	  
@	  apparent	  low	  defects	  density	  



•  By	  laser/material	  interac%on,	  LP3,	  AMU	  (P.	  Delaporte,	  E	  Bernard)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
W	  target	  Focus	  Lens	  	  

Vacuum	  vessel	   Collected	  sample	  

•  Low	  produc%on	  rate:	  6.5	  mg	  W	  par%cles/h,	  pure	  W	  
•  Large	  SSA	  (to	  be	  measured)	  
•  Mono	  disperse	  (80	  nm)	  

100 nm 

1-‐	  Par%cles	  produc%on	  and	  characteriza%on	  



•  Rela%vely	  large	  quan%ty,	  pure	  W	  
•  Large	  SSA	  (To	  be	  measured)	  
•  Mono-‐disperse	  (80nm)	  
•  Mixture	  of	  α	  (CC)	  and	  β	  phase,	  β	  usually	  unstable	  

L13A L16A

L19A L22A

5

•  By	  plasma/material	  interac%on,	  NILPRP,	  Romania	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (G	  Dinescu	  and	  T	  Ascente)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

1-‐	  Par%cles	  produc%on	  and	  characteriza%on	  



Ø  20-‐40	  mg	  of	  powder	  treated	  each	  %me	  (or	  500mg	  of	  massive	  sample)	  
Ø  Procedure:	  

Ø  First	  step:	   	  surface	  oxides	  reduc%on	  under	  hot	  hydrogen	  
	   	   	   	  (470°C,	  1,4	  Bar	  of	  H2,	  10	  Hours)	  

Ø  Second	  step:	   	  Tri%um	  implanta%on	  	  
	   	   	   	  (470°C,	  1	  Bar	  of	  pure	  T2,	  2	  hours)	  

	  
Oxides	  reduc%on	  

Cold	  trap	  

2-‐	  Samples	  tri%a%on	  



Surface	  oxides	  removed	  by	  reduc%on	  process	  

X-‐Ray	  Photoelectron	  Spectroscopy	  (XPS)	  spectra:	  
	  
(d)	  Massive	  sample	  ater	  Ar	  ions	  etching	  
	  
(c)	  	  Polished	  massive	  W	  sample	  (as	  received)	  
	  
(b)	  Same	  sample	  ater	  oxides	  reduc%on	  
	  
(a)	  Powder	  as	  received	  
	  
	  (a)	  	  

(b)	  	  	  

(c)	  	  	  	  

(d)	  	  	  	  	  

2-‐	  Par%cles	  tri%a%on:	  surface	  oxides	  reduc%on	  



•  Tri%um	  release	  with	  Temperature	  under	  gas	  atmosphere	  
measured	  by	  liquid	  scin%lla%on	  (LSC)	  

•  Total	  tri%um	  content	  by	  full	  dissolu%on	  of	  powder	  and	  LSC	  

HTO	   HT	  

3-‐	  Tri%um	  inventory	  



•  Tri%um	  release	  with	  Temperature	  under	  gas	  atmosphere	  
measured	  by	  liquid	  scin%lla%on	  (LSC)	  

•  Total	  tri%um	  content	  by	  full	  dissolu%on	  of	  powder	  and	  LSC	  

HTO	   HT	  

3-‐	  Tri%um	  inventory	  

Release	  capability:	  60TBq/year	  
Each	  experiment:	  1TBq	  ≅	  27Ci	  



Time	  (day)	  
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	  	  	  T	  ac6vity	  in	  powder	  
�	  T	  ac%vity	  released	  

0.7μm	  powder,	  carrier	  gas:	  air	  

Filtra%on	  by	  impac%on	  
@	  Large	  quan%ty	  produced	  (g),	  Pure	  W	  
@	  mono-‐disperse,	  2	  types:	  centered	  at	  0.7μm	  or	  at	  	  2.9μm	  
@	  Low	  Surface	  Specific	  Area	  (SSA)	  
@	  apparent	  low	  defects	  density	  

High	  tri%um	  inventory:	  	  >	  1Gbq/g	  	  
	  

	  	  	  	  2-‐3	  orders	  of	  magnitude	  than	  massive	  W	  
	  
	  

3-‐	  Tri%um	  inventory:	  powder	  stored	  at	  RT	  	  



3-‐	  Tri%um	  surface	  ac%vity	  of	  massive	  samples	  

Polishing	  remove	  
~1	  µm	  of	  material	  

Ø  Reduc%on	  of	  Tri%um	  ac%vity	  when	  the	  surface	  layer	  is	  removed:	  
Ø  T	  is	  trapped	  at	  the	  surface	  (especially	  in	  cold	  rolled	  material)	  

Ø  However,	  Tri%um	  is	  also	  trapped	  in	  the	  bulk	  material	  	  
	   	  (~40%	  for	  recrystallized	  material)	  



3-‐	  Tri%um	  release:	  with	  Temperature	  
Tr
i6
um

	  A
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ty
	  (G
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/g
)	  

T	  inventory	  varies	  with	  type	  and	  size	  
of	  dust	  

•  Highest	  T	  content	  (40GBq/g)	  
•  Tri%um	  trapping	  increases	  with	  SSA	  	  
	  	  	  	  	  	  If	  density	  of	  traps	  homogeneous	  	  
	  	  	  	  	  è	  	  	  	  trap	  concentra%on	  >10-‐3	  (trap/W)	  
 è Impossible	  with	  crystalline	  W	  

ê	  
Tri%um	  trapping	  in	  powder	  
triggered	  by	  surface	  effects	  	  

	  
Temperature	  desorp%on	  

•  30%	  of	  Tri%um	  desorbed	  at	  200°C	  
•  Most	  of	  Tri%um	  released	  	  
	  	  	  	  	  	  	  	  	  	  between	  300	  and	  500°C	  
•  Ater	  1000°C,	  full	  dissolu%on	  	  

	  of	  residue	  ~	  0,37GBq/g	  

Planetary	  milling	  
@	  Large	  quan%ty	  produced	  (g),	  Pure	  W	  	  
@	  highly	  poly-‐disperse,	  need	  complex	  filtra%on	  
@	  Low	  SSA	  

0.1μm	  powder,	  carrier	  gas:	  air	  

100nm	  par%cles	  



3-‐	  Tri%um	  release:	  with	  Temperature,	  	  air	  flow	  

Filtra%on	  by	  impac%on	  
@	  Large	  quan%ty	  produced	  (g),	  Pure	  W	  
@	  mono-‐disperse,	  2	  types:	  centered	  at	  0.7μm	  or	  at	  	  2.9μm	  
@	  Low	  Surface	  Specific	  Area	  (SSA)	  
@	  apparent	  low	  defects	  density	  

Laser	  produc%on	  
•  Low	  produc%on	  rate	  
•  Large	  SSA	  (to	  be	  measured)	  
•  Mono	  disperse	  (80	  nm)	  

	  
•  T	  release	  	  	  	  ì with	  SSA	  

•  Release	  of	  T	  in	  HTO	  form	  
mainly	  due	  to	  moisture	  (H20)	  in	  
the	  carrier	  gas	  

	  
	  



Dust	  Material	  =	  	  
bulk	  low	  defects	  +	  shell	  high	  defects	   2	  10-‐4	  

10-‐2	   •  100nm	  dust	  
•  dust	  at	  0.1,	  10,	  100	  Pa	  during	  10s	  
aper	  a	  shot,	  	  
•  Constant	  temperature	  
	  

3-‐	  Tri%um	  inventory:	  Extrapola%on	  to	  ITER	  (tenta%ve)	  



Dust	  Material	  =	  	  
bulk	  low	  defects	  +	  shell	  high	  defects	   2	  10-‐4	  

10-‐2	   •  100nm	  dust	  
•  dust	  at	  0.1,	  10,	  100	  Pa	  during	  10s	  
aper	  a	  shot,	  ini6ally	  no	  T	  
•  Constant	  temperature	  
	  

3-‐	  Tri%um	  inventory:	  Extrapola%on	  to	  ITER	  (tenta%ve)	  

MRE	  Parameters	  

•  Solubility	  from	  literature	  (few	  papers)	  

	  
	  

•  Trap	  energies	  from	  massive	  samples	  
study	  

•  Trap	  densi6es	  from	  fit	  of	  experimental	  
results	  from	  gas	  infusion	  (470°C,	  1Ba)	  



Dust	  Material	  =	  	  
bulk	  low	  defects	  +	  shell	  high	  defects	   2	  10-‐4	  

10-‐2	   •  100nm	  dust	  
•  dust	  at	  0.1,	  10,	  100	  Pa	  during	  10s	  
aper	  a	  shot,	  	  
•  Constant	  temperature	  
	  

1Ton	  of	  dust	  ↔	  50g	  of	  T	  (<	  safety	  limit)	  
1GBq/g	  rapidly	  reached	  	  

3-‐	  Tri%um	  inventory:	  Extrapola%on	  to	  ITER	  (tenta%ve)	  
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Tri%um	  content	  in	  aqueous	  solu%on,	  
2.9μm	  ater	  5	  months	  tri%um	  release	  

Powder	  ac6vity	  aper	  5	  months:	  
0.5	  GBq/g	  

3-‐	  Tri%um	  release:	  in	  aqueous	  media	  

Filtra%on	  by	  impac%on	  
@	  Large	  quan%ty	  produced	  (g),	  Pure	  W	  
@	  mono-‐disperse,	  2	  types:	  centered	  at	  0.7μm	  or	  at	  	  2.9μm	  
@	  Low	  Surface	  Specific	  Area	  (SSA)	  
@	  apparent	  low	  defects	  density	  

•  	  in	  almost	  all	  condi%ons,	  ≅	  T	  	  
transferred	  to	  the	  aqueous	  solu%on.	  

•  τdissolu%on	  ≅	  some	  days	  	  

•  τdissolu%onlower	  in	  acid/basic	  media	  
than	  in	  pure	  water.	  

•  In	  agreement	  with	  liZerature1:	  
•  Ph>6,	  Wsolid	  è   	  
•  Ph<6,	  Wsolid	  è	  H2WO4	  (solid)	  	  

4
−2WO

1	  Anik	  &	  Osseo-‐Asare,	  J.	  of	  the	  Electrochem.	  Soc.	  ,	  	  
149	  (6)	  B224,	  2002	  



Conclusions	  and	  perspec%ves	  

•  Dust	  in	  tokamak	  are	  of	  different	  size	  and	  shape	  
•  To	  accomplish	  our	  project,	  dust	  have	  been	  produced	  in	  purpose	  by	  different	  means	  
•  In	  case	  of	  W	  dust:	  

•  large	  T	  inventory	  ì	  with	  dust	  	  SSA	  
•  T	  inventory	  >	  1GBq/g	  (100	  to	  1000	  6mes	  than	  massive	  sample)	  
•  T	  inventory	  ì	  with	  SSA	  (tri6um	  trapping	  linked	  with	  surface	  processes)	  
•  T	  Inventory	  is	  stable	  at	  Room	  Temperature	  
•  Almost	  all	  the	  T	  released	  before	  500°C	  

•  	  but	  1%	  of	  the	  ini6al	  inventory	  remains	  in	  the	  dust	  at	  1000°C	  
•  Extrapola6on	  to	  ITER:	  

•  If	  all	  the	  one	  ton	  of	  dust	  is	  pure	  W:	  50g	  of	  T	  (<<	  ITER	  tri6um	  limit)	  
•  However,	  1Gbq/g	  reached	  in	  a	  limited	  number	  of	  shots	  

	  (less	  than	  1000	  ITER	  shots)	  
•  T	  release	  ì	  with	  dust	  	  SSA	  
•  In	  aqueous	  solu6on,	  T	  released	  due	  to	  dissolu6on	  of	  W	  dust	  

•  Slow	  process	  (all	  T	  released	  in	  10-‐40	  days)	  
•  More	  rapid	  in	  acid	  condi6on	  

	  
	  



Conclusions	  and	  perspec%ves	  

•  Dust	  in	  tokamak	  are	  of	  different	  size	  and	  shape	  
•  To	  accomplish	  our	  project,	  dust	  have	  been	  produced	  in	  purpose	  by	  different	  means	  
•  In	  case	  of	  W	  dust:	  

•  large	  T	  inventory	  ì	  with	  dust	  	  SSA	  
•  T	  inventory	  >	  1GBq/g	  (100	  to	  1000	  6mes	  than	  massive	  sample)	  
•  T	  inventory	  ì	  with	  SSA	  (tri6um	  trapping	  linked	  with	  surface	  processes)	  
•  T	  Inventory	  is	  stable	  at	  Room	  Temperature	  
•  Almost	  all	  the	  T	  released	  before	  500°C	  

•  	  but	  1%	  of	  the	  ini6al	  inventory	  remains	  in	  the	  dust	  at	  1000°C	  
•  Extrapola6on	  to	  ITER:	  

•  If	  all	  the	  one	  ton	  of	  dust	  is	  pure	  W:	  50g	  of	  T	  (<<	  ITER	  tri6um	  limit)	  
•  However,	  1Gbq/g	  reached	  in	  a	  limited	  number	  of	  shots	  

	  (less	  than	  1000	  ITER	  shots)	  
•  T	  release	  ì	  with	  dust	  	  SSA	  
•  In	  aqueous	  solu6on,	  T	  released	  due	  to	  dissolu6on	  of	  W	  dust	  

•  Slow	  process	  (all	  T	  released	  in	  10-‐40	  days)	  
•  More	  rapid	  in	  acid	  condi6on	  

	  
•  In	  September,	  same	  work	  star%ng	  with	  Be	  dust	  &	  massive	  samples	  
•  T	  trapping	  in	  W	  layers	  vs	  W	  ITER	  grade	  massive	  samples:	  under	  study	  
•  T	  trapping	  in	  W	  alloys?	  No	  support	  up	  to	  now!	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  

Experimental	  set-‐up	  at	  AIX-‐Marseille	  University	  (AMU)	  
(all	  in	  situ)	  

(TPD:	  Temperature	  Programmed	  Desorp6on)	  	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  



4.	  Deuterium	  implanta%on	  studies	  (massive	  	  samples)	  

•  Apparently	  one	  peak	  observed	  in	  	  PCW?	  

•  Different	  from	  other	  published	  spectra.	  

•  Bulk/surface	  reten6on?	  
•  	  If	  bulk	  what	  type	  of	  trapping	  site	  (Disloca6on,	  GB,	  Vacancies)	  	  

è WHISCI	  project	  (well	  characterized	  samples	  from	  SCW	  to	  PCW)	  
	  
(oral	  contribu6on	  to	  the	  next	  ICFRM	  conf.	  in	  Aachen)	  



5.	  Positron	  annihila%on	  studies	  

Vacancy	  defects	  studied	  in	  tungsten	  by	  using	  Positron	  annihila%on	  
spectroscopy	  

MF	  Barthe	  and	  co-‐workers	  

•  Vacancy	  defects	  in	  W	  :	  Single	  vacancies	  irradiated	  with	  W	  ions	  
(JANNUS	  Saclay)	  

•  Positron	  annihila6on	  spectroscopy	  &	  Transmission	  electron	  
microscopy	  	  



5.	  Positron	  annihila%on	  studies	  



5.	  Positron	  annihila%on	  studies	  

20	  MeV	  W	  irradia%on:	  effect	  of	  low	  dpa	  (0,025)	  

S	  ≅	  concentra6on	  &	  size	  of	  clusters	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  S=f(W)	  indica6on	  of	  clustering	  



5.	  Positron	  annihila%on	  studies	  



5.	  Positron	  annihila%on	  studies	  



5.	  Positron	  annihila%on	  studies	  

S	  ≅	  concentra6on	  &	  size	  of	  clusters	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  S=f(W)	  indica6on	  of	  clustering	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  S	  ì	  with	  T	  



5.	  Positron	  annihila%on	  studies	  



5.	  Positron	  annihila%on	  studies	  

Plasma	  D	  implanta6on	  ate	  the	  MEPHI	  laboratory	  (Pr	  L	  Begrambekov)	  



5.	  Positron	  annihila%on	  studies	  



5.	  Positron	  annihila%on	  studies	  
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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Motivation 
! Thick protection will not be allowed at the first wall of DEMO reactor in order 

to minimize a neutron attenuation. Only thin tungsten layer  (~0.2 mm) is 
envisioned to protect the first wall from a particle flux 

! The first wall is exposed to CX particles; 1021 — 1022 /m2/s 
! Helium flux (~ 10 %) which originates from fusion products 
! First wall temperature is kept at allowable maximum temperature of blanket 

for high-efficiency power generation. �RAFS: ~ 550 °C, V: ~ 700 °C 
! Hydrogen trapping is stabilized if there are helium in a vacancy                        
� Helium have impact on the hydrogen recycling 

! Helium has strong interaction between micro damage structures in tungsten      
� Pinning effects on interstitial loops, Bubble formation without displacement 
damages 

Summar- 
! Helium plasma exposure experiments under high temperature conditions have 

been carried out in LHD 
! Cross-sectional TEM observation 

"  Bubbles are distributed deep inside tungsten beyond the ranges of helium 
implantation  (<15 nm) at any temperature range 

"  The bubble become larger and sparser under higher temperature conditions 
(especially above 500 °C) by growth and coalescence 

! Laboratory irradiated and LHD samples were implanted in D and studied by 
TDS: hydrogen retention changes with He energy and fluence. 

! Material behavior under higher fluence conditions and simultaneous damage 
production with helium implantation are important to have the outlook for the 
first wall in reactor 

	 xperimental set-up 
LHD and the retractable material probe 
! LHD; Large Helical Device:  World largest 

superconducting stellarator with heliotron 
configuration 
"  A pair of continuous winding helical coils and 

three pairs of poloidal coils  
"  R= 3.9 m, aeff= 0.63 m, V~ 30 m3, BT~ 3 T 
"  Net-current free plasma with NBI, ECH and ICH 
 
 
 
 
 
 
 

! Two retractable material probes are installed 
for the PWI studies 
"  Plasma exposure experiments under various 

conditions 
# SOL Plasma, Divertor leg, CX particles 

"  Electric feedthrough for controlling temperature 
(heater and thermocouple measurement) 

"  Motion feedthrough for controlling exposure 
condition (shutter and insertion) 

Sample preparation 
! Pure-tungsten with heat and surface treatments 

"  Recrystallization annealing @2000 °C during 10 min, or Stress removal 
annealing @1000 °C during 1 hour under a vacuum  conditions 

"  Electric polishing with NaOH aqueous solution 
! TEM; transmission electron microscope observation  

"  Pre exposure sample thinning by twin jet polishing 
"  Post exposure FIB; Focused Ion Beam processing for cross-sectional 

observations 
 
High temperature sample holder 
! Controlling sample temperature during LHD plasma exposure 

"  Sample holder 1: Multi temperature exposure using temperature 
gradient between a heater and heat sink, 65 - 600 °C 

"  Sample holder 2: Higher temperature exposure                                                                                                                                   
with reduced thermal loss structure, 500 - 800 °C 

 
 
Post exposure analysis 
! TEM observation to understand microstructural change of tungsten 

under helium implantation with very low displacement damages 
! Additional D irradiation and TDS (Thermal Desorption 

Spectroscopy) measurement to investigate the impact of the damage 
structure on hydrogen recycling  

! Complementary approaches to TEM 
"  PAS (Positron Annihilation Spectroscopy) analysis to evaluate invisible 

small damages 
"  GISAXS (Grazing Incidence Small Angle X-Ray scattering) for larger scale 

analysis 

	 xperimental result 
Plasma exposure conditions 
! Expose to CX particles inserting the retractable 

material probe at the first wall position 
! Sequence of 100 shots of NBI heated plasma 

discharges with helium gas puff in LHD 
! Estimation of radiation damage profiles at 

plasma facing surface in tungsten 
"  Combined calculation of EMC3-EIRINE and TRIM 
"  Higher helium implantation ratio is expected in 

comparison with displacement damage 
production ratio 
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Cross-sectional TEM observation 
! Bubbles formation 

"  Distribute up to 70 nm depth beyond  
the ranges of helium implantation  
(<15 nm) at any temperature range 
-  Insensitivity to temperature implies 

that the vacancy play a lesser role 
in bubble nucleation 

- Bubbles are nucleate by 
accumulating helium itself 

"  Increase size and decrease density as 
increase irradiation temperature 
- Bubbles grow efficiently capturing 

vacancy at temperature above 500 
°C 

Additional D irradiation and TDS 
! Desorption spectra 

 
#  Trapped D is desorbed at low temperature so little impact on 

long term H inventory 
#  Increase of D retention at low temperatures due to pre existing 

LHD He irradiation 
#  As the fluence increase, more D is trapped 

! Model: Migration of H Isotopes in MaterialS (MHIMS) 
     - 2 populations: trapped Ct,i and mobile Cm  
      - Simulation with 2 detrapping energies and uniform     
trap density: Desorp'on)from)low)detrapping)energy)trap)1)and)
diffusion)deeper)in)the)bulk)
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