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Requirements	  for	  Tokamak	  DEMO	  Reactor	  in	  Japan	  (1/2)!

1.   Basic	  guideline	  
	  	  	  	  	  Core	  dimension	  similar	  to	  that	  of	  ITER	  
	  	  	  	  	  Power	  generaQon	  capability	  of	  GW	  level	  
	  	  	  	  	  DEMO	  needs	  to	  operate	  conQnuously	  for	  about	  one	  year	  
	  	  	  	  	  Overall	  tri5um	  breeding	  ra5o	  (TBR)	  exceeding	  unity	

2.	  Plasma	  performance	  
	  	  	  	  	  High	  plasma	  pressure	  operaQon	  is	  required	  to	  increase	  fusion	  power	  density	  to	  

realize	  3-‐4	  GW	  level	  	  	  	  	  
	  	  	  	  	  Non-‐inducQve	  steady-‐state	  operaQon	

3.	  Structure	  material	  
Blanket	  structural	  material	  with	  strong	  candidates	  such	  as	  reduced	  acQvaQon	  
ferriQc	  steel:	  withstand	  about	  3-‐6	  years	  neutrons	  (as	  the	  neutron	  fluence	  of	  
about	  10-‐20	  MW	  year/m2)	  and	  heat	  flux	  (about	  1MW/m2)	

Recent	  DEMO	  reactor	  concepts	  in	  Japan	  are	  based	  on	  	  
Atomic	  Energy	  Commission:	  Check	  and	  Review	  of	  3rd	  Phase	  Basic	  Program	  2005	  
	  Report	  on	  NaQonal	  Policy	  of	  Future	  Nuclear	  Fusion	  Research	  and	  Development	  

	  	  hEp://www.aec.go.jp/jicst/NC/senmon/kakuyugo2/siryo/keEei/houkoku051026_e/index.htm	



Requirements	  for	  Tokamak	  DEMO	  Reactor	  (2/2)!

5.	  Divertor	  
Divertor	  components	  have	  tolerance	  to	  neutron	  irradiaQon	  and	  high	  parQcle	  flux	  
for	  several	  years	  level.	

6.	  Maintenance	  
Maintenance	  period	  of	  the	  first	  wall	  and	  divertor	  is	  scheduled	  in	  several	  years:	  	  
	  	  	  	  it	  should	  be	  sufficiently	  short	  not	  to	  affect	  plant	  availability.	  	  
Reliability	  of	  conQnuous	  operaQon	  of	  the	  heaQng	  and	  current	  drive	  system	  up	  to	  
one	  year	  should	  be	  established	  as	  well.	

7.	  Cost	  
ConstrucQon	  cost	  of	  DEMO	  should	  be	  controlled	  to	  an	  acceptable	  level	  taking	  the	  
future	  commercializa5on	  into	  account.	

4.	  Blanket	  
Breeding	  and	  power	  genera5on	  blanket	  must	  realize	  the	  breeding	  and	  recovery	  
of	  the	  triQum	  with	  high	  reliability	  securing	  tolerance	  against	  the	  disrup5on.	



Fusion	  DEMO	  reactor	  roadmap	  plan	  in	  Japan	  (2008)	  	  
(proposed	  by	  Fusion	  Energy	  Forum	  of	  Japan)	

Note) In	  2010,	

Roadmap	  is	  based	  on	  sophisQcated	  analysis	  with	  Work	  Breakdown	  Structure	



Tokamak	  DEMO	  concept	  designs	  in	  Japan	

#)	  Central	  Research	  InsQtute	  of	  Electric	  Power	  Industry	

#	  	



Scenario	  for	  Fusion	  Reactor	  Development	  in	  JAEA	  
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JT-60SA 
Complement ITER  
toward DEMO 

JT-60 

ITER 

DEMO	  would	  be	  the	  last	  integrated	  R&D	  device	  just	  ager	  experimental	  reactor	  ITER,	  
and	  before	  the	  1st	  generaQon	  commercial	  reactors.	

Scientific &  
Engineering  
Feasibility 

Engineering Demonstration 
& Economical Feasibility 

DEMO: SlimCS 



Compact	  DEMO	  reactor	  concept:	  	  SlimCS	  (JAEA)	

K. Tobita, et al. Nucl. Fusion 49 (2009) 075029	



Compact	  DEMO	  reactor	  concept:	  	  SlimCS	  (JAEA)	

SlimCS	

Neutron	  flux	  (3MWm-‐2),	  Bmax(16.5T),	  Blanket	  design	  are	  based	  on	  VECTOR	  design	  (A=2.3)	  
Engineering	  components	  such	  as	  RAFM,	  	  Water	  cooling	  are	  applied	  from	  SSTR	  design	  (A=4.1)	  
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•	  	  Power	  handling	  by	  plasma	  operaQon,	  divertor	  design,	  and	  target	  engineering	  is	  
the	  most	  important	  issue	  for	  the	  reactor	  design.	  

	  	  	  	  	  Example:	  ”SlimCS”	  aims	  Pfus	  ≤3	  GW	  (Pheat=	  600~700	  MW)	  with	  A=2.6	  and	  reduced-‐
size	  CS	  ⇒	  Power	  exhaus5ng	  to	  SOL	  is	  5-‐6	  5mes	  larger	  and	  R	  is	  smaller	  than	  ITER.	  

2.1	  Power	  handling	  in	  DEMO	  divertor	  

Pheat=600-700MW	

Major	  radius	  	  	  	  	  :	  Rp=6.2	  m	  	  
Minor	  radius	  	  	  	  	  :	  ap=2.0	  m	  
Plasma	  current	  :	  Ip=15	  MA	  
Toroidal	  field	  	  	  	  	  :	  Bt=5.3	  T	  
Plasma	  volume	  :	  Vp=830	  m3	  

Pout= 100 MW	

Major	  radius	  	  	  	  	  :	  Rp=5.5	  m	  	  
Minor	  radius	  	  	  	  	  :	  ap=2.1	  m	  
Plasma	  current	  :	  Ip=16.7	  MA	  
Toroidal	  field	  	  	  	  	  :	  Bt=6.0	  T	  
Plasma	  volume:	  	  Vp=941	  m3	  

Pfusion = 2.95 GW	
 (Pheat=Pα+Pax=600~700 MW)	

SlimCS	

Pfusion = 0.5 GW	
(Pheat=Pα+Pax=150 MW)	

ITER	

Pout= 500-600 MW	

Pheat=150MW	
Pout = 500-600 MW	

Ptarget < 50 MW	

Pout = 100 MW	

Ptarget ~ 50 MW	

Prad=	  450 ~	
     550 MW	

Prad　~50 MW	



impurity	  seeding	

Long	  leg	  	

Design	  concept	  for	  ITER	  divertor	  is	  applied/extended	  to	  the	  DEMO	  (SlimCS)	  divertor:	  
“divertor	  detachment”	  (Te~	  a	  few	  eV)	  is	  a	  key	  for	  the	  power	  handling	  

Extension	  of	  ITER	  divertor	  concept	  to	  DEMO	  divertor	  ?	  	  

Large	  inclina5on	  	

V-‐shaped	  corner	  	

(1)	  Divertor	  leg	  and	  inclinaQon	  of	  the	  target	  are	  larger	  than	  ITER	  
 ⇒	  increase	  radia5on,	  CX	  &	  volume	  recombina5on	  at	  the	  upstream,	  reducing	  qtarget.	  	  
(2)	  V-‐shaped	  corner	  ⇒	  enhance	  recycling	  near	  the	  strike-‐point.	  
(3)	  Impurity	  seeding	  such	  as	  Ne,	  N2,	  Ar,	  Kr,	  Xe	  ⇒	  enhance	  edge	  &	  divertor	  radia5on.	  
⇔ Flux	  expansion	  may	  be	  smaller	  than	  ITER	  due	  to	  D-‐coil	  distance	  from	  the	  plasma	  

geometry factors 	 SlimCS
（2008）	 

ITER 
(2009)	 

leg length, Lsp 
(in/out)	 

1.37m/1.83m	 0.97m/1.14m	 

incl. angle,θsp  
(in/out)	 

21°/18°	 38°/25°	 

Dome top below Xp	 ~0.5m	 ~0.55m*	 

V-shaped corner	 out ** in & out	 

Flux expansion 
(in)/(out)	 

7/3	 7/6	 

Wet area for λq
mid

 = 
5mm (in/out)	 

2.2/1.9m2	 1.4/1.9m2	 

*　 Lower dome design (2009) 
**  Inner divertor is detached without V-corner 



SONIC:	  self-‐consistent	  coupling	  with	  Ar	  impurity	  Monte	  Carlo	  
has	  been	  developed	  for	  Ar	  seeding	  and	  transport	  

 SOLDOR/NEUT2D	  were	  used	  for	  DEMO	  divertor	  design,	  where	  Ar	  impurity	  radia5on	  
with	  non-‐coronal	  model:	  Prad	  =	  L(Te,τr)	  nzne,	  	  and	  constant	  nAr/ni	  was	  applied. 	  [3]	  

SONIC 

D neutral 

D ion 

[1,2]	   Ar	  impurity	  transport	  
IonizaQon	  processes:	  
	  ioniza5on	  
	  charge	  exchange	  
	  surface/volume	  recombina5on	  
Ion	  transport	  processes:	  
	  thermal	  force	  –	  fric5on	  force	  
	  Ar0	  atom	  dynamics	  

[1]	  K.	  Shimizu,	  et	  al.,	  J.	  Nucl.	  Mater.	  313-‐316	  (2003)	  1277	  	  

[3]	  H.	  Kawashima,	  et	  al.	  Nucl.	  Fusion	  49	  (2009)	  065007	
[2]	  H.	  Kawashima,	  et	  al.	  J.	  Plasma	  Fusion	  Res.	  1	  (2006)	  31	



MC	  approach	  has	  advantages	  to	  impurity	  modelling	  

•  Tracking	  impurity	  neutrals	  and	  ions	  	  	  	  	  	  	  	  	  	  
	  	  ⇒	  CX-‐loss,	  n-‐collision,	  recycling	  etc.	  
	  	  	  	  	  	  	  	  RadiaQon	  &	  RecombinaQon	  at	  

mulQ-‐charge	  states	  
•  KineQc	  effect	  	  ⇒	  Thermal	  force	  
•  Gyro-‐moQon	  	  ⇒	  Erosion	  	  (for	  PWI)	  	  	  	  	  	  	  	  	  	  	  

Most	  impurity	  transport	  processes	  are	  
incorporated	  in	  original	  formula:	  

KineQc	  thermal	  force	  (FTi)	  
decreases	  with	  	  
impurity	  ion	  speed	  (VI)	  	  
approaching	  to	  ion	  thermal	  
velocity	  (vth-‐i).	  	  

For	  self-‐consistent	  coupling	  of	  MC	  code,	  
problems	  (long	  calculaQon	  Qme	  and	  MC	  
noise)	  have	  been	  improved.	  	  



2.2	  SimulaQon	  of	  power	  handling	  in	  the	  SlimCS	  divertor	  

Input	  parameters	  at	  edge-‐SOL	  
Pout=	  500	  MW,	  Γout=0.5x1023	  s-‐1	  (r/a=0.95)	  

χi	  =	  χe	  =	  1	  m2s-‐1,	  D	  =	  0.3	  m2s-‐1	  

• At	  the	  inner	  target,	  divertor	  is	  detached	  
and	  qtarget	  <	  5	  MW/m2.	  

• At	  the	  outer	  target,	  high	  temperature	  at	  
the	  strike-‐point:	  

	  	  	  peak	  Te~50	  eV	  and	  Ti~200	  eV,	  giving	  	  
severe	  peak	  heat	  load	  ~70	  MW/m2	  !	  	  

D2/T2	  gas	  puff: Γpuff=1x1023	  s-‐1	  (200	  Pam3s-‐1)	  	  
Ar	  frac5on:	  (nAr/ni)o-‐div=2%	  ,	  (nAr/ni)edge-‐SOL=1%	  
applying	  non-‐coronal	  model:Prad	  =	  L(Te,τr)	  nzne	  

Divertor	  pumping	  speed	  at	  exhaust	  duct:	  
Spump=	  200	  m3s-‐1	  is	  given.	  

200m3/s	

SOLDOR/NEUT2D	  was	  used	  for	  the	  DEMO	  divertor	  design	  with	  Ar	  impurity	  radia5on.	  
H.	  Kawashima,	  et	  al.	  Nucl.	  Fusion	  49	  (2009)	  065007	

Case-‐1:pumping	  from	  borom	  corner	  
	  	  	  	  	  	  with	  gas	  puff	  and	  impurity	  seeding:	  	  

Total	  heat	  load	



Case-‐2:	  Concept	  for	  the	  ITER	  divertor,	  V-‐shaped	  corner,	  was	  invesQgated	  

Power	  handling	  in	  divertor:	  divertor	  geometry	  

• Radia?on	  loss	  at	  the	  outer	  divertor	  
is	  increased	  at	  upstream	  of	  the	  
strike	  point	  from	  85	  to	  142	  MW:	  

	  	  	  Total	  Prad(edge+div.)	  =	  390	  MW	  
	  	  	  	  (Pradedge~130MW,	  	  Praddiv~260MW)	  

• Peak	  Te~20	  eV	  ,Ti~90	  eV	  are	  
smaller	  by	  the	  factor	  of	  1/2∼1/2.5.	  

Peak	  heat	  load	  is	  reduced	  from	  
70	  MW/m2	  to	  27	  MW/m2.	  

• Divertor	  recycling	  is	  increased	  
from	  3.7x1024	  to	  4.2x1024	  s-‐1.	  

Total	  heat	  load	



•  EvaluaQon	  of	  major	  heat	  load	  on	  the	  target	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  qtarget	  =	  γ·∙nd·∙Csd·∙Td	  +	  nd·∙Csd·∙Eion	  +	  f1(Prad)	  +	  f2	  (1/2mv02n0v0)	  

Transport	  component	  
(incl.	  electron&ion-‐	  

conduc5on/convec5on)	  	  

Surface-‐recombina5on	  	  
loss	  

radiaQon	  	  
power	  load	  

neutral	  	  
power	  load	  

“Full	  detachment”	  is	  necessary	  to	  decrease	  power	  loading	  
RadiaQon	  power	  load	  becomes	  large⇒	  Impurity	  transport	  is	  important　	  

Case-‐3:	  “V-‐shaped	  divertor” (nAi/ni=5%)	  	Case-‐2:“V-‐shaped	  divertor”(nAi/ni=2%) 

Ar	  impurity	  radia5on	  loss	  is	  calculated	  with	  non-‐coronal	  model:	  Prad	  =	  L(Te,τr)	  nzne,	  	  	  
and	  constant	  nAr/ni	  at	  the	  outer	  divertor	  was	  increased	  from	  2%	  to	  5%. 	



Transport	  of	  impuriQes	  and	  control of radiaQon	  distribuQon	  are	  key	  to	  reduce	  qpeak	  	  

“Full	  detachment”	  is	  produced	  at	  radia5on	  frac5on:	  Pradtot/Pout	  ~92%（Praddiv/Pout	  ~67%)	  
⇒　Radia5on	  region	  extends	  in	  a	  wide	  divertor	  area,	  and	  peak	  heat	  loading	  is	  reduced	  

to	  lower	  than	  10MWm-‐2（qpeak	  ∼	  9	  MWm-‐2）	  

Case-‐2:	  nAr/ni=2%	 Case-‐3:nAr/ni=5%	

Intense	  radia5on	  area	  (and	  plasma	  detachment)	  
extending	  to	  wide	  and	  upstream	  in	  the	  divertor	

Peak	  heat	  load	  is	  sensiQve	  to	  radiaQon	  region	  in	  the	  divertor	  



Development	  of	  MC	  modelling	  for	  Ar	  seeding	  

Ar	  transport	  was	  simulated	  5ll	  t	  ~	  100	  ms	  (time scale of	  par5cle	  transport	  in	  divertor):	  
	  	  fricAon	  force	  by	  the	  plasma	  flow	  is	  dominant	  ⇒Ar	  recycling	  is	  enhanced	  near	  target	  
	  ⇔	  Influence	  of	  thermal	  force	  on	  impurity	  transport	  is	  dominant	  near	  separatrix	  

MC	  modelling	  for	  Ar	  seeding	  was	  inves5gated	  in	  the	  high	  recycling	  divertor:	  	  	  	  	  	  	  
	  	  	  Self-‐consistent	  coupling	  of	  the	  fluid	  plasma,	  MC	  neutral	  and	  impurity	  has	  been	  
developed	  for	  the	  reactor	  divertor.	  	  

nAr	  (1019m-‐3)	  	  

Ar	  seeding	  rate	  :ΓAr	  =2x1021	  Ar/s	  	  (4	  Pa⋅m3s-‐1)	  
D2/T2	  gas	  puff:	  	  Γpuff	  =5x1022	  s-‐1	  (100	  Pa⋅m3s-‐1)	  

8%	

8-10%	

14-22%	
6-9%	

nAr	  /ni	  Te	  (eV)	   ni	  (1020m-‐3)	  



 Different	  divertor	  plasma	  profiles	  were	  sustained	  aIer	  the	  ?me	  scale	  of	  par?cle	  
transport	  in	  the	  divertor	  (100	  ms),	  while	  they	  were	  s?ll	  transient.	  	  

IC-1: plasma from Case-2 
Detached near separatrix, 
and attached at the outer 
flux surfaces.  
   max. qdiv ~28 MWm-2, 
where transport heat flux is 
dominant.	

IC-2: full detached divertor 
Full detached divertor is 
sustained, while radiation 
loss near the target 
becomes significant. 
  max. qdiv ~18 MWm-2, 
where radiation power flux is 
dominant.	

Self-‐consistent	  solu5ons	  for	  Pout	  =500	  MW,	  ΓAr	  =2x1021	  Ar/s	  were	  obtained	  using	  the	  
different	  iniQal	  condiQons:	  	  
IC-‐1:	  background	  plasma	  in	  Case-‐2	  (nAr/ni	  =	  2%),	  par5ally	  detached	  divertor,	  was	  used.	  
IC-‐2:	  background	  plasma	  of	  full	  detached	  divertor	  was	  used.	  

Detachment	  was	  different	  depends	  on	  iniQal	  condiQon	  of	  the	  divertor	  	  



RadiaQon	  power	  load	  from	  MC-‐sim.	  is	  larger	  than	  constant	  nAr/ni	  model	  

  	  Region	  with	  large	  radia5on	  loss	  (>	  100	  MWm-‐3)	  is	  localized	  just	  above	  the	  target,	  	  
	  	  	  	  while	  the	  full	  detachment	  is	  sustained	  in	  the	  transport	  5me	  scale	  (IC-‐2	  case).	  

3	

3.2	
2.2	

nAr	  (1019m-‐3)	  	  

SONIC IC-2: full detached divertor case 

  	  Ar	  transport	  to	  the	  upstream	  SOL/edge	  is	  s5ll	  transient:	  	  
	  	  	  radia5on	  at	  SOL/edge,	  Pradedge	  ~	  80MW,	  is	  smaller	  than	  Pradedge~130MW	  (nAr/ni	  ~1%)	  
	   InvesQgaQon	  of	  Ar	  transport	  and	  radiaQon	  power	  at	  upstream	  SOL/edge	  is	  

necessary	  to	  determine	  appropriate	  or	  combinaQon	  of	  the	  radiators.	  

RadiaQon	  (MWm-‐3)	  

1.2x103	

3x103	2.5x102	



2.3	  Issues	  of	  power	  and	  parQcle	  handling	  

• Power	  handling	  at	  the	  SOL	  and	  Edge	  such	  as	  increasing	  nimp/ni	  and	  PradSOL/edge	  
(distribu5ons	  of	  impurity	  ions,	  ne	  and	  Te)	  can	  be	  controlled	  by	  mul5-‐impurity	  seeding.	  

Large	  power	  handling	  at	  the	  SOL	  and	  Edge	  is	  required	  for	  DEMO	  operaQon:	  

	  PradSOL&edge	  ~150MW	  (PradSOL&edge/Pout~30%)	  for	  the	  simula5on	  of	  (nAr/ni)edge=1%	  

Ex.1 Radiation fractions at main and divertor for 
Ar and/or Ne seeding in JT-60U ELMyH-mode "

• Opera5on	  of	  the	  large	  Pradsol/dge	  	  plasma	  (and	  high	  
density)	  will	  be	  restricted	  also	  by	  degrada5on	  in	  the	  
core	  plasma	  performance.	  

N.	  Asakura,	  et	  al.	  Nucl.	  Fusion	  49	  (2009)	  115010	

Prad
tot/Pout ~92%（Prad

div/Pout ~67%)	



He	  exhaust	  (α-‐par5cle	  produc5on	  rate	  ~4x1021s-‐1	  for	  3GW)	  is	  crucial,	  	  
⇔ 	  pumping	  rate	  is	  low	  for	  forma5on	  and	  sustainment	  of	  “full	  detached	  divertor”	  
      τHe*/τE <5-10, ηHe =(pHe/2pH2)div/(nHe/nH)main > 0.2	

・ He	  density	  at	  the	  main	  edge	  depends	  on	  the	  divertor	  (Dome)	  structure	  :	  	  
・	  He	  exhaust	  efficiency	  is	  sensi5ve	  more	  than	  that	  for	  Fuelling	  gas	  	  
⇔	  ITER	  and	  DEMO	  divertor	  size	  is	  larger	  than	  MFP	  of	  He	  

ITER(A.	  Kukushkin)	

Normal	  dome	

Lower	  dome	

Normalized	  divertor	  pressure	

     He density at separatrix	

n H
e_

se
pS

#
[1

02
0 m

-3
]	

JT-60U（Takenaga)	

Reversed	  -‐shear	

ELMy	  H-‐mode	

H89L=2.5-‐>1.2	
H89L=1.4	  
	  	  	  	  	  -‐>	  1.2	

He-NB& Ar-frost cryopump experiment (JT-60U)	

ELMyH-‐mode	

Divertor	  pumping	  (He	  exhaust	  in	  the	  detach	  divertor)	

⇒	  Minimum	  pumping	  rate	  and	  port	  are	  required	  for	  Tri5um	  handling/reten5on	  
and	  neutron	  shield.	  

（Sakasai)	 （Takenaga)	



“Full	  detachment”	  is	  necessary	  for	  DEMO	  divertor,	  extending	  from	  ITER	  divertor	  	  
⇒	  opera5on	  scenario	  of	  the	  divertor	  and	  main	  plasmas	  will	  be	  restricted	  by	  

requirement	  of	  the	  high	  radia5on	  loss	  and	  high	  edge	  density.	  
Design	  concept	  for	  DEMO	  divertor	  may	  be	  invesQgated	  from	  different	  viewpoints	  
(1)  Super-‐X	  divertor	  ⇒ Divertor	  leg	  and	  target	  area	  are	  increased	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  long	  field-‐line	  and	  extending	  area	  to	  reduce	  Tediv	  and	  qtarget.	  
(2)	  Snowflake-‐like	  divertor	  ⇒Flux	  expansion	  and	  effec5ve	  field-‐line	  length	  	  
(3)	  Helical field  ⇒ Enhancing	  diffusion	  by	  magne5c	  perturba5on	  
⇔	  Coil	  design	  issues	  are	  remained:	  neutron	  shield,	  cooling,	  TBR,	  etc.	  

Extension	  of	  ITER	  divertor	  concept	  to	  DEMO	  divertor	  ?	  	  

Takase, et al, Nucl. Fusion 35 (1995) 123	Kotschenreuther	 Ryutov, Phys. Plas. 14 (2007) 064502	
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1) Engineering Validation and Engineering 
Design Activities for the International 
Fusion Materials Irradiation Facility 
(IFMIF/EVEDA) 

2) International Fusion Energy Research 
Center (IFERC), 	 

a)  DEMO Design and R&D coordination 
Center 	 

b)  Computational Simulation Center 	 
c)  ITER Remote Experimentation Center 

3)   Satellite Tokamak Programme 	 
	 	 	 	 Participation to upgrade of JT-60 tokamak 

to JT-60SA and its exploitation. 

Broad Approaches comprises three Projects (JA-EU)	
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Computer Simulation & 
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Construction of the Li Test Loop has almost 
been completed, and the acceptance test will 
be completed early in 2011. 	

Present	  status	  of	  IFMIF/EVEDA	  Li	  Test	  loop	



Technological R&D on key issues for the future DEMO reactor  
a) SiCf/SiC Composites, b) Tritium Technology, c) Materials Engineering for DEMO Blanket,             
d) Advanced Neutron Multiplier for DEMO Blanket, e) Advanced Tritium Breeders for DEMO Blanket 
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simulation. 	



Demo	  Design	  AcQvity	  (DDA)	  entering	  Phase	  Two	  (2011)	  	  

BA DEMO Design Activity in IFERC Project 
Objective: to establish a common basis for a DEMO design, including: 
(i) provision and exchange of scientific and technical information; 
(ii) DEMO conceptual design activities.	  

Phase Two: Development of pre-conceptual design options for DEMO	

Integrated 
Project 
Team	

Rokkasho	

Rokkasho	

F4E	



Research	  collaboraQon	  starts	  from	  2011	  

JA	  Home	  team	  (plan)	  

Plan	  of	  EU	  Home	  Team	  
	  F4E	  directly	  contacts	  to	  IPT	  and	  JA-‐HT,	  and	  conducts	  
	  	  	  	  Garching:	  EFDA	  (Core	  team),	  and	  	  
	  	  	  	  distributed	  Project	  Teams	  (associaQons)	  



Categories	  of	  working	  issues	  in	  Phase	  Two	  



Working	  Plan	  from	  Japan	  in	  Phase	  Two-‐A	  



Divertor	  armor	  material	  is	  invesQgate	  from	  viewpoints	  more than	  ITER	  	  	  
Tungsten	  is	  foreseen	  as	  PFCs	  (divertor	  and	  first	  wall)	  in	  DEMO	  reactor,	  
Engineering	  properQes:	  
(1)	  High	  thermal	  conduc5vity,	  (2)	  High	  mel5ng	  temperature,	  (3)	  Low	  ac5va5on,	  
Performance	  of	  high-‐temperature	  fusion	  plasma:	  
(4)	  Compa5ble	  with	  high	  temp.	  fusion	  plasma	  -‐-‐-‐	  low	  accumula5on/reliable	  control	  	  
Divertor	  operaQon/	  PWI	  performance:	  
(5)	  Life	  Qme:	  Low	  erosion	  rate/high	  threshold	  energy,	  Low	  surface	  damage	  (blistering,	  

crack,	  bubble,	  etc.),	  	  Mel5ng	  dynamics	  (influence	  on	  structure	  materials),	  	  
(6)	  Safety:	  T-‐reten5on,	  Dust	  genera5on,	  Ac5va5on	  
TriQum-‐breading/fuel-‐circulaQon	  (incl.	  First	  wall):	  
	  	  	  T-‐reten5on,	  Dust	  produc5on,	  Neutron-‐energy	  spectrum	  (reflec5on,	  deflec5on)	  
⇒	  Development	  of	  armor	  materials	  (W-‐alloy,	  fine-‐grain-‐W,	  etc.)	  

ITER	  (1	  shot)	 DEMO	  (conQnuous)	

Tw	  at	  SS	  (°C)	  	  water-‐cool	 ~1000	  	  [base	  100-‐200]	 <1200	  	  [base	  290]	

Te	  near	  strike-‐point	  (eV)	  	 1-‐30	 1-‐20	

Fuel	  ion	  fluence	  (m-‐2)	 5x1025	  -‐	  5x1026	  (400s)	 1030-‐1031	  (~year)	

He	  ion	  fluence	  (m-‐2)	 1024	  -‐	  1025	  (400s)	 1029-‐1030	  (~year)	

Neutron	  fluence	  (dpa)	 ~0.5	  (~5	  year)	 20-‐100	  (1-‐3	  year)	



Divertor system issues for DEMO	  

Divertor	  Technology	  and	  System	  has	  been	  developed	  in	  different	  concept/materials	  
Divertor	  cooling	  techniques	  and	  (armor/structure)	  Material	  selecQon:	  	  
 	  Water	  cooling	  (Tbase~	  290°C,	  4MPa	  PWR,	  4-‐8	  m/s	  in	  SlimCS)	  :	  W	  &	  RAFMS	  	  
	  	  ⇒	  beEer	  heat	  transfer	  coefficient	  in	  conven5onal	  simple	  structure	  	  	  
 	  He	  gas	  cooling	  (Tbase~	  600°C,	  10MPa,	  in	  HEMJ	  &	  T-‐tube)	  :	  	  W	  &	  W-‐arroy	  &	  ODS-‐FM	  	  	  
	  	  ⇒	  non-‐ac5ve	  nuclear	  &	  chemical,	  safety,	  Jet	  impingement	  to	  increase	  heat	  transfer	  
Feasible	  divertor	  system	  should	  be	  inves5gated,	  from	  viewpoints:	  
(1)  Heat	  removal	  efficiency	  	  -‐-‐-‐	  poten5al	  improvement	  larger	  than	  10	  MWm-‐2	  

(2)  Safety	  such	  as	  abnormal	  events	  (leak,	  crack,	  etc.)	  and	  detec5on	  
(3)  Material	  combina5on	  (armor,	  structural,	  joint)	  at	  different	  opera5on	  temperature	  
(4)  Joint	  material	  and	  technology	  

RAFM substrate 

RAFM cooling tube 

W mono-block armor 

Water	  cooling	  component	  
	  (for	  SlimCS)	  	

He/W	  component	  
	  (EU-‐Finger)	  	

He/W	  component	  
	  (ARIES:	  T-‐tube)	  	



Power	  plant	  Divertor:	  	  heat	  removal⇒	  Electricity	  GeneraQon	



4.	  Summary	  :	  DEMO	  divertor	  simulaQon	  

• Power	  handling	  scenario	  such	  as	  Pout	  =500MW	  for	  DEMO	  divertor	  was	  criQcal	  issue:	  
	  	  	  	  Design	  of	  the	  huge	  power	  handling	  must	  be	  accomplished	  at	  least	  by	  simulaQon.	  

	  	  	  	  	  ⇒	  	  Intense	  Ar	  seeding	  (such	  as	  nAr/ne~5%)	  in	  the	  divertor	  extending	  from	  ITER	  will	  
produces	  the	  full	  detached	  divertor	  (PradSOL/edge/Pout	  ~30%	  and	  Pradtot/Pout	  >	  95%	  )	  

 SONIC	  with	  impurity	  Monte-‐Carlo	  has	  been	  developed	  for	  Ar	  impurity	  seeding:	  

 Self-‐consistent	  coupling	  of	  the	  fluid	  plasma,	  MC	  neutral	  and	  impurity	  has	  been	  
developed	  for	  the	  reactor	  divertor	  (but	  s?ll	  transient	  at	  the	  upstream	  SOL/edge)	  
	  ⇒	  Region	  with	  large	  radia5on	  loss	  (>100	  MWm-‐3)	  is	  localized	  just	  above	  the	  target,	  	  
	  	  	  	  	  	  while	  the	  full	  detachment	  is	  sustained	  in	  transport	  5me	  scale	  in	  the	  divertor.	  

	  Radiator/the	  combina5on	  and	  divertor	  geometries	  appropriate	  for	  controlling	  the	  
full	  divertor	  detachment	  will	  be	  inves5gated.	  

	  He	  exhaust	  (pumping)	  consistent	  with	  forma5on	  of	  detached	  divertor	  is	  a	  crucial.	
⇒	  Opera5on	  of	  the	  edge	  and	  core	  plasma	  would	  be	  restricted,	  and	  
	  	  	  	  	  	  development	  of	  handling	  target	  load	  qtarget>10MW/m2	  will	  be	  necessary.	  

Advanced	  DEMO	  divertor	  scenarios	  need	  to	  inves5gate	  coil	  design	  issues.	  



Summary	  :	  IFERC	  	  DEMO	  Design	  AcQvity	  

 Steady-‐state	  distribu5on	  (t~1s)	  will	  be	  inves5gated	  in	  IFARC parallel computer	  
(1PTlops)	  with	  effective speed of	  100TFlops (x5000 faster than	  JAEA:	  20GFlops).	  

	  	  	  Now,	  9 hours	  are	  required	  for	  SONIC calculation	  of	  10ms (need	  100 times	  more).	  
	  	  	  	  ⇒	  	  SONIC	  calcula5on	  in	  steady-‐state	  (1s)	  will	  be	  0.2	  hour	  !	

  Feasible	  divertor	  system	  should	  be	  invesQgated/developed,	  from	  viewpoints:	  
(1) Heat	  removal	  efficiency	  	  -‐-‐-‐	  poten5al	  improvement	  larger	  than	  10	  MWm-‐2	  

(2)  Safety	  such	  as	  transient/abnormal	  events	  (leak,	  crack,	  etc.)	  and	  detec5on	  
(3) Material	  combina5on	  at	  different	  opera5on	  temperature	  
(4)  Joint	  material	  and	  technology	  

	  	  	  Power	  plant	  Divertor:	  	  heat	  removal⇒	  Electricity	  Genera5on	  

	  	  	  Divertor	  armor	  material	  should	  have	  appropriate	  properQes	  for	  various	  viewpoints	  
Engineering	  
Performance	  of	  high-‐temperature	  fusion	  plasma:	  
Divertor	  opera5on/	  PWI	  performance	  (Life	  5me,	  Safety)	  
Tri5um-‐breading/Fuel-‐circula5on	  (incl.	  First	  wall)	  

• 	  “Divertor	  and	  PWI”	  is	  important	  key	  design	  issue	  of	  Plasma	  Engineering	  in	  BA	  DDA:	  	  

	  	  	  Other	  than	  the	  divertor	  physics	  design	  incl.	  the	  advanced	  DEMO	  divertor,	  
	  	  	  invesQgaQon	  of	  the	  following	  issues	  is	  proposed:	  

In addition	



5.	  Summary	  and	  issues	  for	  the	  DEMO	  divertor	  (2/2)	  

・ Feasible	  divertor	  system	  should	  be	  invesQgated,	  from	  viewpoints:	  
(1) Heat	  removal	  efficiency	  	  -‐-‐-‐	  poten5al	  improvement	  larger	  than	  10	  MWm-‐2	  

(2)  Safety	  such	  as	  transient/abnormal	  events	  (leak,	  crack,	  etc.)	  and	  detec5on	  
(3) Material	  combina5on	  at	  different	  opera5on	  temperature	  
(4)  Joint	  material	  and	  technology	  

	  	  	  	  Power	  plant	  Divertor:	  	  heat	  removal⇒	  Electricity	  Genera5on	  

• Divertor	  armor	  material	  should	  have	  appropriate	  properQes	  for	  various	  viewpoints	  
Engineering:	  	  
	  	  (1)	  high	  thermal	  conduc5vity,	  (2)	  high	  mel5ng	  temperature,	  (3)	  low	  ac5va5on,	  
Performance	  of	  high-‐temperature	  fusion	  plasma:	  
	  	  (4)	  compa5ble	  with	  fusion	  plasma	  -‐-‐-‐	  low	  accumula5on/reliable	  control	  	  
Divertor	  opera5on/	  PWI	  performance:	  
	  	  (5)	  Life	  5me:	  low	  erosion	  rate,	  Low	  surface	  damage,	  	  Mel5ng	  dynamics,	  	  
	  	  (6)	  Safety:	  T-‐reten5on,	  dust	  genera5on,	  ac5va5on	  
Tri5um-‐breading/Fuel-‐circula5on	  (incl.	  First	  wall)	  



PredicQon	  and	  control	  of	  transient	  (ELM)	  heat	  load	  

ν*(neo) = Rq95A1.5/λee	


1/20	

?

1/30  
-1/38	

ITER	
SlimCS	
ELM	  miQgaQon	  is	  the	  most	  important	  for	  ITER&DEMO:	  
•	  Teped,	  Wped	  will	  be	  increased	  1.6-‐2	  5mes	  than	  ITER	  
•	  ν*(neo)	  is	  increased	  (0.06	  →	  0.016)	  ⇒	  ΔWELM/Wped	  ?	  
•	  Acceptable	  ΔWELM	  is	  increased	  from	  1MJ	  (ITER)	  to	  
1.6MJ	  (SlimCS)	  due	  to	  increase	  of	  weEed	  area.	  

⇒	  ELM	  mi5ga5on	  should	  be	  reinforced	  to	  acceptable	  
ΔWELM/Wped	  =1/30-‐1/38	  (SlimCS)	  

Physics	  and	  Engineering	  issues	  (incl.	  ITER/ITPA	  R&D):	  	  	  	  
	  	  	  Grassy	  ELM,	  QH-‐mod,	  pellet	  pace-‐making,	  RMP-‐coil,	  
edge-‐ECH,	  Type-‐III,	  etc.	  

Heat	  load	  to	  FW	  (near	  upper	  null)	  is	  increased	  for	  
high	  shaping	  configuraQon	  (δ95,	  κ95):	  
•	  Design	  of	  SOL	  configura5on,	  such	  as	  	  
	  	  	  2nd	  separatrix	  distance	  Δr2sep=	  3cm	  (SlimCS),	  	  	  	  	  
	  	  	  first	  wall	  distance	  Δrwall<	  20cm	  (SlimCS),	  	  
	  	  should	  be	  consistent	  with	  	  
	  	  Physics	  and	  Engineering	  issues	  (incl.	  ITER/ITPA	  
R&D):	  ELM	  propaga5on,	  Blanket	  width	  for	  TBR,	  
Conduc5ng	  shell	  design(rs/a=1.35),	  etc.	  

（Loarte)	

0.4	
0.25	ITER	


SlimCS	


assuming V⊥
ELM = 1kms-1	

（Fundamenski)	



Plasma	  Facing	  Component	  	  

R. Neu, et al., Fusion Eng. Des. 65 (2003) 367. 	

     Ignition operation vs W-concentration	

J. Roth, et al., J. Nucl. Mater. 390–391 (2009) 1 	

ITER shot limit vs  
   PWI issues	

Divertor	  armor	  material	  should	  have	  appropriate	  properQes	  for	  various	  viewpoints,	  
Engineering	  properQes:	  
(1)	  High	  thermal	  conduc5vity,	  (2)	  High	  mel5ng	  temperature,	  (3)	  Low	  ac5va5on,	  
Performance	  of	  high-‐temperature	  fusion	  plasma:	  
(4)	  Compa5ble	  with	  high	  temp.	  fusion	  plasma	  -‐-‐-‐	  low	  accumula5on/reliable	  control	  	  
Divertor	  operaQon/	  PWI	  performance:	  
(5)	  Life	  Qme:	  Low	  erosion	  rate/high	  threshold	  energy,	  Low	  surface	  damage	  (blistering,	  

crack,	  bubble,	  etc.),	  	  Mel5ng	  dynamics	  (influence	  on	  structure	  materials),	  	  
(6)	  Safety:	  T-‐reten5on,	  Dust	  genera5on,	  Ac5va5on	  
TriQum-‐breading/fuel-‐circulaQon	  (incl.	  First	  wall):	  
	  	  	  T-‐reten5on,	  Dust	  produc5on,	  Neutron-‐energy	  spectrum	  (reflec5on,	  deflec5on)	  
⇒	  Development	  of	  armor	  materials	  (W-‐alloy,	  fine-‐grain-‐W,	  etc.)	  



AccumulaQon	  and	  Control	  of	  high-‐Z	  impurity	  	
Research	  of	  high-‐Z	  (W)	  impurity	  accumulaQon	  and	  its	  control	  have	  been	  developed:	  	  
・ AccumulaQon	  of	  W	  was	  mostly	  associated	  with	  density	  peaking	  (AUG)/	  Counter-‐

rotaQon(JT-‐60U)	  ⇒	  DeterminaQon	  of	  W	  impurity	  transport	  model	  is	  required:	  
	  	  	  	  	  Some	  mechanisms	  of	  Internal	  Er	  and	  rota5on	  (accelera5on	  of	  W)	  were	  proposed.	  
・ Control	  (exhaust)	  techniques	  of	  W-‐transport	  should	  be	  determined	  for	  high	  

temperature	  DEMO	  plasma	  (higher	  charge-‐state	  and	  lower	  collisionality)	  
	  	  	  	  ⇒	  	  ECH	  center	  heaQng	  (producing	  peak	  temperature	  profile)	  and	  gas	  puff	  

(producing	  flat	  density	  profile)	  were	  reproduced	  in	  some	  devices.	  	  
	  	  	  	  	  Other	  techniques	  (rota5on,	  ST-‐control,	  α-‐hea5ng	  effect,	  etc)	  are	  inves5gated.	  
・　W	  at	  RF	  limiter	  and	  first	  wall	  penetrates	  into	  core	  plasma	  rather	  than	  divertor.	  

R. Neu, et al., PPCF 44 (2002) 811	

Off-axis ECH did not affect.	

(Nakano, et al IAEA 2008 )	



ELM	  plasma	  pulse	  and	  high	  heat	  flux	  to	  W-‐armor	  

Divertor	  target	  (mono-‐block)	  structure	  and	  MelQng	  layer	  :	  
Plasma	  gun	  exposure	  (QSPA)	  and	  TEXTOR	  W-‐limiter	  experiment	  showed	  “mel5ng	  layer”	  
dynamics	  (by	  plasma	  pressure	  and	  JxB)	  ⇒	  forma5on	  of	  “bridge”	  between	  W-‐blocks	  	  
⇒	  extra	  thermal	  stress	  on	  cooling-‐pipe/joint	  ⇒	  damage	  on	  cooling-‐pile	  in	  worst	  case	  

ＪｘＢ	

W	  test	  limiter	  in	  TEXTOR	  
a�er	  one	  discharge	

W-‐block	  5le	  test	  (QSPA)	  

W-‐block	  5le	  test	  by	  plasma	  
pulses	  and	  HHFT	  (QSPA)	  

Divertor	  operaQon	  in	  Reactor	  plasma	  and	  Life	  Qme	  :	  
Combina5on	  of	  repeated	  plasma	  pulses	  (0.5MJ/m2,	  0.5ms)	  &	  heat	  flux	  (10-‐20MW/m2)	  
⇒	  primary	  (grain	  boundary)	  and	  secondary	  (surface)	  cracks	  :	  
Accelera5on?	  	  Plasma	  pulse	  affect	  mel5ng/large	  thermal	  stress	  on	  the surface ⇔	  
High	  heat	  flux	  (SS)	  affects	  thermal	  stress	  into	  cooling	  pipe	  



	  DeterioraQon	  of	  material	  properQes:	  neutron	  irradiaQon	
Enhancement	  of	  defects	  and	  increasing	  DBTT	  due	  to	  neutron	  irradia5on	  	  
⇒ deteriora5on	  of	  thermal	  conduc5on	  and	  stress	  at	  interlayer	  is	  an5cipated.	  

1dp
a 

371-382
ºC 

250-300
ºC 

~100
ºC 

J.W. Davis et al., J. Nucl. Mater. 258-263 (1998) 308"

・ Change	  in	  PWI	  properQes	  (T-‐retenQon,	  blistering,	  He-‐bubble/nano-‐structure,	  etc.)	  

・ DBTT	  increase	  with	  neutron	  flux:	  	  saturated	  at	  250°C	  for	  Twall=370°C	  
	  	  	  but	  effect	  of	  high	  energy	  fusion	  neutron	  flux	  (14MeV)	  is	  also	  concerned.	  	  	  

・ Change	  in	  material	  property	  by	  transmutaQon:	  W	  -‐>	  Re,	  Os	  
   Thermal	  diffusivity	  is	  decreases	  with	  increase	  Re	  impurity	  
	  	  	  	  Mechanical	  property	  will	  be	  degradated	  with	  contamina5on	  of	  Re	  and	  Os	  

DBTT	  for	  W	  with	  n-‐irradia5on	   Thermal	  diffusivity	  of	  W	  and	  W-‐Re	  alloy	  

Fujitsuka et al., J. Nucl. Mater. 283-287 (2000) 1148"

Database	  is	  restricted	  by	  neutron	  fluence/dpa.	



W-‐PSI	  issues	  expected	  from	  ITPA/ITER	  R&D	  	  

Tungsten	  is	  foreseen	  as	  PFCs	  (divertor	  and	  first	  wall)	  in	  DEMO	  reactor.	  
	  	  PSI	  proper5es	  have	  been	  inves5gated	  for	  applica5on	  of	  the	  ITER	  divertor.	  
	  	  Following	  W-‐PWI	  issues/database	  should	  be	  focused	  under	  the	  high	  fluence:	  
(1)	  “bubbles”,	  “holes”,	  “nano-‐structure”	  forma5on	  by	  He	  ion	  irradia5on	  at	  Tw	  >700°C 
(2)	  Neutron	  irradia5on	  effects	  :	  defect,	  blistering,	  increasing	  DBTT and T-retention.	  
(3)	  	  Target	  design/arrange	  of	  mono-‐block	  armors	  and	  melt-‐layer	  dynamics.	  

ITER	  (1	  shot)	 DEMO	  (conQnuous)	

Tw	  at	  SS	  (°C)	  	  water-‐cool	 ~1000	  	  [base	  100-‐200]	 <1200	  	  [base	  290]	

Te	  near	  strike-‐point	  (eV)	  	 1-‐30	 1-‐20	

Fuel	  ion	  fluence	  (m-‐2)	 5x1025	  -‐	  5x1026	  (400s)	 1030-‐1031	  (~year)	

He	  ion	  fluence	  (m-‐2)	 1024	  -‐	  1025	  (400s)	 1029-‐1030	  (~year)	

Neutron	  fluence	  (dpa)	 ~0.5	  (~5	  year)	 20-‐100	  (1-‐3	  year)	

Their	  dependence/threshold	  on	  temperature	  and	  fluence	  and	  energy	  are	  inves5gated	  
in	  recent	  experiments	  under	  the	  ITER-‐level	  condi5on.	  	  	  
On	  the	  other	  hand,	  fluences	  of	  D/T/He	  ions	  and	  neutrons	  in	  DEMO	  reactors	  are	  far	  
beyond	  exisQng	  database.	  	  



Generic	  Issues	  



Design	  Issues	  on	  “Plasma	  Physics”	  



Design	  Issues	  on	  “Plasma	  Engineering”	  



Design	  Issues	  on	  “Engineering”	  



“System	  Issues”	  on	  DEMO	  design	  



“System	  Code”	  


