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Introduc)on	
  to	
  UTFUS-­‐TECN	
  Nuclear	
  Analysis	
  Ac)vi)es	
  	
  

MCNP	
  High	
  Performance	
  Compu)ng	
  aspects	
  

Monte	
  Carlo	
  calcula)ons	
  for	
  fusion	
  neutronics	
  	
  
	
  Applica)ons	
  	
  
- Nuclear	
  analysis	
  for	
  the	
  design	
  of	
  ITER	
  components	
   	
  	
  

Code	
  development	
  	
  
	
  Advanced	
  D1S	
  method	
  for	
  3D	
  shutdown	
  dose	
  rate	
  	
  calculaAons	
  	
  
	
  and	
  validaAon	
  

CRESCO	
  Resources	
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-­‐  Extensive	
  use	
  and	
  development	
  of	
  MCNP	
  Monte	
  Carlo	
  code	
  for	
  
fusion	
  neutronics	
  

-­‐  Nuclear	
  Analysis	
  with	
  last	
  versions	
  of	
  the	
  MCNP/MCNPX	
  
Monte	
  Carlo	
  codes	
  

-­‐  AcAvaAon	
  Analysis	
  with	
  FISPACT	
  inventory	
  code	
  
-­‐  ApplicaAons	
  to	
  ITER,	
  DEMO,	
  JET,	
  JT-­‐60SA	
  and	
  FAST	
  tokamaks	
  

-­‐  FNG	
  benchmark	
  experiments	
  for	
  validaAon	
  of	
  Nuclear	
  data	
  

-­‐  Neutron	
  DiagnosAcs	
  design	
  
-­‐  Development	
  of	
  Advanced	
  Direct	
  1	
  Step	
  method	
  for	
  shutdown	
  
dose	
  rate	
  calculaAons	
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Parallel	
  runs	
  with	
  MCNP5	
  using	
  OpenMPI-­‐Intel	
  on	
  CRESCO	
  -­‐  MCNP/mcnpx,	
   in	
   their	
   parallel	
   implementaAon,	
   represent	
   an	
  
embarassingly	
  parallel	
  case:	
  

-­‐  no	
   communicaAon	
   between	
   processes	
   during	
   the	
   relevant	
   computaAon	
  
stage	
  

-­‐  could	
  be	
  a	
  good	
  candidate	
  for	
  a	
  development	
  on	
  GPGPU	
  architectures?	
  
-­‐  the	
  configuraAon	
  and	
  making	
  script,	
   in	
  the	
  various	
  versions,	
  are	
  not	
  up-­‐
to-­‐date	
  compared	
  with	
  	
  the	
  current	
  state	
  of	
  the	
  processor	
  and	
  compilers,	
  
requiring	
  a	
  correcAon	
  work	
  

-­‐  The	
  codes	
  have	
  been	
  compiled	
  on	
  the	
  different	
  secAon	
  of	
  CRESCO,	
  for	
  all	
  
compilers	
   type,	
   for	
   the	
   OpenMPI	
   MPI	
   implementaAon,	
   passing	
   (within	
  
some	
  limits)	
  the	
  regression	
  tests	
  

-­‐  the	
  Intel	
  compiler	
  proves	
  superior,	
  at	
  least	
  on	
  the	
  CRESCO	
  secAon	
  2.	
  The	
  
work	
  treated	
  adopts	
  this	
  compiler	
  

-­‐  the	
  mulAthreading	
  is	
  switched-­‐off	
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Monte	
  Carlo	
  calculaBons	
  
for	
  Fusion	
  neutronics	
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MCNP	
  radiaAon	
  trasport	
  code	
  
MCNP	
  is	
  a	
  radiaBon	
  transport	
  code	
  
•	
  Monte	
  Carlo	
  N-­‐ParAcle	
  
•	
  ParAcle	
  transport	
  (neutron,	
  photon,	
  electron,	
  proton,	
  muon,	
  heavy	
  ions,	
  etc.)	
  
•	
  User	
  defined	
  source,	
  geometry,	
  tally	
  informaAon,	
  variance	
  reducAon	
  
•	
  Relies	
  on	
  nuclear	
  and	
  atomic	
  data,	
  or	
  models	
  when	
  not	
  available	
  
•	
  Original	
  algorithms	
  created	
  in	
  40s	
  &	
  50s	
  

Last	
  versions	
  MCNP5	
  v	
  1.60	
  -­‐	
  MCNPX	
  v	
  2.7.0.	
  

MCNP6	
  =	
  MCNP5	
  +	
  MCNPX	
  +	
  new	
  features	
  (unstrucured	
  mesh	
  tally,	
  trasport	
  of	
  photons	
  and	
  
electrons	
  at	
  lower	
  energies,	
  …)	
  	
  –	
  last	
  Beta	
  3	
  version	
  on	
  Dec	
  2012	
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MCNP	
  in	
  fusion	
  neutronics	
  
The	
   stocasAc	
   approach	
   is	
   applied	
   to	
   neutron/photon	
   transport	
   through	
   the	
  
simulaAon	
   of	
   real	
   physical	
   processes	
   on	
   microscopic	
   level	
   with	
   interacAon	
  
probabiliAes	
  given	
  by	
  nuclear	
  cross-­‐secAons.	
  
CalculaBon	
  of	
  the	
  spaBal,	
  angular	
  and	
  energy	
  distribuBon	
  of	
  the	
  neutrons	
  
  TriAum	
   breeding,	
   nuclear	
   heaAng,	
   acAvaAon,	
   transmutaAon,	
   gas	
   producAon,	
  

displacement	
  damage	
  etc.	
  

All	
   nuclear	
   reacAon	
   rates	
   can	
   be	
   calculated	
   if	
   the	
   associated	
   nuclear	
   cross	
  
secAons	
  or	
  physics	
  models	
  are	
  available	
  

The	
  MCNP5	
  Monte	
  Carlo	
  Code	
  is	
  the	
  main	
  tool	
  for	
  3-­‐D	
  neutronic	
  analyses	
  in	
  fusion	
  neutronics	
  

Compared	
  with	
  determinisAc	
  (macroscopic)	
  approach:	
  
Advantages:	
  	
  
-­‐  Exact	
  treatment	
  of	
  the	
  transport	
  process	
  
-­‐  Exact	
  source	
  modeling	
  capability	
  
-­‐  ConAnuous	
  energy	
  treatment	
  of	
  the	
  cross	
  secAon	
  
Disadvantages:	
  
-­‐  Requires	
  variance	
  reducAon	
  techniques	
  to	
  improve	
  accuracy	
  
-­‐  Cannot	
  generate	
  accurate	
  results	
  in	
  all	
  locaAons	
  
-­‐  Many	
  parAcles	
  histories	
  and	
  large	
  CPU	
  Ame	
  needed	
  to	
  obtain	
  accurate	
  results	
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MCNP	
  general	
  run	
  
•  Geometry	
  modelisaAon	
  (manual/CAD-­‐MCNP	
  interfaces/direct	
  CAD)	
  
•  Materials	
  descripAon	
  (chemical	
  composiAons/density)	
  
•  SelecAon	
  of	
  nuclear	
  data	
  libraries	
  
•  Source	
  specificaAon	
  
•  ParBcle	
  transport	
  se`ng	
  (transported	
  parAcles,	
  cut-­‐off,	
  physics	
  …)	
  
•  Variance	
  reducBon	
  (if	
  needed)	
  
•  Tally	
  specificaBons	
  
MCNP	
  parallel	
  run	
  
•  Check	
  for	
  staAsAcal	
  output	
  results	
  
•  OpAmisaAon	
  of	
  variance	
  reducAon	
  (if	
  needed)	
  	
  
•  Analysis	
  of	
  output	
  results	
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MCNP	
  CalculaBons	
  for	
  ITER	
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Pfus=500	
  MW	
  x	
  400	
  s	
  

The	
   experimental	
   reactor	
   ITER	
   (Interna8onal	
  
Thermonuclear	
  Experimental	
  Reactor)	
   is	
  under	
  
construcAon	
   in	
   Cadarache	
   with	
   the	
   aim	
   of	
  
demonstraAng	
   the	
   scienAfic	
   and	
   technical	
  
feasibility	
  of	
  fusion	
  as	
  energy	
  source.	
  	
  

ITER	
  aims	
  to	
  produce	
  a	
  significant	
  amount	
  of	
  fusion	
  power	
  	
  

ITER	
  Neutron	
  	
  source	
  

3x1027	
  n	
  during	
  
ITER	
  lifeAme	
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Pfus	
  =	
  500	
  MW=	
  Nfus	
  ⋅	
  Efus	
  	
  	
  	
  	
  	
  
Nfus	
  =	
  number	
  of	
  fusion	
  reacAons	
  per	
  second	
  

Efus	
  =	
  17.58	
  MeV	
  	
  
En=	
  14.06	
  MeV	
  

DT	
  Neutrons:	
  
-­‐	
  Short	
  high	
  power	
  pulses	
  

	
  Pfus	
  =	
  500	
  MW	
  →N/s	
  =1.77x1020	
  s-­‐1	
  (400	
  s)	
  	
  

-­‐	
  Long	
  steady	
  state	
  pulses	
  

Pfus	
  =	
  356	
  MW	
  (3000	
  s)	
  →N/s	
  =1.26x1020	
  s-­‐1	
  (3000	
  s)	
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N
W

L 

Poloidal Lenght 

Inboard 

Outboard 

S. Podda, Supercomputing, applicazioni e innovazioni 
ENEA Sede Legale, Roma  Giovedi, 11 Luglio 2013 



14	
  

	
  ITER	
  Neutron	
  flux	
  spectra	
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Axis distance (cm) 

Fl
ux

es
 (m

-2
 s-1

) 

14 Mev Neutrons 
Total Neutrons 
Photons 

	
  Neutrons	
  a]enuaBon	
  along	
  radial	
  middle	
  axis	
  (1D)	
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  Radial	
  distribuAon	
  of	
  fluxes	
  at	
  midplane	
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Total	
  DD	
  N	
  yield	
  at	
  JET	
  from	
  1983	
  to	
  2009	
  	
  4.2	
  x	
  1020	
  

Total	
  DT	
  N	
  yield	
  at	
  JET	
  from	
  1983	
  to	
  2009	
  	
  	
  2.4	
  x1020	
  
Same	
  order	
  of	
  magnitude	
  of	
  
the	
  neutrons	
  produced	
  by	
  
ITER	
  in	
  1s!!	
  	
  

JET	
  	
  

	
  Comparison	
  with	
  JET	
  neutron	
  yields	
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• Toroidal	
  Field	
  Coil	
  heaBng	
  	
  
 	
  14	
  kW	
  Integral	
  
 	
  1	
  mW/cm3	
  on	
  SS	
  
 	
  2	
  mW/cm3	
  on	
  Cu	
  winding	
  pack	
  	
  
 	
  Fast	
  neutron	
  fluence	
  (E>	
  0.1	
  MeV)	
  <	
  1023	
  n/m2	
  

  Blk	
  thickness	
  constant	
  45	
  cm 	
  	
   	
  	
  	
  
  VV+blk	
  thickness	
  (~80	
  cm	
  inb.120	
  cm	
  outb.)	
  

• Dose	
  to	
  the	
  insulator:	
  10	
  MGy	
  
• Reweldability	
  of	
  the	
  SS	
  	
  

 	
  1	
  He	
  appm	
  thick	
  	
  
 	
  3	
  He	
  appm	
  thin	
  	
  

  He	
  comes	
  out	
  from	
  (n,10B)	
  reacAon,	
  	
  
  B	
  content	
  in	
  SS	
  is	
  0.001-­‐	
  0.002	
  %	
  wt 	
  	
   	
  	
  	
  

• OccupaBonal	
  dose	
  ager	
  shutdown	
  
•  100μSv/h	
  inside	
  the	
  bioshield	
  106	
  s	
  ager	
  shutdown	
  
	
   	
  	
  

Neutronic	
  analyses	
  are	
  required	
  for	
  ITER	
  design	
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-­‐	
  Full-­‐W	
  Divertor	
  

-­‐	
  TBM	
  Port	
  plug	
  studies	
  	
  

ITER,	
  Pfus	
  500	
  MW	
  	
  	
  	
  
DT	
  rate	
  1.77	
  1020	
  n/s	
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B-­‐lite	
  v2	
  ITER	
  MCNP	
  
model	
   with	
   full-­‐W	
  
divertor.	
  25000	
  cells	
  

• 	
  3D	
  nuclear	
  analysis	
  of	
  the	
  last	
  design	
  of	
  ITER	
  	
  	
  	
  	
  	
  
full-­‐W	
  divertor	
  with	
  MCNP5	
  &	
  FENDL2.1	
  

• 	
  Calculate	
  nuclear	
  heaAng,	
  damage	
  and	
  He	
  
producAon	
  in	
  divertor	
  components	
  

• 	
  Evaluate	
  impact	
  on	
  design	
  and	
  maintenance	
  	
  
of	
  the	
  system	
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Nuclear	
  heaAng	
  density	
   →	
  	
  Thermal	
  analysis	
  

He-­‐producAon	
  →	
  Reweldability	
  

Damage	
  

1200	
  cores	
  x	
  24	
  hours	
  for	
  
nuclear	
   hea8ng	
   density	
  
calcula8on	
  (5x108	
  n)	
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dpa	
  in	
  Cassene	
  Body	
  

He	
  producAon	
  in	
  the	
  pipes	
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TBM	
  Frame	
  	
  

bioshield	
  

Plasma	
  

Dummy	
  TBM	
  

Pipe	
  forest	
  area	
  

TBM	
  PP	
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Paraview	
  	
  
MCNP	
  meshtally	
  results	
  	
  mt2vtk	
  tool	
  (KIT)	
  →	
  vtk	
  
Design	
  model	
  →	
  stl	
  	
  

a	
   b	
  

a	
   b	
  

FA
ST
	
  

TO
TA
L	
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Nuclear	
  HeaAng	
  (W/cm3)	
  global	
  map	
  in	
  SS	
  components	
  

-­‐	
  Tailored	
  MCNP5	
  meshtally	
  maps	
  for	
  providing	
  input	
  data	
  for	
  thermal	
  analysis	
  

-­‐	
  Tools	
  for	
  interfacing	
  with	
  finite	
  element	
  codes	
  (e.g.	
  ANSYS)	
  

-­‐	
  MCNP6	
  unstructured	
  mesh	
  tally	
  capability	
  →	
  symplify	
  interface	
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-­‐  Advanced	
  D1S	
  method	
   for	
  3D	
   shutdown	
  
dose	
  rate	
  calculaBons	
  

-­‐  Shutdown	
   dose	
   rate	
   benchmark	
  
experiments	
  at	
  JET	
  (Culham,	
  UK)	
  tokamak	
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Gamma	
  dose	
  rate	
  

O)	
  Ame	
  correcAon	
  factor	
  for	
  each	
  k-­‐radionuclide	
  
(indipendent	
  on	
  Φ,σ,	
  ρ)	
  

FISPACT	
  Inventory	
  code	
  

I)  RepresentaAve	
  material	
  
(all	
  parent	
  nuclides)	
  

I)	
  IrradiaAon	
  histories	
  

I)	
  RepresentaAve	
  neutron	
  flux	
  	
  

MCNP	
  modified	
  version.	
  
γ 	
  generated	
  	
  only	
  by	
  ac8vated	
  radionuclides:	
  
decay	
  γ	
  emiQed	
  as	
  prompt	
  

I)	
  DT	
  &	
  DD	
  n	
  source	
  

MCNP:	
  
3-­‐D	
  transport:	
  n	
  +	
  decay	
  γ	
  
Hp	
  :	
  Tirr	
  →0,	
  τk→0	
  

detector	
  
k	
  

k+1	
  

k-­‐1	
  

O)	
  Dose	
  contribuAon	
  due	
  to	
  k-­‐radionuclide	
  	
  
(indipendent	
  on	
  t)	
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  Geiger	
  Müller	
  type	
  detectors	
  for	
  dose	
  rate	
  
along	
  the	
  axis	
  of	
  the	
  main	
  horizontal	
  port	
  of	
  
Octant	
  1.	
  
	
  AddiAonal	
  measurements	
  inside	
  the	
  plasma	
  
chamber	
  with	
  a	
  ionizaAon	
  chamber	
  mounted	
  
on	
  a	
  mascot	
  system	
  	
  

Detectors	
  calibrated	
  in	
  terms	
  of	
  H*(10)	
  

Dosimeters	
  commonly	
  used	
  for	
  radiological	
  
protecAon	
  survey	
  at	
  JET	
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Advanced	
  D1S	
  C/E	
  vs	
  Bme	
  ager	
  shutdown	
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-­‐ 	
  	
  	
  1x106	
  hours	
  (2013)	
  	
  

-­‐ 	
  	
  	
  5x106	
  hours	
  (2014)	
  

For	
  nuclear	
  analyses	
  on	
  ITER,	
  DEMO,	
  JET	
  and	
  
FNG	
  studies	
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