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  FENDL-2.1 is revision to FENDL-2.0 
(1995/96)   

  Compiled November 2003, INDC(NDS)-451 
  71 elements/isotopes 
  Working libraries prepared by IAEA/NDS, 

INDC(NDS)-467 (2004) 
  Reference data library for nuclear analysis  

of  ITER and other fusion systems 

Fusion Evaluated Nuclear Data 
Library (FENDL) 

Data Source for FENDL-2.1 

  The International 
Atomic Energy Agency 
(IAEA) in cooperation 
with several national 
nuclear data centers 
and research groups 
started an effort in 1987 
to develop the Fusion 
Evaluated Nuclear Data 
Library (FENDL) 

  Validated using ITER 
computational 
benchmark and integral 
experiments with 14 
MeV point sources in 
Europe and Japan 
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•  An effort was initiated by the IAEA in 2008 to update 
the FENDL library to improve status of nuclear 
databases for fusion devices including IFMIF  

•  The library (FENDL-3) is a substantial extension of 
FENDL-2.1 library toward higher energies, with 
inclusion of incident charged particles and the 
evaluation of related uncertainties (covariance data) 

•  A starter FENDL-3 with 180 isotopes was released at 
the end of the 3 years of the Coordinated Research 
Project (CRP) activities and the fourth release is 
being validated and tested 

FENDL-­‐3	
  Development	
  
(hEp://www-­‐nds.iaea.org/fendl3/)	
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FENDL-­‐3.0	
  Content	
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FENDL-­‐3.0	
  Content	
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ITER	
  Calcula&onal	
  Benchmark 

  FENDL-2.1 is the reference library for ITER 
  Results for flux, heating, dpa, and gas production were compared to the 

results of FENDL-2.1 
  Results provide guidance to ITER regarding the need of changing the 

reference library to FENDL-3.0 or just adding a correction/safety factor to the 
the current results 

ITER	
  Computa&onal	
  Benchmark	
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Peak	
  Neutron	
  and	
  Gamma	
  Flux	
  Results	
  

 Larger	
  changes	
  in	
  neutron	
  flux	
  (2-­‐7%)	
  occur	
  in	
  VV	
  and	
  magnet	
  that	
  are	
  heavily	
  
shielded	
  by	
  water-­‐cooled	
  steel	
  	
  

 Smaller	
  changes	
  in	
  gamma	
  flux	
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Neutron	
  Spectrum	
  at	
  Inner	
  Surface	
  of	
  OB	
  Magnet	
  

 There	
  is	
  approximately	
  <10%	
  increase	
  in	
  neutron	
  flux	
  at	
  the	
  front	
  of	
  the	
  outboard	
  
magnet	
  for	
  much	
  of	
  the	
  energy	
  regime,	
  with	
  larger	
  spikes	
  (up	
  to	
  20%)	
  in	
  neutron	
  flux	
  
in	
  the	
  high	
  energy	
  region	
  

 The	
  neutron	
  spectrum	
  behind	
  the	
  large	
  volume	
  of	
  water-­‐cooled	
  SS	
  is	
  harder	
  with	
  
FENDL-­‐3.0	
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Notable	
  change	
  in	
  FENDL-­‐3	
  is	
  
switch	
  for	
  H-­‐1	
  from	
  JENDL-­‐3.3	
  to	
  
ENDF/B-­‐VII.0	
  

Lower	
  (n,γ)	
  cross	
  sec?ons	
  at	
  high	
  
energy	
  could	
  be	
  reason	
  for	
  higher	
  
and	
  harder	
  neutron	
  flux	
  in	
  regions	
  
heavily	
  shielded	
  by	
  water-­‐cooled	
  SS	
  

H-­‐1	
  Data	
  in	
  FENDL-­‐3	
  vs.	
  FENDL-­‐2.1	
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Peak	
  Nuclear	
  Hea?ng	
  Results	
  

 The	
  harder	
  and	
  higher	
  neutron	
  flux	
  in	
  VV	
  and	
  magnet	
  results	
  in	
  higher	
  neutron	
  hea?ng	
  
 Gamma	
  hea?ng	
  is	
  the	
  dominant	
  nuclear	
  hea?ng.	
  
 Lower	
  gamma	
  hea?ng	
  resul?ng	
  in	
  ~1%	
  lower	
  nuclear	
  hea?ng	
  in	
  VV	
  (neutron	
  hea?ng	
  
increased	
  by	
  ~16%	
  compared	
  to	
  ~3%	
  decrease	
  in	
  gamma	
  hea?ng)	
  and	
  only	
  ~2%	
  higher	
  
nuclear	
  hea?ng	
  in	
  magnet	
  (~8%	
  increase	
  in	
  neutron	
  hea?ng	
  and	
  <0.7%	
  increase	
  in	
  
gamma	
  hea?ng)	
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Peak	
  IB	
  Magnet	
  Radia?on	
  Parameters	
  

 Nuclear	
  parameters	
  at	
  magnet	
  are	
  higher	
  by	
  ~1.6-­‐4.4%	
  than	
  predicted	
  by	
  FENDL-­‐2.1	
  
 Largest	
  effect	
  is	
  on	
  fast	
  n	
  fluence	
  (>4%)	
  due	
  to	
  the	
  harder	
  and	
  larger	
  neutron	
  flux	
  	
  
 Similar	
  effect	
  observed	
  in	
  Cu	
  dpa	
  produced	
  by	
  high	
  energy	
  neutrons	
  
 Increase	
  in	
  insulator	
  dose	
  and	
  winding	
  pack	
  nuclear	
  hea?ng	
  is	
  reduced	
  due	
  to	
  the	
  
contribu?on	
  from	
  gamma	
  hea?ng	
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Peak	
  dpa/FPY	
  Values	
  

 Atomic	
  displacement	
  damage	
  is	
  higher	
  in	
  VV	
  and	
  magnet	
  due	
  to	
  higher	
  and	
  harder	
  
neutron	
  flux	
  

 Effect	
  is	
  more	
  pronounced	
  in	
  the	
  outboard	
  magnet	
  because	
  of	
  the	
  thicker	
  water-­‐cooled	
  
SS	
  in	
  front	
  of	
  it	
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Peak	
  He	
  appm/FPY	
  Values	
  

 Helium	
  is	
  produced	
  by	
  high	
  energy	
  neutrons	
  and	
  is	
  higher	
  in	
  VV	
  and	
  magnet	
  due	
  to	
  
higher	
  and	
  harder	
  neutron	
  flux	
  

 An	
  increase	
  of	
  ~18%	
  is	
  observed	
  in	
  Inconel	
  with	
  FENDL-­‐3.0	
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Peak	
  H	
  appm/FPY	
  Values	
  

 Hydrogen	
  is	
  produced	
  by	
  high	
  energy	
  neutrons	
  and	
  is	
  higher	
  in	
  VV	
  and	
  magnet	
  due	
  to	
  
higher	
  and	
  harder	
  neutron	
  flux	
  

 The	
  increase	
  is	
  less	
  pronounced	
  than	
  for	
  Helium	
  produc?on	
  due	
  to	
  the	
  lower	
  	
  threshold	
  
energy	
  for	
  H	
  produc?on	
  reac?ons	
  

 Effect	
  in	
  Inconel	
  is	
  much	
  lower	
  than	
  for	
  He	
  produc?on	
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Peak	
  T	
  appm/FPY	
  Values	
  

 Tri?um	
  produc?on	
  is	
  higher	
  in	
  VV	
  and	
  magnet	
  due	
  to	
  higher	
  and	
  harder	
  neutron	
  flux	
  
 Extremely	
  large	
  increase	
  of	
  more	
  than	
  a	
  factor	
  of	
  two	
  is	
  observed	
  for	
  Inconel	
  
 While	
  T	
  produc?on	
  is	
  included	
  in	
  total	
  H	
  produc?on,	
  the	
  very	
  small	
  magnitude	
  of	
  T	
  
produc?on	
  in	
  Inconel	
  did	
  not	
  end	
  up	
  significantly	
  changing	
  the	
  total	
  H	
  produc?on	
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Why	
  Do	
  We	
  Get	
  Large	
  Differences	
  in	
  Gas	
  Produc?on?	
  
  We	
  ran	
  numerous	
  test	
  simula?ons	
  and	
  concluded	
  there	
  is	
  no	
  single	
  isotope	
  in	
  Inconel	
  that	
  

can	
  be	
  pinpointed	
  for	
  causing	
  all	
  the	
  excess	
  produc?on	
  rates	
  
  Some	
  of	
  the	
  FENDL-­‐3.0	
  evalua?ons	
  raised	
  the	
  produc?on	
  rates,	
  while	
  others	
  lowered	
  them	
  
  Careful	
  examina?on	
  of	
  reac?on	
  rates	
  for	
  gas	
  produc?on	
  indicated	
  that	
  the	
  differences	
  are	
  

due	
  to	
  large	
  differences	
  in	
  missing	
  reac?ons	
  in	
  the	
  two	
  FENDL	
  libraries	
  
  We	
  created	
  a	
  large	
  Excel	
  file	
  to	
  compare	
  all	
  missing	
  reac?ons	
  between	
  FENDL-­‐2.1,	
  

FENDL-­‐3.0,	
  and	
  ENDF/B-­‐VII.0.	
  These	
  include	
  D	
  produc?on	
  (204),	
  T	
  produc?on	
  (205),	
  3He	
  
produc?on	
  (206)	
  

  We	
  found	
  that	
  ENDF/B-­‐VII.0	
  had	
  the	
  most	
  missing	
  reac?ons	
  and	
  FENDL-­‐3.0	
  had	
  the	
  least	
  
  With	
  respect	
  to	
  Inconel,	
  there	
  is	
  a	
  difference	
  in	
  missing	
  reac?on	
  status	
  for	
  every	
  major	
  

cons?tuent	
  isotope	
  when	
  comparing	
  FENDL-­‐2.1	
  to	
  FENDL-­‐3.0	
  	
  
  Addi?onally,	
  we	
  specifically	
  examined	
  Al-­‐27	
  because	
  this	
  isotope	
  had	
  a	
  par?cularly	
  large	
  

effect	
  on	
  T	
  produc?on	
  in	
  inconel	
  	
  
  Including	
  only	
  the	
  FENDL-­‐3.0	
  evalua?on	
  of	
  Al-­‐27	
  caused	
  T	
  produc?on	
  in	
  the	
  front	
  of	
  the	
  

Inconel	
  VV	
  to	
  more	
  than	
  double	
  the	
  FENDL-­‐2.1	
  results	
  
  T	
  produc?on	
  reac?on	
  (205)	
  was	
  missing	
  in	
  FENDL-­‐2.1,	
  but	
  present	
  in	
  FENDL-­‐3.0	
  
  Using	
  all	
  ENDF/B-­‐VII.0	
  data	
  yielded	
  T	
  produc?on	
  in	
  the	
  Inconel	
  VV	
  that	
  was	
  very	
  similar	
  to	
  

that	
  found	
  in	
  FENDL-­‐3.0.	
  Not	
  surprisingly,	
  reac?on	
  205	
  is	
  present	
  in	
  ENDF/B-­‐VII.0	
  	
  
  We	
  conclude	
  that	
  it	
  is	
  very	
  important	
  that	
  the	
  processed	
  data	
  for	
  FENDL-­‐3.0	
  include	
  all	
  

necessary	
  reac?ons	
  used	
  for	
  gas	
  produc?on	
  by	
  adding	
  the	
  missing	
  reac?ons	
  (204,	
  205,	
  206)	
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ITER	
  Relevant	
  Benchmark	
  Experiments	
  

•  ENEA, Frascati Research Centre (Italy) 
•  14-MeV Frascati Neutron Generator (FNG) 

 Accelerator based  
 T(d,n)α Ed=300 keV 

•  Operating since 1992 
•  14-MeV neutron intensity 1011 n/s 
•  Variety of mockups:	
  

Generatore di neutroni  FNG 
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Schema?c	
  of	
  ITER	
  Relevant	
  Experiments	
  	
  

Tungsten	
  	
  

Bulk	
  shielding	
  

Streaming	
  	
  

HCPB	
  breeder	
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Tungsten	
  experiment	
  ac?va?on	
  foils	
  
Average/Maximum	
  of	
  C/E	
  Values	
  	
  

 Ac?va?on	
  rates	
  were	
  measured	
  in	
  four	
  posi?ons	
  within	
  the	
  tungsten	
  block	
  
 We	
  display	
  the	
  C/E	
  results	
  averaged	
  over	
  all	
  posi?ons	
  and	
  also	
  show	
  the	
  C/E	
  value	
  
in	
  a	
  given	
  set	
  of	
  measurements	
  that	
  had	
  the	
  maximum	
  devia?on	
  from	
  unity	
  

 FENDL-­‐3.0	
  performed	
  worse	
  than	
  FENDL-­‐2.1	
  and	
  the	
  only	
  reac?on	
  that	
  improved	
  
was	
  Mn55(n,γ)Mn56	
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Bulk	
  Shielding	
  experiment	
  ac?va?on	
  foils	
  
Average/Maximum	
  of	
  C/E	
  Values	
  	
  

 The	
  FENDL-­‐3.0	
  results	
  were	
  superior	
  to	
  that	
  of	
  FENDL-­‐2.1	
  in	
  all	
  but	
  one	
  reac?on,	
  
Mn55(n,γ)Mn56,	
  which	
  worsened	
  by	
  6.54%	
  	
  

 Improvements	
  in	
  the	
  other	
  reac?ons	
  ranged	
  from	
  0.85%	
  to	
  13.22%	
  	
  
 We	
  found	
  it	
  intriguing	
  that	
  the	
  bulk	
  shield	
  experiment	
  performed	
  bejer	
  with	
  
FENDL-­‐3.0,	
  while	
  the	
  tungsten	
  foil	
  experiment	
  performed	
  worse	
  

 Only	
  the	
  tungsten	
  foil	
  experiment	
  contains	
  tungsten	
  evalua?ons	
  
 FENDL-­‐2.1	
  used	
  ENDF/B-­‐VI.8	
  for	
  tungsten	
  data,	
  while	
  FENDL-­‐3.0	
  used	
  INDL/V-­‐3.0	
  
and	
  FENDL-­‐2.1	
  is	
  missing	
  W180	
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Conclusions	
  
 FENDL-­‐3.0	
  general	
  purpose	
  neutron	
  library	
  has	
  the	
  advantage	
  
over	
  FENDL-­‐2.1	
  of	
  increased	
  number	
  of	
  materials	
  (from	
  71	
  to	
  
180)	
  and	
  increasing	
  the	
  upper	
  energy	
  to	
  150	
  MeV	
  

 Results	
  for	
  the	
  ITER	
  relevant	
  computa?onal	
  benchmark	
  
indicate	
  that	
  a	
  small	
  impact	
  on	
  ITER	
  nuclear	
  analysis	
  is	
  
expected	
  by	
  switching	
  to	
  FENDL-­‐3.0	
  with	
  higher	
  enhancements	
  
in	
  flux,	
  hea?ng,	
  and	
  damage	
  levels	
  of	
  up	
  to	
  ~7%	
  in	
  the	
  VV	
  and	
  
magnet	
  that	
  are	
  shielded	
  by	
  water-­‐cooled	
  SS	
  

 Cau?on	
  should	
  be	
  observed	
  when	
  calcula?ng	
  gas	
  produc?on	
  
due	
  to	
  missing	
  D,	
  T,	
  He-­‐3	
  reac?ons	
  for	
  several	
  materials.	
  These	
  
need	
  to	
  be	
  added	
  in	
  future	
  releases	
  

 The	
  C/E	
  improved	
  for	
  most	
  ac?va?on	
  foils	
  in	
  the	
  bulk	
  shield	
  
experiment	
  using	
  FENDL-­‐3.0	
  compared	
  to	
  FENDL-­‐2.1	
  while	
  the	
  
C/E	
  was	
  worse	
  for	
  most	
  ac?va?on	
  foils	
  in	
  the	
  tungsten	
  
experiment	
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