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Astrophysics	
  Nuclear	
  Astrophysics	
  
(stellar	
  nucleosynthesis)	
  

Nuclear	
  energy	
  
(fission	
  products	
  &	
  
Structural	
  material)	
  

Advanced	
  nuclear	
  reactors	
  
(acLnides)	
  

Neutron	
  cross	
  sec1ons	
  

3	
  FIESTA	
  2014	
  –	
  Santa	
  Fe,	
  NM,	
  USA,	
  Sept.	
  8-­‐12,	
  2014 	
  N.	
  Colonna	
  –	
  INFN	
  Bari	
  



Figura	
  Nucleosintesi	
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  che	
  si	
  muovono)	
  
	
  
	
  
Foto	
  FIC	
  

239Pu:	
  125	
  Kg/yr	
  

237Np:	
  16	
  Kg/yr	
  	
  
	
  

241Am:11.6	
  Kg/yr	
  	
  
243Am:	
  	
  4.8	
  Kg/yr	
  

244,	
  245Cm	
  
	
  	
  	
  1.5	
  Kg/yr	
  

LLFP	
  

LLFP	
  
	
  	
  	
  76.2	
  Kg/yr	
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The	
  nuclear	
  waste	
  problem	
  

Quan,,es	
  refer	
  to	
  yearly	
  produc,on	
  in	
  1	
  GWe	
  LW	
  reactor	
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LLFP	
   LLFP	
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The	
  Th/U	
  fuel	
  cycle	
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Nuclear	
  energy	
  and	
  the	
  need	
  of	
  nuclear	
  data	
  –	
  EU	
  programs	
  

ObjecLves	
  of	
  the	
  nuclear	
  industry/research	
  in	
  Europe:	
  
•  improve	
  safety	
  and	
  efficiency	
  of	
  current	
  reactors	
  (LWR)	
  

•  develop	
  a	
  new	
  generaLon	
  of	
  reactors	
  (Gen	
  IV	
  fast	
  reactors	
  and	
  Accelerator	
  Driven	
  Systems)	
  

Availability	
  of	
  accurate	
  nuclear	
  data	
   (cross	
  secLons,	
  decay	
  constants,	
  branching	
  raLos,	
  etc.)	
   is	
   the	
  
basis	
  for	
  precise	
  calcula1ons	
  both	
  for	
  current	
  (increased	
  burn-­‐up	
  efficiency,	
  plant	
  life	
  extension)	
  and	
  
new	
  genera1on	
   reactors.	
  Addi1onal	
  experimental	
  measurements	
  and	
   their	
  detailed	
  analysis	
  and	
  
interpretaLon	
  are	
  required	
  in	
  a	
  broad	
  range	
  of	
  neutron	
  energies	
  and	
  materials.	
  This	
  is	
  parLcularly	
  
true	
  for	
  fuels	
  containing	
  minor	
  ac1nides	
  for	
  their	
  transmutaLon	
  in	
  fast	
  spectra.	
  

Strategic	
  Research	
  Agenda	
  of	
  the	
  European	
  Sustainable	
  Nuclear	
  Energy	
  Technology	
  PlaBorm	
  (SNETP)	
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The	
  overall	
  list	
  of	
  requirements	
  is	
  rather	
  long:	
  
•  capture	
  cross	
  secLons	
  of	
  235,238U,	
  237Np,	
  238-­‐242Pu,	
  241,242m,243Am,	
  244Cm	
  
•  fission	
  cross	
  secLons	
  of	
  234U,	
  237Np,	
  238,240-­‐242Pu,	
  241,242m,243Am,	
  242-­‐246Cm	
  

NEA/WPEC-­‐26	
  (ISBN	
  978-­‐92-­‐64-­‐99053-­‐1)	
  

Need	
  to	
  measure	
  fission	
  cross	
  secLon	
  of	
  acLnides	
  
(from	
  Th	
  to	
  Cm)	
  with	
  half-­‐life	
  from	
  a	
  few	
  years	
  up.	
  



PS 20 GeV 

Linac 
50 MeV 

Booster 
1.4 GeV 

185	
  m	
  
flight	
  path	
  

The	
  n_TOF	
  facility	
  at	
  CERN	
  

n_TOF	
  is	
  a	
  spalla1on	
  neutron	
  
source	
   based	
   on	
   20	
   GeV/c	
  
protons	
   from	
   the	
   CERN	
   PS	
  
hifng	
   a	
   Pb	
   block	
   (~360	
  
neutrons	
  per	
  proton).	
  

Experimental	
   area	
   at	
   185	
   m	
  
(now	
  a	
  second	
  one	
  at	
  20	
  m)	
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The	
  real	
  thing	
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The	
  spalla1on	
  target(s)	
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Phase	
  1:	
  2001	
  –	
  2004	
   Phase	
  2:	
  2008	
  –	
  today	
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The	
  n_TOF	
  facility	
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Advantages	
  of	
  the	
  PS	
  proton	
  beam:	
  high	
  energy,	
  high	
  peak	
  current,	
  low	
  duty	
  cycle.	
  

Other	
  features	
  of	
  the	
  neutron	
  beam:	
  

•  high	
  resolu1on	
  in	
  energy	
  (ΔE/E	
  =	
  10-­‐4)	
  	
  ……………..	
  study	
  resonances	
  
•  wide	
  energy	
  range	
  (25	
  meV<En<1GeV)	
  ………………. 	
  measure	
  fission	
  from	
  thermal	
  to	
  GeV	
  
•  low	
  repe11on	
  rate	
  (<	
  0.8	
  Hz)	
  ………………………………	
  no	
  wrap-­‐around	
  

Main	
   feature:	
   high	
   instantaneous	
  
neutron	
  flux	
  (106	
  n/pulse).	
  
•  very	
   convenient	
   for	
   measurements	
   of	
  
radioac1ve	
  isotopes	
  (maximizes	
  signal-­‐to-­‐
background	
  raLo)	
  

•  ideal	
   facility	
   for	
   ac1nides	
   (nuclear	
  
technology)	
  

FIESTA	
  2014	
  –	
  Santa	
  Fe,	
  NM,	
  USA,	
  Sept.	
  8-­‐12,	
  2014 	
  N.	
  Colonna	
  –	
  INFN	
  Bari	
  



The	
  n_TOF	
  measurements	
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Capture	
  
151Sm	
  
232Th	
  
204,206,207,208Pb,	
  209Bi	
  
24,25,26Mg	
  
90,91,92,94,96Zr,	
  93Zr	
  
186,187,188Os	
  
233,234U	
  
237Np,240Pu,243Am	
  

Fission	
  
233,234,235,236,238U	
  
232Th,	
  209Bi,	
  237Np	
  
241,243Am,	
  245Cm	
  

Capture	
  
25Mg,	
  88Sr	
  
58,60,62Ni,63Ni	
  
54,56,57Fe	
  
236,238U,	
  241Am	
  

Fission	
  
240,242Pu	
  

	
  235U(n,γ/f)	
  
232Th,	
  	
  234U	
  
237Np	
  (FF	
  ang.distr.)	
  

(n,α)	
  
33S,59Ni	
  

 Phase 1 
(2001-2004) 

 Phase 2 
(2009-2012) 
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Phase 3 
(just started) 

Capture	
  

….	
  

….	
  

Fission	
  

….	
  

….	
  

	
  

(n,	
  p)	
  (n,α)	
  

….	
  

….	
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Parallel	
  Plate	
  Avalanche	
  Counters	
  (PPAC)	
  
•  Fission	
  fragments	
  detected	
  in	
  coincidence	
  

•  Very	
  good	
  rejecLon	
  of	
  α-­‐background	
  	
  
•  Low	
  sensiLvity	
  to	
  γ-­‐flash	
  
•  Posi1on	
  sensi1ve	
  to	
  measure	
  angular	
  distribuLon	
  

Neutron	
  beam	
  

Neutron	
  beam	
  

Fission	
  Ioniza1on	
  Chamber	
  (FIC)	
  
•  standard	
  detector,	
  with	
  fast	
  gas	
  and	
  electronics	
  

Micromegas	
  chamber	
  
•  low-­‐noice,	
  high-­‐gain,	
  radiaLon-­‐hard	
  detector	
  

Experimental	
  setups	
  for	
  fission	
  	
  

Over	
  the	
  years,	
  several	
  systems	
  have	
  been	
  used	
  for	
  detecLng	
  fission	
  
fragments,	
  with	
  two	
  different	
  techniques.	
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Figura	
  Nucleosintesi	
  (frecce	
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  muovono)	
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I	
  

Measured	
  fission	
  reac1ons	
  	
  	
  

In	
  the	
  two	
  experimental	
  campaigns,	
  
measured	
  capture	
  and	
  fission	
  cross	
  
secLons	
   for	
   most	
   long-­‐l ived	
  
ac1nides	
  (432	
  y	
  and	
  above).	
  
For	
   some	
   of	
   them,	
   measured	
   FF	
  
anysotropy	
  as	
  well.	
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Figura	
  Nucleosintesi	
  (frecce	
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  muovono)	
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More	
  to	
  be	
  measured	
  	
  

Second	
  experimental	
  area	
  at	
  
n_TOF	
  will	
  allow	
  to	
  measure	
  
also	
  some	
  short-­‐lived	
  
ac1nides.	
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230Th	
  



The	
  233U(n,f)	
  cross	
  sec1on	
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Half-­‐life:	
  1.59x105	
  y	
  
Sample:	
  29	
  mg	
  (/4)	
  
AcLvity:	
  2.6	
  MBq	
  (each	
  sample)	
  

Fission	
  cross-­‐secLon	
  on	
  233U	
  measured	
  
in	
  a	
  single	
  measurement	
   from	
  thermal	
  
to	
   20	
   MeV,	
   with	
   5	
   %	
   accuracy,	
   and	
  
high	
  resolu1on.	
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The	
  fission	
  cross-­‐sec1on	
  of	
  236U	
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n_TOF	
   data	
   confirm	
   results	
   from	
  
GELINA	
  (C.	
  Wagemans	
  et	
  al.).	
  
Below	
   a	
   few	
   keV,	
   ENDF	
   and	
   JEFF	
  
overes1mate	
  cross	
  secLon	
  (x100).	
  	
  

Resonances	
  in	
  ENDF	
  and	
  JEFF	
  are	
  from	
  235U	
  !!	
  
JENDL-­‐4	
  is	
  (mostly)	
  correct	
  

JEFF-­‐3.1.1	
  and	
  ENDF/B-­‐VII.0	
   Half-­‐life:	
  2.34x107	
  y	
  
Sample:	
  21.4	
  mg	
  (/4)	
  
AcLvity:	
  13	
  kBq	
  (each	
  sample)	
  
ContaminaLon	
  of	
  235U	
  0.05%	
  

JENDL-­‐4	
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The	
  237Np(n,f)	
  reac1on	
  

Below	
   threshold,	
   some	
   correcLons	
   on	
   current	
  
libraries	
  are	
  needed	
  (based	
  on	
  n_TOF	
  and	
  LANL	
  
recent	
  data).	
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JEFF-­‐3.1.1	
  

ENDF/B-­‐VII	
  

Half-­‐life:	
  2.14x106	
  y	
  
Sample:	
  63	
  mg	
  (/4)	
  
AcLvity:	
  0.41	
  MBq	
  (each	
  sample)	
  

FIESTA	
  2014	
  –	
  Santa	
  Fe,	
  NM,	
  USA,	
  Sept.	
  8-­‐12,	
  2014 	
  N.	
  Colonna	
  –	
  INFN	
  Bari	
  

Controversial	
  result,	
  sLll	
  being	
  checked	
  (not	
  confirmed	
  by	
  other	
  n_TOF	
  datasets).	
  
SLll	
  needs	
  confirmaLon	
  !!	
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240,242Pu(n,f)	
  at	
  n_TOF	
  

Andrea	
  Tsinganis	
  (NTUA/CERN)	
  

See	
  next	
  talk:	
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The	
  241Am(n,f)	
  at	
  n_TOF	
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Efficiency	
   correc1ons	
   not	
   very	
   accurate	
   (due	
   to	
  
high	
   threshold).	
   Normalized	
   to	
   Dabbs	
   (1983),	
   3rd	
  
resonance.	
  
Small	
   (but	
   important)	
   undeclared	
   contamina1on	
  
of	
  239Pu	
  and	
  242mAm,	
  affects	
  region	
  En<1	
  eV	
  

Half-­‐life:	
  432	
  y	
  
Sample:	
  2.26	
  mg	
  (/8)	
  
AcLvity:	
  35	
  MBq	
  (each	
  sample)	
  
ContaminaLon	
  (undeclared):	
  239Pu	
  and	
  232mAm	
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JEFF-­‐3.1	
  needs	
  a	
  major	
  revision	
  

M.	
  Mastromarco	
  et	
  al.,	
  in	
  preparaLon	
  



The	
  243Am(n,f)	
  at	
  low	
  energy	
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Half-­‐life:	
  7370	
  y	
  
Sample:	
  4.8	
  mg	
  (/8)	
  
AcLvity:	
  4.4	
  MBq	
  (each	
  sample)	
  
ContaminaLon	
  (declared):	
  241Am	
  2.5%	
  
ContaminaLon	
  (undeclared):	
  239Pu	
  ,	
  242mAm	
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M.	
  Mastromarco	
  et	
  al.,	
  in	
  preparaLon	
  



The	
  245Cm(n,f)	
  reac1on	
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For	
   absolute	
   cross	
   secLon,	
   need	
   to	
   normalize	
  
to	
  “recommended	
  value”	
  at	
  thermal	
  energy.	
  
However,	
   large	
   uncertainty	
   (30%)	
   on	
   thermal	
  
data.	
  	
  
Used	
  two	
  recent	
  measurements	
  of	
  the	
  thermal	
  
cross	
   secLon	
   (ILL	
   and	
   SCK-­‐Mol)	
   that	
   agree	
  
within	
  5%.	
  	
  

Very	
  large	
  α	
  background	
  (0.1	
  GBq)	
  
High	
   thresholds	
   necessary	
   (large	
   uncertainty	
   in	
  
efficiency	
   correcLons).	
   Only	
   cross	
   secLon	
   shape	
  
with	
  good	
  accuracy	
  (3%).	
  

New	
  data	
  

Half-­‐life:	
  8500	
  y	
  (18.1	
  y)	
  
Sample:	
  1.71	
  mg	
  (/4)	
  
AcLvity:	
  87	
  MBq	
  (each	
  sample)	
  
ContaminaLon	
  (declared):	
  244Cm	
  6.6%	
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The	
  fission	
  cross	
  sec1on	
  of	
  245Cm	
  

Below	
  30	
  eV,	
  two	
  (very	
  old)	
  measurements	
  
exist,	
  showing	
  large	
  discrepancies.	
  
Above	
   30	
   MeV,	
   only	
   one	
   measurement	
  
with	
  neutrons	
  from	
  a	
  nuclear	
  test.	
  

Half-­‐life:	
  8500	
  y	
  	
  
Sample:	
  1.71	
  mg	
  
AcLvity:	
  87	
  MBq	
  (each	
  sample)	
  
ContaminaLon	
  (declared):	
  244Cm	
  6.6%	
  (18.1	
  y)	
  

Nuclear	
  explosion	
  
neutron	
  source	
  

From	
  thermal	
  energy	
  to	
  30	
  eV	
  a	
  revision	
  of	
  
the	
  evalua1ons	
  is	
  needed.	
  	
  
Above	
  30	
  eV,	
  n_TOF	
  confirm	
  previous	
  data	
  
and	
  evaluaLons.	
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n_TOF	
  can	
  provide	
  similar	
  results	
  as	
  a	
  nuclear	
  explosion	
  (but	
  with	
  fewer	
  side	
  effects	
  …)	
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235U(n,f)	
  between	
  10	
  and	
  30	
  keV	
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The	
   flux	
   calculated	
   on	
   the	
   basis	
   of	
   the	
   235U(n,f)	
  
cross	
   secLon	
   found	
   systema1cally	
   lower	
   than	
  
“expected”	
  in	
  the	
  10-­‐30	
  keV	
  range	
  (M.	
  Barbagallo	
  et	
  
al.,	
  Eur.	
  Phys.	
  J	
  A	
  49	
  (2013)	
  156).	
  
The	
   (n,f)	
   cross	
   secLon	
   in	
   this	
   range	
   potenLally	
  
oversLmated	
  by	
  6-­‐8%.	
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  Courtesy	
  of	
  P.	
  Schillebeecks	
  

Several	
  evidences	
  of	
  a	
  problem	
  in	
  the	
  235U(n,f)	
  cross	
  secLon	
  between	
  10	
  and	
  30	
  keV	
  
Need	
  to	
  invesLgate	
  it	
  further	
  (a	
  new	
  measurement	
  is	
  planned	
  at	
  n_TOF)	
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238U/235U(n,f)	
  ra1o	
  up	
  to	
  1	
  GeV	
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The	
  238U/235U	
  cross	
  sec1on	
  ra1o	
  has	
  been	
  
measured	
  at	
  n_TOF	
  up	
  to	
  1	
  GeV.	
  
Four	
   datasets	
   have	
   been	
   collected	
   and	
  
compared	
   (different	
   detectors	
   and	
  
techniques).	
  

Agreement	
  between	
  them	
  is	
  within	
  3%.	
  

All	
  n_TOF	
  datasets	
  have	
  been	
  combined	
  in	
  
order	
   to	
   obtain	
   an	
   “evaluated”	
   n_TOF	
  
238U/235U	
  cross	
  sec1on	
  ra1o.	
  

Perfect	
  agreement	
  between	
  n_TOF	
  raLo	
  and	
  ENDF-­‐B/VII.1	
  (up	
  to	
  200	
  MeV)	
  



Angular	
  distribu1on	
  of	
  FF	
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Fission	
  Fragment	
  angular	
  distribu1on	
  important	
  to:	
  
•  obtain	
  informaLon	
  on	
  the	
  state	
  of	
  the	
  nucleus	
  at	
  saddle	
  point	
  (spin,	
  parity,	
  …)	
  and	
  on	
  the	
  
fission	
  dynamics	
  

•  calculate	
  more	
  reliable	
  detec1on	
  efficiency,	
  thus	
  improving	
  accuracy	
  of	
  cross	
  secLons.	
  
The	
  effect	
  on	
  the	
  cross	
  secLon	
  is	
  parLcularly	
  important	
  for	
  coincidence	
  technique	
  (PPAC,	
  
due	
  to	
  backing	
  the	
  angular	
  acceptance	
  is	
  limited	
  to	
  65º)	
  

Neutron	
  beam	
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Angular	
  anisotropy	
  in	
  232Th	
  fission	
  reac1on	
  

Measured	
  anisotropy	
  from	
  fission	
  threshold	
  to	
  1	
  GeV	
  !!!	
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The	
  second	
  experimental	
  area	
  at	
  n_TOF	
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Main	
  features	
  of	
  EAR	
  2	
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n_TOF	
  target	
  pit	
  

ISR	
  

Higher	
  fluence,	
  by	
  a	
  factor	
  of	
  25,	
  
relaLve	
  to	
  EAR1.	
  
The	
  shorter	
  flight	
  path	
  implies	
  a	
  
factor	
  of	
  10	
  smaller	
  Lme-­‐of-­‐flight.	
  
Global	
  gain	
  by	
  a	
  factor	
  of	
  250	
  in	
  the	
  
signal/background	
  ra1o	
  for	
  
radioacLve	
  isotopes	
  !!!!!	
  	
  

The	
   huge	
   ga in	
   i n	
   s i gna l -­‐ to -­‐
background	
   raLo	
   in	
   EAR2	
   allows	
   to	
  
measure	
   the	
  fission	
   cross	
   secLons	
  of	
  
acLnides	
   with	
   half	
   lives	
   as	
   low	
   as	
   a	
  
few	
  years.	
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Fission	
  measurements	
  foreseen	
  in	
  EAR2:	
  

•  238Pu	
  (87.7	
  y),	
  241Pu(14.1	
  y),	
  244Cm	
  (18.1	
  y)	
  
•  232U	
  (70	
  y)	
  -­‐	
  cross	
  sec1on	
  and	
  FF	
  angular	
  distribu1on	
  

•  230Th	
  (available	
  in	
  small	
  amount)	
  

First	
  measurement	
  (in	
  a	
  few	
  weeks):	
  240Pu(n,f)	
  



•  There	
  is	
  need	
  of	
  accurate	
  new	
  data	
  on	
  neutron-­‐induced	
  fission	
  cross-­‐secLons	
  
for	
  advanced	
  nuclear	
  technology.	
  

•  Since	
   2001,	
   n_TOF@CERN	
   has	
   provided	
   an	
   important	
   contribuLon	
   to	
   the	
  
field,	
  with	
  several	
  measurements	
  on	
  long-­‐lived	
  ac1nides.	
  

•  Results	
   obtained	
   so	
   far	
   can	
   help	
   improve	
   current	
   evaluated	
   databases	
   and	
  
models	
  of	
  fission	
  reacLons.	
  

•  A	
   second	
  experimental	
   area	
   at	
  20	
  m	
  has	
   just	
   been	
   built	
   and	
   is	
   now	
   being	
  
commissioned.	
  

•  It	
   will	
   open	
   new	
   perspec1ves	
   for	
   fronLer	
   measurements	
   on	
   short-­‐lived	
  
radionuclides.	
  

Conclusions	
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WORK	
  IN	
  PROGRESS	
  

Thank	
  you	
  


