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Figura	
  Nucleosintesi	
  (frecce	
  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	
  

The	
  nuclear	
  waste	
  problem	
  

Quan//es	
  refer	
  to	
  yearly	
  produc/on	
  in	
  1	
  GWe	
  LW	
  reactor	
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The	
  ac<nide	
  problem	
  

Main	
   problem	
   in	
   the	
   nuclear	
   waste	
   are	
   the	
  
transuranic	
  ac<nides:	
  Np,	
  Pu,	
  Am,	
  Cm,	
  …	
  
At	
   present,	
   only	
   solu5on	
   to	
   high-­‐level	
   nuclear	
  
waste	
  is	
  storage	
  in	
  geological	
  repositories	
  

Fissile	
  isotope	
  

Non-­‐fissile	
  isotopes	
  

Most	
  minor	
   ac<nides	
   are	
   not	
   fissile	
   (fission	
  
threshold	
   around	
   1	
   MeV).	
   Incinera<on	
  
requires	
  a	
  fast	
  neutron	
  spectrum	
  (En>10	
  keV).	
  

Fast	
  neutron	
  spectrum	
  

A	
   more	
   appealing	
   solu5on:	
   nuclear	
   waste	
  
incinera<on	
   by	
   means	
   of	
   neutron-­‐induced	
  
reac<ons	
  (mostly	
  fission).	
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Genera<on	
   IV	
   fast	
   reactors	
   and	
   dedicated	
  
burners	
   (Accelerator	
   Driven	
   Systems)	
   are	
  
being	
  proposed	
  as	
  a	
  possible	
  solu5on.	
  



Figura	
  Nucleosintesi	
  (frecce	
  che	
  si	
  muovono)	
  
	
  
	
  
Foto	
  FIC	
  

LLFP	
   LLFP	
  

The	
  Th/U	
  fuel	
  cycle	
  

232Th(n,γ)233Th                     233Pa                     233U	

β-­‐, t1/2=22 m	

 β-­‐, t1/2=27 d	
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PS 20 GeV 

Linac 
50 MeV 

Booster 
1.4 GeV 

185	
  m	
  
flight	
  path	
  

The	
  n_TOF	
  facility	
  at	
  CERN	
  

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

Experimental	
  area	
  at	
  185	
  m.	
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Data	
  on	
  a	
  large	
  number	
  of	
  isotopes	
  are	
  needed	
  for	
  Nuclear	
  Astrophysics,	
  for	
  design	
  of	
  
advanced	
  systems	
  and	
  for	
  improving	
  safety	
  of	
  current	
  reactors.	
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The	
  new	
  spalla<on	
  target	
  

The	
  cooling	
  and	
  the	
  moderator	
  systems	
  in	
  the	
  target	
  are	
  separated,	
  so	
  to	
  op5mize	
  
neutron	
  spectrum	
  or	
  minimize	
  background	
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Vessel	
  
	
  

Moderator	
  
(4	
  cm)	
  

Cooling	
  water	
  
	
  (1	
  cm)	
  

Reten5on	
  
vessel	
  

Pb	
  
Ø	
  =	
  60	
  cm	
  
L	
  =	
  40	
  cm	
  protons	
  	
  



The	
  facility	
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The	
  n_TOF	
  facility	
  

Advantages	
  of	
  the	
  PS	
  proton	
  beam:	
  high	
  energy,	
  high	
  peak	
  current,	
  low	
  duty	
  cycle.	
  

Other	
  features	
  of	
  the	
  neutron	
  beam:	
  

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

Main	
   feature:	
   high	
   instantaneous	
  
neutron	
  flux	
  (106	
  n/pulse).	
  
•  very	
   convenient	
   for	
   measurements	
   of	
  
radioac<ve	
  isotopes	
  (maximizes	
  signal-­‐to-­‐
background	
  ra5o)	
  

•  ideal	
   facility	
   for	
   ac<nides	
   (nuclear	
  
technology)	
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Detectors	
  for	
  capture	
  reac<ons	
  …	
  

12	
  

C12H20O4(6Li)2	
  

Neutron	
  beam	
  

Capture	
  reac5ons	
  are	
  measured	
  by	
  detec5ng	
  
γ-­‐rays	
  emijed	
  in	
  the	
  de-­‐excita5on	
  process.	
  
At	
   n_TOF,	
   two	
   detec5on	
   systems	
   are	
   used,	
  
for	
  different	
  purposes.	
  

C6D6	
  (deuterated	
  liquid	
  scin<llators)	
  
•  low	
  neutron	
  sensi5vity	
  device	
  
•  used	
  for	
  low	
  cross-­‐sec5on	
  samples	
  	
  	
  

Total	
  Absorp<on	
  Calorimeter	
  (TAC)	
  
•  High-­‐efficiency	
   4π	
   detector	
   (40	
   BaF2	
  
scin5llators	
  with	
  neutron	
  shielding)	
  

•  mostly	
  used	
  for	
  fissile	
  isotopes	
  (ac5nides)	
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…	
  and	
  for	
  fission	
  

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

•  Very	
  good	
  rejec5on	
  of	
  α-­‐background	
  	
  

Neutron	
  beam	
  

Several	
  systems	
  have	
  been	
  used	
  for	
  detec5ng	
  fission	
  fragments.	
  	
  
The	
  main	
  problem	
  in	
  fission	
  measurements	
  is	
  the	
  background	
  due	
  to	
  α-­‐decay.	
  	
  

Neutron	
  beam	
  

Fission	
  Ioniza<on	
  Chamber	
  (FIC)	
  
•  standard	
  detector,	
  with	
  fast	
  gas	
  and	
  electronics	
  

Micromegas	
  chamber	
  
•  low-­‐noise,	
  high-­‐gain,	
  radia5on-­‐hard	
  detector	
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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	
  
92Zr,93Zr	
  
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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The	
  neutron	
  flux	
  measurement	
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Si-­‐det	
  Neutron	
  beam	
  



The	
  neutron	
  flux	
  measurement	
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Agreement	
   between	
   various	
   detectors	
  
from	
  1%	
  (at	
   low	
  energy)	
   to	
  3%	
  (at	
  higher	
  
energy).	
  
A	
   large	
  discrepancy	
  observed	
  between	
  10	
  
and	
   30	
   keV,	
   we	
   believe	
   because	
   of	
   a	
  
problem	
  in	
  the	
  235U(n,f)	
  cross	
  sec5on.	
  

Simula<ons	
  of	
  the	
  spalla5on	
  process	
  performed	
  
with	
  FLUKA	
  (down	
  to	
  20	
  MeV	
  neutron	
  energy).	
  
MCNPX	
  used	
  to	
  transport	
  neutrons	
  from	
  20	
  MeV	
  
down.	
  
Good	
   agreement	
   between	
   measurements	
   and	
  
simula<ons.	
  



Results	
  relevant	
  to	
  nuclear	
  technology	
  

245Cm	
  Not	
  measured	
  

Capture	
  

Fission	
  

245Cm	
  

233U	
   235U	
   236U	
   237U	
  

237Np	
   238Np	
   239Np	
  236Np	
  

240Pu	
   241Pu	
   242Pu	
  239Pu	
  

241Am	
   242Am	
   243Am	
  240Am	
  

243Cm	
   244Cm	
  242Cm	
  

238U	
  

233Th	
   234Th	
  232Th	
  

234U	
  

In	
  the	
  two	
  campaigns,	
  measured	
  capture	
  and	
  fission	
  cross	
  sec5ons	
  for	
  most	
  long-­‐lived	
  ac<nides.	
  
Plans	
  to	
  measure	
  also	
  short-­‐lived	
  ac<nides	
  at	
  the	
  new	
  “high	
  flux”	
  experimental	
  area	
  

For	
  more	
  informa5on	
  see:	
  

Energy	
  Environ.	
  Sci.,	
  3	
  (2010)	
  1910	
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The	
  fission	
  cross	
  sec<on	
  of	
  245Cm	
  

Below	
  30	
  eV,	
  two	
  (very	
  old)	
  measurements	
  
exist,	
  showing	
  large	
  discrepancies.	
  
Above	
  30	
  eV,	
  only	
  one	
  measurement	
  exist,	
  
showing	
  good	
  agreement	
  with	
  n_TOF.	
  

Half-­‐life:	
  8500	
  y	
  	
  
Sample:	
  1.71	
  mg	
  
Ac5vity:	
  87	
  MBq	
  (each	
  sample)	
  
Contamina5on	
  (declared):	
  244Cm	
  6.6%	
  (18.1	
  y)	
  

Nuclear	
  explosion	
  
neutron	
  source	
   From	
  thermal	
  energy	
  to	
  30	
  eV	
  a	
  revision	
  of	
  

the	
  evalua<ons	
  is	
  needed.	
  	
  
Above	
  30	
  eV,	
  n_TOF	
  confirm	
  previous	
  data	
  
and	
  evalua5ons.	
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Estremely	
  difficult	
  measurement	
  everywhere	
  else	
  (except	
  at	
  a	
  nuclear	
  explosion	
  !)	
  



241Am(n,γ):	
  a	
  difficult	
  measurement	
  

PRELIMINARY	
  

First	
   5me	
   that	
   complete	
   region	
   is	
   covered	
   from	
  
thermal	
  to	
  MeV	
  in	
  a	
  single	
  measurement.	
  
Unprecedented	
   resolu5on	
   and	
   sta5s5cs,	
   to	
  
extend	
  RRR	
  above	
  150	
  eV	
  

Half-­‐life:	
  	
  432	
  y	
  
Sample:	
  32.2	
  mg	
  
Ac5vity:	
  3	
  GBq	
  

Measurements	
   made	
   with	
   both	
   C6D6	
   and	
   TAC	
  
detectors,	
  to	
  minimize	
  systema5c	
  uncertain5es.	
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Overall	
  (expected):	
  	
  2-­‐3%	
  systema<c	
  uncertainty	
  (depending	
  on	
  En)	
  

238U(n,γ)	
  cross	
  sec<on:	
  aiming	
  at	
  a	
  very	
  high	
  accuracy	
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238U	
  sample	
  (provided	
  by	
  JRC-­‐IRMM)	
  
•  6.125	
  (2)	
  g	
  	
  
•  High	
  purity	
  (99.99%)	
  
•  Rectangular:	
  53.90	
  x	
  30.30	
  mm	
  	
  

Used	
  C6D6	
  and	
  TAC	
  to	
  minimize	
  systema5c	
  uncertainty	
  related	
  to	
  detec5on	
  effects	
  	
  	
  

NEA	
  request	
  to	
  measure	
  238U(n,γ)	
  cross	
  sec5on	
  with	
  2%	
  accuracy	
  from	
  100	
  eV	
  to	
  25	
  keV	
  

Response	
  from	
  the	
  community:	
  measurements	
  at	
  n_TOF	
  (x2),	
  GELINA	
  and	
  LANSCE	
  



Simultaneous	
  measurement	
  of	
  capture	
  and	
  fission	
  cross	
  sec<on	
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The	
  second	
  experimental	
  area	
  at	
  n_TOF	
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Exis5ng	
  shas	
  

Spalla5on	
  Target	
  

ISR	
  

Neutron	
  beam	
  
dump	
  

EAR2	
  bunker	
  
20	
  m	
  from	
  Target	
  

Collimator	
  

Permanent	
  
magnet	
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Main	
  features	
  of	
  EAR	
  2	
  

n_TOF	
  target	
  pit	
  

ISR	
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Comparison of the Neutron Fluence in EAR1 and EAR2

EAR2
EAR1

Higher	
  fluence,	
  by	
  a	
  factor	
  of	
  25,	
  
rela5ve	
  to	
  EAR1.	
  
The	
  shorter	
  flight	
  path	
  implies	
  a	
  
factor	
  of	
  10	
  smaller	
  5me-­‐of-­‐flight.	
  
Global	
  gain	
  by	
  a	
  factor	
  of	
  250	
  in	
  the	
  
signal/background	
  ra<o	
  for	
  
radioac5ve	
  isotopes!	
  	
  

The	
   huge	
   gain	
   in	
   signal-­‐to-­‐background	
   ra5o	
   in	
   EAR2	
   allows	
   to	
   measure	
   radioac5ve	
  
isotopes	
  with	
  half	
  lives	
  as	
  low	
  as	
  a	
  few	
  years.	
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The	
  experimental	
  program	
  in	
  EAR2	
  

n_TOF	
  target	
  pit	
  

ISR	
  

The	
  EAR2	
  will	
  allow	
  to:	
  
•  measure	
  samples	
  of	
  very	
  small	
  mass	
  (<1	
  mg)	
  
•  measure	
  short-­‐lived	
  radioisotopes	
  (down	
  to	
  a	
  few	
  years)	
  
•  collect	
  data	
  on	
  a	
  much	
  shorter	
  <me	
  scale	
  
•  measure	
  (n,charged	
  par<cle)	
  reac5ons	
  with	
  thin	
  samples	
  

Leqer	
  of	
  intent	
  for	
  measurements	
  in	
  EAR2:	
  
•  (n,p)	
  and	
  (n,α)	
  cross	
  sec5ons	
  on	
  7Be,	
  25Mg,	
  26Al	
  
•  Fission	
  cross	
  sec5ons	
  of	
  the	
  short	
  lived	
  ac<nides	
  232U,	
  238,241Pu	
  and	
  244Cm	
  
•  Capture	
  cross	
  sec5on	
  of	
  79Se,	
  245Cm	
  
•  Cross	
  sec5on	
  and	
  angular	
  distribu5on	
  of	
  fragments	
  from	
  232U(n,f)	
  

Status	
  of	
  the	
  EAR2:	
  
•  Approved	
  by	
  CERN,	
  final	
  design	
  phase	
  
•  Start	
  construc<on	
  in	
  May	
  2013	
  

•  Beam	
  ready	
  in	
  mid-­‐2014	
  
•  Physics	
  start	
  	
  in	
  2015	
  

G.	
  Tagliente	
  	
  	
  AccApp'13	
  	
  	
  	
  7/6/13	
  	
  Bruges,	
  Belgium	
  	
  



•  There	
   is	
   need	
   of	
   accurate	
   new	
   data	
   on	
   neutron	
   cross-­‐sec5on	
   both	
   for	
  
astrophysics	
  and	
  advanced	
  nuclear	
  technology.	
  

•  Since	
   2001,	
   n_TOF@CERN	
   has	
   provided	
   an	
   important	
   contribu5on	
   to	
   the	
  
field,	
  with	
  an	
  intense	
  ac5vity	
  on	
  capture	
  and	
  fission	
  measurements.	
  	
  

•  Several	
   results	
   of	
   interest	
   for	
   stellar	
   nucleosynthesis	
   (Sm,	
   Os,	
   Zr,	
   Ni,	
   Fe,	
  
etc…).	
  

•  Important	
  data	
  on	
  ac5nides,	
  of	
  interest	
  for	
  nuclear	
  waste	
  transmuta<on.	
  

•  To	
   date,	
   high	
   resolu5on	
   measurements	
   performed	
   in	
   EAR1	
   in	
   op5mal	
  
condi5ons	
  (borated	
  water	
  moderator,	
  Class-­‐A	
  experimental	
  area,	
  etc…).	
  

•  A	
   second	
   experimental	
   area	
   at	
   20	
   m	
   for	
   high	
   flux	
   measurements	
   is	
   in	
  
construc5on.	
  

•  The	
   EAR2	
   (star5ng	
   in	
   2015)	
   will	
   open	
   new	
   perspec<ves	
   for	
   fron5er	
  
measurements	
  on	
  short-­‐lived	
  radionuclides.	
  

Conclusions	
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Thank	
  you	
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