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Neutrinos	
  &	
  nuclear	
  non-­‐proliferaDon	
  

Reactor Outage 

1/3 old fuel  
removed 

1/3 of fresh fuel 
 loaded 

8/02/11 

 Detector of 1m3 @25 meters from a 3 GW PWR 5000 interactions/day 
C

onstant therm
al pow

er	
  



Nucifer	
  &	
  IAEA	
  specificaDons	
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•  IAEA	
  Detector	
  Design	
  Guidelines:	
  	
  
–  “Small”	
  	
  3	
  m	
  x	
  3	
  m	
  x	
  2,5	
  m	
  maximum	
  	
  
–  Do	
  not	
  induce	
  addi0onal	
  safety	
  risk	
  to	
  the	
  power	
  plant	
  
–  Remote	
  &	
  Easy	
  Opera0on	
  by	
  Inspectors	
  not	
  trained	
  as	
  neutrino	
  physicists	
  
–  Reliable	
  for	
  remote	
  opera0ons	
  
–  Not	
  portable	
  but	
  ‘Movable’	
  to	
  a	
  certain	
  extent	
  

  Main	
  Challenges	
  of	
  Nucifer	
  for	
  integraDon	
  into	
  safeguard	
  regime:	
  
  Effort	
  to	
  simplify	
  the	
  state-­‐of-­‐the-­‐art	
  design	
  and	
  run	
  close	
  to	
  surface	
  while	
  

keeping	
  detector	
  performances	
  
	
   ASempt:	
  50%	
  detecDon	
  efficiency	
  (5	
  0mes	
  improvement	
  w/r	
  SANDS)	
  
  Proceed	
  to	
  the	
  ‘industrializa0on’	
  of	
  neutrino	
  science	
  
	
   Using	
  the	
  state-­‐of-­‐the	
  art	
  known	
  technology	
  (Double	
  Chooz	
  synergy)	
  



70 MW 

Nucifer	
  Overview	
  

15	
  cm	
  polyethylene	
  10	
  cm	
  lead	
  

4π	
  plasDc	
  scinDllator	
  M
uon	
  Veto	
  (30	
  PMTs)	
  

16	
  x	
  8’	
  PMTs	
  low	
  background	
  

25	
  cm	
  acrylics	
  buffer	
  

CalibraDon	
  pipe	
  

Target:	
  0.85	
  m3	
  Gd-­‐LS	
  (0.5%)	
  

Stainless	
  steel	
  double	
  
containment	
  vessel	
  coated	
  with	
  
white	
  Teflon	
  coa0ng	
  inside	
  

Light	
  injec0on	
  system	
  (7	
  diodes)	
  

Osiris research reactor  
CEA-Saclay (1000 ν/d)	
  

N2	
  blanket	
  

distance: 7 metres 

overburden: 10 m.w.e 

Thermal	
  Power	
  Measurement	
  
Fuel	
  ComposiDon	
  Measurement	
  U/Pu	
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2,8	
  m	
  



Nucifer	
  Detector	
  Module	
  

Th.	
  Lasserre	
   AAP	
  2010	
   6	
  

n 

νe 
p 

8 MeV 

511 keV e+ 

Gd 

25	
  cm	
  thick	
  acrylic	
  buffer	
  

16	
  x	
  8’	
  PMTs	
  

0.85	
  m3	
  Gd-­‐loaded	
  LS	
  (0.5%)	
  
70	
  cm	
  high	
  &	
  1.2	
  m	
  diameter	
  

Teflon	
  coated	
  double	
  SS	
  vessel	
  

N2	
  blanket	
  

Calibra0on	
  pipe	
  

1.4m	
  

1.
6m

	
  



PhotodetecDon	
  system	
  

Th.	
  Lasserre	
   AAP	
  2010	
   7	
  

Integra0on	
  in	
  an	
  ISO	
  7	
  clean	
  room	
  

Central	
  pipe	
  hole	
  for	
  
calibra0on	
  	
  

8”	
  PMTs	
  &	
  magne0c	
  shield	
  
(mu-­‐metal)	
  

80l	
  mineral	
  oil	
  pool	
  
(op0cal	
  coupling	
  &	
  shielding)	
  

250	
  mm	
  thick	
  acrylics	
  vessel	
  
(radiopure,	
  clean,	
  highly	
  
transparent,	
  non	
  fluorescent)	
  



PhotodetecDon	
  system	
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Bodom	
  view	
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  Rehabilitated	
  underground	
  lab	
  from	
  dismantled	
  accelerator.	
  
	
  Prototype	
  vessel	
  and	
  non	
  Gd-­‐loaded	
  LAB	
  based	
  scin0llator	
  for	
  test.	
  

Test	
  assembly	
  in	
  Saclay	
  (2010)	
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 Final	
  Vessel	
  	
  
-­‐New	
  stainless	
  steel	
  vessel	
  	
  
-­‐Double	
  containment	
  vessel	
  with	
  	
  
ac0ve	
  leak	
  detec0on	
  
-­‐Radiopurity	
  screening	
  (welds)	
  	
  
-­‐Material	
  compa0bility:	
  Teflon	
  coa0ng	
  

Target	
  vessels	
  

lid	
  &	
  photo-­‐detec0on	
  system	
  
fit	
  both	
  vessels.	
  	
  

Detector	
  is	
  0ght	
  and	
  kept	
  
under	
  nitrogen	
  atmosphere	
  
(10	
  mbar	
  overpressure)	
  

	
  Prototype	
  vessel	
   	
  
-­‐ Double	
  	
  Chooz	
  mockup	
  re-­‐used	
   	
   	
   	
   	
   	
   	
   	
  
-­‐1	
  cm	
  thick	
  steep	
   	
   	
   	
   	
   	
   	
   	
   	
   -­‐	
  
-­‐No	
  radiopurity	
  constraints	
   	
   	
   	
   	
   	
   	
   	
   	
  
-­‐Reflec0ve	
  Paint	
  inside	
  

	
   	
   	
   Concept:	
  photodetecDon	
  system	
  hanged	
  on	
  the	
  detector	
  top	
  lid	
  



Th.	
  Lasserre 

Target	
  ScinDllator	
  

Eljen	
  EJ335	
  
0.5%	
  Gd	
  

1000l	
  delivered	
  	
  
in	
  Salcay	
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Specfications: 
  Gd content = 0.5 ±0.05 % (mass) 
  Material compatibility  Always kept under nitrogen atmosphere 
  Light output > 40% of Anthracene (Pulse shape discrimination capability)  
  Max. emission: 400<λ<500 nm  
  Attenuation length>4 m   
  Refractive Index = 1.49 ± 0.2 
  Stability in time > 1 year 

 Our choice:  



Muon	
  Veto	
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n 

n thermalisation and capture 

Gd	
  

recoil proton 

n 

Veto	
  

 	
  Interac0on	
  of	
  cosmic	
  rays	
  with	
  surrounding	
  
material	
  induce	
  fast	
  neutrons	
  (dominant	
  bkg)	
  

Aluminium structure	
  

 	
  30	
  boxes	
  made	
  of	
  a	
  4	
  cm	
  thick	
  plas0c	
  
scin0llator	
  +	
  reflec0ve	
  coa0ng	
  +	
  PMT	
  



Σγ ~ 8 MeV 

γ 

Passive	
  Shielding	
  
opDmized	
  for	
  the	
  Osiris/ILL	
  run	
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Neutrino	
  signal	
  can	
  be	
  faked	
  	
  by	
  
an	
  accidental	
  γ-­‐n	
  coincidence:	
  

n 

+ 

Eγ >~ 1 MeV 

Gd	
  

A	
  mechanical	
  structure	
  supports	
  
shielding	
  all	
  around	
  the	
  detector:	
  

• 	
  10	
  cm	
  of	
  lead	
  to	
  stop	
  γ	



• 	
  15	
  cm	
  of	
  polyethylene	
  to	
  stop	
  low	
  E	
  neutrons	
  
2,8	
  m	
  



 	
  10	
  cm	
  thick	
  lead	
  wall	
  (earthquake’s	
  proofed)	
  

 	
  Lead	
  &	
  polyethylene	
  suppor0ng	
  structure	
  (earthquake’s	
  proofed)	
  

 	
   4π	
  10	
  cm	
  thick	
  lead	
  shielding	
  –	
  3400	
  bricks	
  –	
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Gamma	
  Shieldings	
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Neutron	
  Shielding	
  
4π Low-Z Shielding (Internal Layer) 
  Thermal & fast neutrons shielding 
  Best configuration @shallow depth  
  150 mm of Polyethylene 
   20-60 mm boron doped (reducing  
   the 2.2. MeV gamma line through  
   nth	
  +	
  10B	
  	
  7Li	
  +	
  α/γ	
  (477	
  keV)	
   
  Walls pre-assembled (C, H, T shapes)  



CalibraDon	
  and	
  Monitoring	
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Set	
  of	
  7	
  diodes	
  injecDng	
  light	
  inside	
  the	
  detector	
  for	
  independent	
  
monitoring	
  of	
  PMT	
  gain	
  and	
  opDcal	
  properDes	
  of	
  the	
  liquid:	
  

CalibraDon	
  pipe	
  allowing	
  inserDon	
  of	
  radioacDve	
  sources	
  along	
  axial	
  axis:	
  
 	
  137Cs,	
  22Na,	
  60Co,	
  Am-­‐Be:	
  response	
  to	
  γ	
  rays	
  in	
  the	
  0	
  .7	
  -­‐	
  4.4	
  MeV	
  range	
  
 	
  Am-­‐Be:	
  neutrons	
  tagged	
  by	
  4	
  MeV	
  γ	
  	
  
 	
  set	
  neutron	
  energy	
  cut	
  in	
  analysis	
  and	
  determine	
  εdet	
  

• 	
  2	
  diodes	
  at	
  the	
  single	
  photon	
  level	
  for	
  monitoring	
  GPMT	
  

• 	
  5	
  larger	
  intensity	
  diodes	
  for	
  liquid	
  stability	
  and	
  linearity	
  
• 	
  Running	
  con0nuously	
  at	
  low	
  freq	
  while	
  data	
  taking	
  
	
  Allow	
  for	
  a	
  clean	
  background	
  subtrac0on	
  

Light	
  injec0on	
  system	
  and	
  diffuser	
  

SS	
  pipe	
  	
  
source	
  	
  
holder	
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DAQ:	
  data	
  flow	
  

16	
  PM	
  

4	
  types	
  de	
  triggers:	
  physics,	
  LEDs,	
  random,	
  Muon	
  Veto	
  

T
D
C	
  

Q
D
C	
  

Q
D
C	
  

S
C	
  
A	
  
L	
  
E	
  
R	
  

Discri	
   Trigger	
  

Compteurs	
  

Temps	
   Qtot	
   Qtail	
  sp
liS

er
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Binary	
  

Data	
  reduc0on	
  	
  
&	
  calibra0on	
  

 	
  Raw	
  data	
  

 	
  Absolute	
  0me	
  
for	
  each	
  event	
  

 	
  Q/t	
  calibra0on	
  

 	
  hSps://www.	
  	
  
quality	
  control.raa	
  

ROOT	
  files	
  

data	
  &	
  MC:	
  	
  
same	
  structure	
  

online	
  

offline	
  (but	
  on	
  site)	
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U0lisa0on	
  de	
  4	
  sources	
  radioac0ves	
  :	
   Porte	
  source	
  vue	
  éclaté	
   insérée	
  dans	
  le	
  tube	
  de	
  calibra0on	
  centrale.	
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Prototype	
  detector:	
  linearity	
  
(Test	
  Run	
  with	
  DC	
  mockup	
  vessel)	
  



Deployment	
  Plan	
  

 	
  Phase	
  1:	
  OSIRIS	
  –	
  2011/12	
  
 	
  Goal:	
  ValidaDon	
  &	
  full	
  characterizaDon	
  of	
  the	
  Nucifer	
  detector	
  	
  
 	
  Challenge:	
  Experiment	
  7	
  m	
  away	
  from	
  a	
  nuclear	
  core	
  (utltra	
  high	
  backgrounds)	
  
 	
  IAEA	
  interest:	
  Deployment	
  very	
  close	
  to	
  a	
  core,	
  inside	
  a	
  research	
  reactor	
  hall	
  

 	
  	
  Phase	
  2:	
  ILL	
  -­‐2012/13	
  ?	
  
 	
  Goal:	
  Measurement	
  of	
  a	
  pure	
  235U	
  fuel	
  spectrum	
  +	
  	
  Absolute	
  detector	
  calibraDon	
  
 	
  Challenge:	
  weaker	
  nuclear	
  power,	
  farther	
  locaDon,	
  high	
  neutron	
  background	
  	
  	
  
 	
  IAEA	
  interest:	
  demonstraDon	
  of	
  our	
  ability	
  to	
  change	
  the	
  detecDon	
  site	
  

 	
  Phase	
  3:	
  Nuclear	
  power	
  staDon	
  –	
  2013/14	
  	
  
 	
  But	
  :	
  Precise	
  measurement	
  of	
  thermal	
  power	
  and	
  fuel	
  evoluDon,	
  in	
  real	
  condiDons	
  
 	
  Challenge:	
  Find	
  a	
  site!	
  IAIA	
  ‘poliDcal	
  support’	
  could	
  be	
  a	
  breakthrough	
  	
  
 	
  IAEA	
  interest:	
  deployment	
  at	
  a	
  private	
  operator	
  site.	
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Fundamental	
  research	
  interest:	
  tesDng	
  the	
  Reactor	
  AnDneutrino	
  Anomaly	
  
(especially	
  to	
  shape	
  distorDon	
  close	
  to	
  Osiris/ILL	
  compact	
  cores)	
  



Nucifer	
  @	
  Saclay-­‐Osiris	
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 	
  Site	
  available	
  at	
  7	
  m	
  from	
  the	
  core	
  
 	
  Project	
  supported	
  by	
  OSIRIS/DEN	
  &	
  CEA-­‐Saclay	
  	
  	
  
 	
  15	
  mwe	
  overburden	
  
 	
  reactor	
  induced	
  γ	
  rays	
  implies	
  	
  
 addiDonal	
  10	
  cm	
  lead	
  shielding	
  wall	
  

Reactor 
Core 

NUCIFER 
P.Durande-Ayme @ TRTR-IGORR joint meeting 2005 

Pth (MW) 70 

Fresh fuel  U3Si2Al plates 

Enrichment (% of 235U) 20 

Fuel replacement 1/7th every 20d  

Core dimensions (cm) 57 x 57 x 60  

Distance from core 
center (m) 

7 

νe flux at det. center 
(cm-2.s-1) 

2.3 1012 

νe int/day in Nucifer 
(0.856 m3) 

1380 

muon flux attenuation 2.7 



Nucifer@Osiris:	
  Signal	
  &	
  Backgrounds	
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 	
  Signal:	
  
 	
  850	
  liters	
  of	
  EJ335	
  LS.	
  Challenge	
  :	
  40%	
  detec0on	
  efficiency	
  
 	
  Expected	
  #events	
  per	
  day	
  ≈	
  730	
  ×	
  70	
  MW	
  ×	
  0.85	
  m3	
  ×	
  0.4	
  eff.	
  /	
  (1/7)2	
  =	
  700/day	
  	
  

 	
  Accidental	
  backgrounds	
  
 	
  Campaign	
  of	
  measurements	
  	
  high	
  gamma	
  flux	
  (MHz…)	
  
	
  	
  	
  Also	
  at	
  high	
  energy	
  (>	
  3MeV)	
  through	
  neutron	
  capture	
  on	
  reactor	
  metallic	
  structure	
  
 	
  Expected	
  signal	
  to	
  noise	
  ra0o	
  :	
  about	
  1	
  (add	
  a	
  10	
  cm	
  lead	
  shield	
  wall	
  at	
  Osiris)	
  	
  

 	
  Fast	
  neutrons	
  (overburden:	
  10	
  mwe	
  only)	
  
 	
  Expected	
  signal	
  to	
  noise	
  ra0o	
  es0mate	
  :	
  about	
  0.25	
  (before	
  any	
  PSD	
  rejec0on)	
  



Nucifer	
  @Osiris:	
  IntegraDon	
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filling	
  (1/2	
  day)	
  

5	
  μSv/h	
  

70	
  MW	
  core,	
  7m	
  away	
  

10	
  cm	
  lead	
  brick	
  wall	
   shielding	
  suppor0ng	
  structure	
   lead	
  shielding	
  

polyethylene	
  shielding	
   muon	
  veto	
   inner	
  module	
  (no	
  liquid)	
  

electronics	
  &	
  daq	
  tes0ng	
  



L [m]
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Distance distribution, from Osiris to Nucifer

The	
  nuclear	
  core	
  compactness	
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Reactor	
  core	
  

Electronic	
  bay	
  

 	
  Core	
  Size:	
  57x57x60	
  cm	
  
 	
  Detector	
  Size	
  :	
  1.2x0.7m	
  (850l)	
  
 	
  baseline	
  distribuDon	
  

 	
  <L>=7.0	
  m	
  
 	
  variance	
  :	
  0.3	
  m	
  
 	
  oscilla0ons	
  are	
  not	
  wahsed	
  out	
  	
  	
  

PhD	
  J.	
  Gaffiot	
  



Nucifer	
  hunt	
  for	
  sterile	
  neutrinos	
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 	
  TesDng	
  the	
  reactor	
  anDneutrino	
  anomaly:	
  
 	
  Rate	
  analysis	
  	
  an	
  addi0onal	
  results	
  at	
  very	
  short	
  distance,	
  with	
  a	
  few	
  %	
  precision	
  
 	
  Shape	
  analysis	
  	
  appealing	
  test	
  of	
  the	
  sterile	
  neutrino	
  hypothesis	
  

Visible Energy [MeV]
1 2 3 4 5 6 7 80.8

0.85

0.9

0.95

1

1.05

1.1
Ratio of visible energy spectra

m^2 = 0.5!
m^2 = 1!
m^2 = 2.41 (best fit)!

m^2 = 5!
m^2 = 10!

) = 0.16 (best fit)"(22sin
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Nucifer	
  hunt	
  for	
  sterile	
  neutrinos	
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Visible Energy [MeV]
1 2 3 4 5 6 7 8

 

0.8

0.85

0.9

0.95

1

1.05

1.1
12 month @ Osiris
6 months @ Osiris

(error stat only)

 	
  Folding	
  the	
  Nucifer	
  Geant	
  4	
  Monte	
  Carlo	
  	
  detector	
  response	
  
 	
  Energy	
  resolu0on	
  from	
  Geant4	
  simula0on	
  (not	
  fully	
  tuned	
  yet)	
  
 	
  Sta0s0cal	
  errorfor	
  6	
  &	
  12	
  months	
  of	
  data	
  at	
  Osiris	
  	
  

tr
ue
	
  E
	
  (M

eV
)	
  

Reconstructed	
  charge	
  (pe’s)	
  

PhD	
  J.	
  Gaffiot	
  



Nucifer	
  @	
  Grenoble-­‐ILL	
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Pth (MW) 57 

Fresh fuel  UAl plates 

Enrichment (% of 235U) 93 
Fuel replacement Total after 50 

days 

Core dimensions (cm) 80 (f) x 28 (H) 

Distance from core 
center (m) 

9 

νe flux at det. center 
(cm-2.s-1) 

8.4 1011 

νe int/day  >500 

muon flux attenuation 2-3 

 	
  Site	
  available	
  at	
  9-­‐11	
  m	
  from	
  the	
  core	
  @	
  Room	
  B42,	
  old	
  ILL	
  exp.	
  
 	
  First	
  posi0ve	
  mee0ng	
  with	
  the	
  directors	
  in	
  2009	
  

 	
  More	
  favourable	
  background	
  (20	
  0mes	
  smaller	
  γ	
  flux	
  than	
  the	
  one	
  measured	
  at	
  Osiris.	
  
Neutron	
  hot	
  spot	
  localized	
  around	
  aperture	
  in	
  the	
  wall	
  should	
  be	
  easy	
  to	
  shield.	
  	
  

B42 (Nucifer) 
Core 



OperaDon	
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  nuclear	
  plant	
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Nucifer 
• 	
  REP900	
  reactor	
  

• 	
  Pth	
  =	
  3.5	
  GWth	
  

• 	
  850l	
  scinDllator	
  	
  

• 	
  Nucifer	
  at	
  25	
  m	
  
from	
  the	
  core	
  

• 	
  2000/	
  day	
  (50%	
  eff)	
  

• 	
  need	
  >10	
  mwe	
  
overburden	
  	
  

Typical	
  scenario:	
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  NUCIFER	
  could	
  provide	
  unadended	
  monitoring	
  and	
  add	
  
quanDtaDve	
  measurements	
  to	
  the	
  reactor	
  safeguards	
  toolbox:	
  

•  Pth	
  monitoring	
  &	
  inter-­‐calibra0on	
  of	
  reactors	
  
•  Sensi0vity	
  to	
  239Pu	
  removal	
  ≤	
  100	
  kg	
  @	
  25m	
  from	
  REP900	
  

  A	
  new	
  perspecDve:	
  sterile	
  neutrino	
  search	
  
•  Test	
  the	
  reactor	
  an0neutrino	
  anomaly	
  
•  Shape	
  distor0on	
  expected	
  for	
  Δm2	
  ≈	
  few	
  eV2	
  	
  

  First	
  Nucifer	
  module	
  tested	
  in	
  spring	
  2010	
  
  Data	
  Taking	
  at	
  Osiris	
  by	
  June	
  2011	
  
  Deployment	
  plan	
  

  Osiris	
  (2011-­‐12),	
  ILL	
  ?	
  (2012-­‐13),	
  Nuclear	
  sta0on	
  (2013),	
  …	
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StaDsDcal	
  tests	
  of	
  differenDaDon	
  of	
  
two	
  different	
  isotopic	
  composiDons	
  

Assume	
  constant	
  power	
  and	
  x-­‐days	
  
measurements	
  before	
  and	
  a�er	
  a	
  Pu	
  
removal:	
  

4	
  days:	
  detect	
  the	
  removal	
  105	
  kg	
  of	
  
Pu	
  with	
  75%	
  confidence	
  level,	
  4%	
  
probability	
  of	
  false	
  alert.	
  

16	
  days:	
  see	
  55	
  kg	
  of	
  Pu	
  with	
  75%	
  
confidence	
  level,	
  4%	
  probability	
  of	
  
false	
  alert.	
  High	
  CL	
  for	
  80	
  kg.	
  


