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§  Two	
  largely	
  independent	
  and	
  complementary	
  predictions	
  agree:	
   	
   	
  
	
  ~4%	
  increase	
  in	
  flux	
  above	
  inverse	
  beta	
  threshold	
  

	
  
	
  

	
  

§  But,	
  there	
  are	
  still	
  considerable	
  uncertainties	
  related	
  to	
  some	
  corrections:	
  

•  	
  high-­‐precision	
  spectral	
  measurements	
  of	
  well	
  understood	
  cores	
  could	
  help	
  

§  Reanalysis	
  of	
  past	
  reactor	
  experiments	
  by	
  Mention,	
  et.	
  al.,	
  yields	
  the	
  	
  
	
  “Reactor	
  Antineutrino	
  Anomaly”	
  

Nobs/Npred	
  =	
  0.979	
  +/-­‐	
  0.029	
  =>	
  0.927	
  +/-­‐	
  0.023	
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§  Many	
  “hints”	
  take	
  the	
  form	
  of	
  a	
  deficit	
  or	
  excess	
  relative	
  to	
  an	
  
(uncertain)	
  expectation	
  

§  Strong	
  desire	
  in	
  community	
  for	
  definitive	
  experiments	
  based	
  on	
  
measurement	
  of	
  oscillation	
  patterns	
  in	
  E	
  and/or	
  L	
  

§  Can	
  new	
  short	
  baseline	
  reactor	
  experiments	
  help?	
  

	
  	
  	
  3	
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Reactor	
   Baseline	
   Core	
  Size	
  (m)	
   Detector	
  	
   ΔL/L	
  
(FWHM)	
  

Power	
   Flux	
  	
  
ν/m2/s	
  

ILL	
   10m	
   Ø0.4	
  x	
  0.2	
  (HEU)	
   Ø1mx1m	
   ~8%	
   58	
  MWth	
   ~1x1016	
  

ATR	
   12m	
   ~Ø1	
  x	
  1	
  (HEU)	
  	
   Ø1mx2m	
   ~11%	
   150	
  MWth	
   ~2x1016	
  
	
  

Bugey3	
   15m	
   Ø2.5	
  x	
  2.5	
   1mx1m	
   ~30%	
   2800	
  MWth	
   ~2x1017	
  

SONGS	
   24m	
   Ø3	
  x	
  2	
   Ø1mx2m	
   ~10%	
   3400	
  MWth	
   ~1x1017	
  



Lawrence Livermore National Laboratory 
LLNL-­‐PRES-­‐528693	
  

§  No	
  previous	
  experiment	
  appears	
  to	
  have	
  been	
  optimized	
  in	
  this	
  respect	
  

§  Experiments	
  at	
  appropriate	
  small	
  and	
  large	
  reactors	
  would	
  be	
  complementary:	
  
•  Provide	
  cross	
  check	
  at	
  different	
  baselines	
  and	
  to	
  probe	
  different	
  Δm2	
  regions	
  	
  

•  measure	
  flux/spectra	
  from	
  different	
  core	
  compositions	
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§  Our	
  proposal	
  is	
  to	
  perform	
  a	
  relatively	
  rapid	
  and	
  
inexpensive	
  experimental	
  measurement	
  	
  
— Address	
  “Reactor	
  Anomaly”	
  at	
  it’s	
  source	
  
— Direct	
  sterile	
  oscillation	
  sensitivity	
  via	
  spectral	
  distortion	
  at	
  
multiple	
  baselines	
  

— High	
  statistics	
  flux	
  and	
  spectrum	
  measurement	
  from	
  a	
  single	
  
Pressurized	
  Water	
  Reactor	
  and	
  an	
  HEU	
  Research	
  reactor	
  

•  This	
  requires	
  access	
  to	
  locations	
  with	
  high	
  antineutrino	
  flux	
  and	
  
appropriate	
  core-­‐detector	
  geometry	
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§  We	
  have	
  cultivated	
  an	
  exceptionally	
  strong	
  and	
  trusting	
  relationship	
  with	
  SONGS:	
  	
  

•  Multitude	
  of	
  access	
  requests	
  readily	
  granted,	
  unescorted	
  site	
  access,	
  deployment	
  
assistance,	
  fueling	
  data,	
  introductions	
  to	
  other	
  operators,	
  …..	
  

§  We	
  possess	
  unparalleled	
  operational	
  experience	
  in	
  this	
  industrial	
  environment:	
  

•  Five	
  detector	
  deployments	
  since	
  2003	
  

Direct	
  Observation	
  of	
  reactor	
  fuel	
  
burnup	
  via	
  antineutrino	
  counting	
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24m 	

30mwe 	


§  High	
  Flux:	
  ~1017	
  ν/m2/s	
  
§  130-­‐180m	
  to	
  other	
  reactor	
  
§  Gallery	
  is	
  annular	
  –	
  unfortunately	
  no	
  

possibility	
  to	
  vary	
  baseline	
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§  Highest	
  power	
  research	
  reactor:	
  ~150MWth	
  with	
  unique	
  
“serpentine”	
  1.2m	
  HEU	
  core,	
  	
  

§  Excellent	
  background	
  measurement	
  characteristic:
	
  60	
  day	
  on,	
  30	
  day	
  off	
  cycle	
  

§  Potential	
  below	
  grade	
  deployment	
  locations	
  near	
  core	
  	
  

§  At	
  12m	
  baseline,	
  spread	
  similar	
  to	
  that	
  at	
  SONGS	
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§  Based	
  on	
  validated	
  mechanical	
  design	
  for	
  non-­‐
proliferation	
  detectors	
  
§  Understand	
  reactor	
  safety	
  and	
  regulatory	
  requirements	
  

§  Relatively	
  narrow	
  geometry	
  needed	
  for	
  SONGS	
  Tendon	
  
Gallery:	
  Ø1m	
  x	
  2m	
  	
  
§  Radial	
  orientation	
  should	
  allow	
  for	
  simultaneous	
  E	
  and	
  L	
  

measurement	
  at	
  ATR	
  

§  1.5	
  ton	
  L.S.	
  target	
  provides	
  ~9000	
  IBD/day	
  @	
  SONGS	
  
§  Conservative	
  40%	
  efficiency:	
  	
  ~4000/day	
  detected	
  

§  Emphasize	
  good	
  light	
  collection	
  and	
  position	
  
uniformity:	
  expect	
  <10%	
  energy	
  resolution	
  at	
  1MeV	
  

§  Aim	
  for	
  ~4-­‐5%	
  absolute	
  normalization	
  
§  e.g.	
  include	
  partial	
  “gamma	
  catcher” to	
  increase	
  

precision	
  and	
  efficiency	
  	
  
§  Component	
  costs:	
  	
  ~$800k	
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150	
  days,	
  sin2(2θ)	
  =0.165,	
  Δm2	
  =0.15	
  eV2	
  	
  	
  

1.5%	
  bin-­‐to-­‐bin	
  systematic,	
  8/1	
  Signal/Background	
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150	
  days,	
  sin2(2θ)	
  =0.165,	
  Δm2	
  =0.60	
  eV2	
  	
  	
  

1.5%	
  bin-­‐to-­‐bin	
  systematic,	
  8/1	
  Signal/Background	
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150	
  days,	
  sin2(2θ)	
  =0.165,	
  Δm2	
  =1.2	
  eV2	
  	
  	
  

1.5%	
  bin-­‐to-­‐bin	
  systematic,	
  8/1	
  Signal/Background	
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150	
  days,	
  sin2(2θ)	
  =0.165,	
  Δm2	
  =2.4	
  eV2	
  	
  	
  

1.5%	
  bin-­‐to-­‐bin	
  systematic,	
  8/1	
  Signal/Background	
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150	
  days,	
  sin2(2θ)	
  =0.165,	
  Δm2	
  =4.8eV2	
  	
  	
  

1.5%	
  bin-­‐to-­‐bin	
  systematic,	
  8/1	
  Signal/Background	
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§  99%	
  C.L.;	
  150	
  days@	
  SONGS	
  
§  1.5%	
  Energy	
  scale	
  error,	
  8/1	
  Signal/Background	
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§  99%	
  C.L.;	
  150	
  days@	
  SONGS;	
  300	
  days	
  @	
  ATR	
  
§  1.5%	
  Energy	
  scale	
  error,	
  8/1	
  Signal/Background	
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§  7m	
  from	
  70MW	
  research	
  reactor	
  core;	
  650	
  ν/day	
  

§  Substantial	
  shielding	
  required	
  due	
  to	
  reactor	
  
correlated	
  background	
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§  Proposed	
  for	
  ILL	
  research	
  reactor	
  
§  Goal	
  is	
  to	
  measure	
  unique	
  signature	
  of	
  an	
  

oscillation	
  pattern	
  using	
  the	
  full	
  L/E	
  
dependence,	
  providing	
  overage	
  of	
  the	
  reactor	
  
anomaly	
  contour	
  at	
  high	
  significance	
  level.	
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•  8	
  ILL	
  cycles	
  
	
  	
  	
  	
  	
  (1.5	
  year	
  running)	
  
•  L0	
  =	
  10	
  m	
  
•  S/B	
  =	
  1.5	
  
•  Threshold	
  Evis>2	
  MeV	
  
•  Neutron	
  cut	
  =	
  6	
  MeV	
  
•  5	
  baseline	
  bins	
  of	
  40	
  cm	
  
•  σbaseline/evt	
  ≈	
  25	
  cm	
  
•  Complete	
  det	
  response	
  
•  700	
  ν/d	
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§  5-­‐7m	
  from	
  30MW	
  research	
  reactor	
  core;	
  ~600	
  ν/day	
  for	
  
proposed	
  0.5ton	
  6Li	
  doped	
  L.S.	
  detector	
  

§  On-­‐site	
  measurement	
  have	
  found	
  large	
  reactor	
  correlated	
  
gamma	
  and	
  neutron	
  backgrounds;	
  little	
  overburden	
  

	
  	
  	
  20	
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§  Highly	
  segmented	
  P.S.	
  detector	
  close	
  to	
  3GW	
  reactor	
  core;	
  104	
  ν/day	
  
•  Energy	
  resolution	
  30%	
  (1σ)	
  at	
  4MeV	
  
•  Possibility	
  to	
  move	
  detector	
  vertically	
  between	
  9.7-­‐12.2	
  meter	
  baseline	
  	
  

§  Group	
  is	
  also	
  investigating	
  compact	
  core	
  research	
  reactor	
  site	
  

	
  	
  	
  21	
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§  Short	
  baseline	
  reactor	
  efforts	
  have	
  continued,	
  attempting	
  to	
  
develop	
  a	
  new	
  safeguards	
  technique	
  
•  The	
  reactor	
  access,	
  reactor	
  simulation,	
  and	
  detector	
  design	
  expertise	
  from	
  

the	
  applied	
  community	
  can	
  be	
  exploited	
  to	
  probe	
  the	
  “RAA”	
  

§  Short	
  baseline	
  measurements	
  at	
  appropriate	
  small	
  research	
  and	
  
large	
  power	
  reactors	
  would	
  be	
  complementary:	
  
•  Provide	
  multiple	
  baseline	
  cross-­‐check,	
  probe	
  different	
  Δm2	
  regions,	
  and	
  

measure	
  spectra	
  from	
  different	
  core	
  compositions	
  

•  SONGS	
  appears	
  optimal	
  for	
  a	
  power	
  reactor	
  deployment	
  

•  ATR	
  appears	
  very	
  promising	
  as	
  a	
  research	
  reactor	
  deployment	
  site	
  

§  SCRAAM	
  would	
  rapidly	
  exclude	
  a	
  large	
  fraction	
  of	
  the	
  ~	
  1eV2	
  
“RAA”	
  allowed	
  phase	
  space,	
  and	
  have	
  good	
  discovery	
  potential	
  in	
  
the	
  “best-­‐fit”	
  region	
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§  Reines	
  and	
  Cowan,	
  1956:	
  	
  
•  First	
  to	
  detect	
  antineutrinos	
  using	
  a	
  

reactor	
  source	
  and	
  a	
  liquid	
  scintillator	
  
detector	
  

§  Three	
  decades	
  of	
  neutrino	
  
oscillation	
  studies	
  have	
  provided:	
  
•  A	
  mature	
  technology	
  base	
  
•  A	
  quantitative	
  understanding	
  of	
  

reactors	
  as	
  an	
  antineutrino	
  source	
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§  Most	
  recent:	
  3.6	
  ton	
  liquid	
  scintillator	
  detector	
  (BC-­‐525,	
  0.1%	
  Gd)	
  
§  For	
  deployment	
  at	
  a	
  CANDU6	
  reactor	
  in	
  2012	
  	
  

§  Fresh	
  235U	
  core!	
  Collaborating	
  with	
  UCD	
  for	
  absolute	
  flux	
  measurement	
  
§  Understand	
  safety	
  and	
  regulatory	
  requirements	
  for	
  reactor	
  site	
  
§  Validated	
  mechanical	
  design	
  for	
  double	
  ended	
  PMT	
  readout	
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§  SONGS	
  outages	
  are	
  
key;	
  ~50	
  day	
  
background	
  
measurement:	
  
§  Unit	
  2	
  Sept.	
  ‘13	
  
§  Unit	
  3	
  Sept,	
  ‘14	
  

§  Given	
  our	
  recent	
  
experience,	
  15-­‐18	
  
months	
  from	
  design	
  
to	
  deployment	
  
seems	
  feasible	
  

§  Could	
  have	
  first	
  
results	
  within	
  ~9	
  
months	
  of	
  data	
  
taking	
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§  Mention,	
  et	
  al,	
  re-­‐analyzed	
  many	
  previous	
  short	
  baseline	
  reactor	
  experiments,	
  in	
  
light	
  of	
  their	
  new	
  antineutrino	
  flux	
  prediction	
  

§  The	
  result:	
  new	
  global	
  “Reactor	
  Antineutrino	
  Anomaly”	
  

Nobs/Npred	
  =	
  0.979	
  +/-­‐	
  0.029	
  =>	
  0.943	
  +/-­‐	
  0.023	
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§  Again,	
  through	
  our	
  long	
  interaction	
  with	
  SONGS	
  we	
  have	
  access	
  to	
  operator	
  fueling	
  
and	
  reactor	
  data	
  

	
  
	
  

§  Unlike	
  the	
  theta13	
  near	
  detectors,	
  the	
  SCRAAM	
  spectrum	
  measurement	
  would	
  
effectively	
  be	
  from	
  a	
  single	
  core	
  
•  In	
  the	
  absence	
  of	
  spectral	
  distortion,	
  this	
  measurement	
  could	
  better	
  constrain	
  

prediction	
  uncertainties	
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§  150	
  days,	
  99%	
  C.L.	
  

§  4%	
  Normalization,	
  1.5%	
  Energy	
  scale	
  error,	
  8/1	
  Signal/Background	
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§  Our	
  SONGS1	
  detector	
  had	
  S/B	
  of	
  ~4/1	
  

§  Background	
  was	
  primarily:	
  

•  Fast	
  neutron	
  recoil	
  followed	
  by	
  capture	
  

•  Multiple	
  neutron	
  capture	
  

§  There	
  is	
  reason	
  to	
  believe	
  that	
  we	
  can	
  do	
  
considerably	
  better	
  with	
  SCRAAM:	
  

•  SONGS1	
  had	
  only	
  95%	
  muon	
  veto	
  and	
  	
  
“non-­‐hermetic”	
  shielding	
  

•  Improved	
  neutron	
  capture	
  efficiency	
  
and	
  analysis	
  will	
  allow	
  rejection	
  many	
  
more	
  multiple	
  neutrons	
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§  No	
  previous	
  experiment	
  appears	
  to	
  have	
  been	
  optimized	
  in	
  this	
  respect	
  

§  Experiments	
  at	
  appropriate	
  small	
  and	
  large	
  reactors	
  would	
  be	
  complementary:	
  
•  Provide	
  cross	
  check	
  at	
  different	
  baselines	
  and	
  to	
  some	
  extent	
  probe	
  different	
  Δm2	
  regions	
  	
  
•  measuring	
  flux/spectra	
  from	
  different	
  core	
  compositions	
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§  No	
  previous	
  experiment	
  appears	
  to	
  have	
  been	
  optimized	
  in	
  this	
  respect	
  

§  Experiments	
  at	
  appropriate	
  small	
  and	
  large	
  reactors	
  would	
  be	
  complementary:	
  
•  Provide	
  cross	
  check	
  at	
  different	
  baselines	
  and	
  to	
  some	
  extent	
  probe	
  different	
  Δm2	
  regions	
  	
  

•  measure	
  flux/spectra	
  from	
  different	
  core	
  compositions	
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Reactor	
   Baseline	
   Core	
  Size	
  (m)	
   Detector	
  	
   ΔL/L	
  
(FWHM)	
  

Power	
   Flux	
  	
  
ν/m2/s	
  

ILL	
   10m	
   Ø0.4	
  x	
  0.2m	
  (HEU)	
   Ø1mx1m	
   ~8%	
   58	
  MWth	
   ~1x1016	
  

	
  

ATR	
   12m	
   ~Ø1	
  x	
  1m	
  (HEU)	
  	
   Ø1mx2m	
   ~11%	
   150	
  MWth	
  
	
  

~2x1016	
  
	
  

Bugey3	
   15m	
   Ø2.5	
  x	
  2.5m	
   1mx1m	
   ~30%	
   2800	
  MWth	
   ~2x1017	
  

SONGS	
   24m	
   Ø3	
  x	
  2m	
   Ø1mx2m	
   ~10%	
   3400	
  MWth	
   ~1x1017	
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SAGE/GALLEX	
  

MiniBOONE	
  

Reactor	
  Anomaly	
  

Combined	
  

Astrophysical	
  
measurements	
  are	
  also	
  
consistent	
  with	
  ~eV	
  
sterile(s)	
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