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 SK is a 50 kTon water Cherenkov detector in the Kamioka Mine, Japan
 SK was built for proton decay and neutrino physics searches in 1996
 SK detects neutrinos coming from Sun, cosmic rays, nuclear reactors …
 Major achievements:

 Kamiokande, its predecessor: neutrinos from Supernova explosion
(SN1987A)
 Oscillations from atmospheric neutrinos  neutrinos are massive
 Neutrinos coming from the Sun  Solar neutrino problem
 Best proton decay bounds

 Reasons of success: WC technology

 Important reactions are the CCQE scattering of the incoming ν with
    nucleons in water

 Nowadays, SK cannot distinguish (efficiently) ν from ν because it is not
    able to detect either neutrons nor protons (the latter at low energy)
 This distinction would be of most importance for deeper study of
    ν properties             try neutron tagging

_

Why ? (I)                the current Super-Kamiokande experiment



Why ? (IIa) new physics research paradigms

Diffuse Supernova Neutrino Background (DSNB):

this observation is limited by current
  background
with neutron tagging, SK

         would achieve ~5 events/year

SRN predictions
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 Improve sensitivity to solar sector oscillation parameters (Δm12 & sin2θ12)

    neutron tagging would increase substantially the rate compared to the
       KamLAND reactor

Why ? (IIb) new physics research paradigms

10 years’ sensitivity
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Why ? (IIc) new physics research paradigms

 Much more detailed measurement of
    nearby Supernovae explosion
 proton decay:
    no neutron should be present in the event
 Sensitivity to “wrong sign”  νe production
    from Sun
 Gain information on the hadronic final states
    of νs interactions in the detector
 Maybe distinction between νs and νs from T2K
 Improvement of identification of ν over ν in the atmospheric sector
    (~GeV) is being studied

_
_

SN at 10kpc



What?                                          the GADZOOKS! project
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  neutron tagging in Super Kamiokande
  Gadolinium has the greatest n capture cross section of all stable nuclei
  When Gd captures a thermalized n, it emits a γ cascade of 8 MeV
     (scatters an e by Compton scattering)
  Then, the inverse beta process:

  A Gd dissolvable compound in WC
     detectors would improve its performance
     hugely by space-time delayed coincidence
  Gd2(SO4)3: no corrosion,

excellent solubility and
and small light attenuation

What?                                          the GADZOOKS! project

[Beacom and Vagins PRL93,171101 (2004)]



  Selective filtration system (brand  new technology developed at UCI)

  Gd compound “cleaning” and dissolving  pre-treatment system
     circulation thorough resins (AJ4400 to remove U, Th)
  Water transparency control  UDEAL (Underground Device Evaluating
      Attenuation Length)
  Gd uniformity along volume control  AAS (Atomic Absorption
      Spectrometer)
  Gd removal

Pre-treatment

240 20 in. PMTs
200 Ton tank

UDEAL

Water circulation 
system

How ? (Ia)                         EGADS(Evaluating Gadolinium’s Action on Detector Systems)



Main 200-ton Water Tank

Selective Water+Gd 
Filtration System

Resin-based Gd
Removal System

Membrane
Flushing 
System

15-ton tank
Gd Pre-treatment 

Mixing Tank
UDEAL

How ? (Ib)                                                              EGADS



 What we have done
 Selective filtration system; excellent water purity,
   excellent no-rejection of Gd
 Fully automated monitoring of water transparency
 PMT pre-calibration
 Dissolved Gd2(SO4)3 up to 0.2% concentration in 200-ton tank;
   good water transparency; good uniformity in concentration;
   no strange effects

How ? (IIa)                                            status / schedule

PMT pre-calibration

EGADS hall

preparation  for
PMT installation



How ? (IIb)         possible timelines

2012-2013: 200-ton Tank Gd run
         2013: PMT installation
         2013: 200-ton Tank pure water data-taking
      2013 - : 200-ton Tank Gd data-taking
         2014: Electronics upgrade
      2014 - : Nearby Galactic Supernova sensitivity

EGADS

While the EGADS R&D works will completed within the next two years, the
   precise schedule for adding Gd to SK must still be discussed and agreed upon
   within the SK Collaboration
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Who?                                                        EGADS members



Backgrounds in GADZOOKS!
 an important source of background comes from the radioactive
    contamination of the materials; of clear relevance is that in the Gd…

 Three main types of background events (details in next slides)
1γ + 1n events in the Spontaneous Fission of the 238U isotope
1e and 1e + γ from β decay of 214Bi and 208Tl
events with neutrons produced in SF and (α,n) reactions on 18O and 17O
  scattering, the α coming from the radioactive α decays

 We are studying thoroughly the above backgrounds:
their intensity given the measured radio-activities
their impact on the new physics measurements
their impact in the “regular” SK measurements

details follow …

An official experiment at the LSC (Canfranc Underground Lab.),
    EXP-06-2009, carries out the complete campaign of radioactivity
    measurements for GADZOOKS! using HPGe detectors



Measurements done mostly with HpGe detectors at the LSC  
                                             [Canfranc Underground Laboratory]

S  N

HpGe detector farm @ LSC       Gd2(SO4)3  batches; family photo



γ spectrum from radioactive decays:
 black is Gd sample red is bkg. [counts/day/kev/kg]

Eγ (keV)

Eγ (keV)
Eγ (keV)

Eγ (keV)

238U / 214Bi
609 keV

232Th / 208Tl
583 keV

232Th / 208Tl
2615 keV

235U / 211Pb
832 keV

138Lu
1436
keV

235U / 227Th
236 keV

FOR ILLUSTRATION: batch to be used at instrumented EGADS



 neutron production processes are (α,n) reactions and SF

 (α,n) reactions with 18O are dominant to produce n

Background in GADZOOKS!               γs and Neutrons from
radioactive contamination

(Tot)



 (α,n) reactions with 18O
 α particles are emitted with ~6 MeV
 Low neutron separation energy of 22Ne and 21Ne

 18O and a are in the fundamental states 0+, the same as 22Ne
      =>No angular momentum transition (i.e. photons)

=>All neutrons come in pairs and no γs are emitted
! 

18O+4"(~ 6MeV )#22Ne* (~ 15MeV )#20Ne +21n(~ 2.5MeV )

 Similarly occurs with 17O case, but
Angular momentum change between 21Ne5/2 and 19Ne3/2  0.4 MeV γ
 19Ne decays to 19F by emitting 1.5 MeV β

! 

17O+4"(~ 6MeV )#21Ne*#19F +21n(~ 2.6MeV ) + $ (0.4MeV ) + %(1.5MeV )

Final state from (α,n) reactions are distinguishable from inverse beta
… But produce many neutrons

Background in GADZOOKS!         neutrons



 [R. Vogt and J. Randrup, Phys.Rev.C 84, 044621 (2011)]
[A.G.Popeko, V.I.Smirnov, G.M.Ter-Akopyan, B.V.Fefilov,JNuclPhys 24 1976 473, Sov. J. Nucl. Phys. 24 1976 245 (18/06/1975)]

[H. W. Sobel et al, Phys.Rev.C 7, 4 (1973)]

 238U the greatest contribution to SF
emits neutrons and photons
Fraction of SF in 238U is 5·10-7

Probability of a γ ray from 238U SF with a
        given energy is P(E)=0.7e-E/1.4

Probability of 1n per fission is 28%
             (Eγ small dependence with n multiplicity (ν))

Background in GADZOOKS!         [ 1γ + 1n ]  events



 taking Eγ>13.5 MeV (this means an e- of ~10 MeV), we estimate the
    background due to 238U SF
 considering 1 mBq of 238U

→ 5·10–7 SF per 238U decay
→ 6·10–5 γs/Fission [Eγ > 13.5 MeV ]
→ 22.5·106 kg in SK fiducial volume:
 1 mBq of 238U:
                     214 prompt-γs/year in SK-fv with Eγ > 13.5 MeV
 in 28% of SF 238U only 1 neutron is produced, thus

     6 [γ + n] events/year
 AJ4400 reduces the amount of 238U by a factor 100

     0.06 [γ + n] events/year After AJ4400 processing

For ilustration, take the current Gd2(SO4)3 batch at EGADS:
• 30 mBq/kg = 2.4·10-9 g(238U)/g(Gd)

          <2 [γ + n] events/year with AJ4400

Signal estimates from SRN are ~5 events/year

Background in GADZOOKS!    [ 1γ + 1n ]  events



Other elements of radioactive chains decay by emitting βs
Some elements emit βs with sufficiently high energy accompanied by γs

• 232Th → … → 228Ra → … → 208Tl  Eβ
max= 5.00 MeV +

• 238U → … → 226Ra → 222Rn → … → 214Bi  Eβ
max = 3.26 MeV +

To achieve 4.0 MeV solar neutrino analysis in 0.2%Gd+H2O SK, the
following radioactivity levels would be needed
• < 0.35 mBq/kg [238U]
• < 0.35 mBq/kg [232Th]

we also need to remove the Ra from Gd compound
•Selective resins, such as DOWEX RSC , are one commercially
  available solution

Background in GADZOOKS!         βs	
  and	
  γs	
  from
radioac,ve	
  contamina,on

γ  277 keV   6%
γ  511 keV 23%
γ  583 keV 84%
γ  861 keV 12%
γ 2615 keV 99%

γ  609 keV  46%
γ 1120 keV 15%
γ 1765 keV 16%



Summary / conclusions

 Neutron tagging would improve dramatically the sensitivity of SK

 Gd very good candidate to do the job

 Gd2(SO4)3 best compound in terms of solubility and corrosion

 Tests done with Gd2(SO4)3 show
 no Gd rejection due to the selective filtration system: success!
 very good water transparency
 solution uniformity very good

 Studied backgrounds from radioactive contamination
 (α,n) produce many n but no high energy γs
 background from 238U Spontaneous Fission implies that we must
   reduce U contamination in Gd salt. AJ4400 resin removes U with
   high enough efficiency
 βs and γs from 208Tl and 214Bi implies we must reduce Ra levels.
   We are going to test resins to remove Ra, e.g. DOWEX RSC



THANKS!!
ありがとうございます



Backup slides



There	
  are	
  about	
  1020stars	
  in	
  the	
  universe.
(~1010	
  galaxies	
  and	
  ~1010stars/galaxy）
About	
  0.3%	
  stars	
  end	
  their	
  life	
  by	
  supernova	
  explosion.
So,	
  about	
  1017	
  supernova	
  explosions	
  have	
  happened	
  from	
  the	
  beginning
of	
  the	
  universe.	
  Neutrinos	
  from	
  those	
  supernova	
  	
  explosions	
  are	
  called
supernova	
  relic	
  neutrinos	
  (SRN).

Expected energy spectrum of SRN
（a theoretical calculation）
SRN spectrum will tell us the history
of massive stars.

Supernova	
  relic	
  neutrinos





Super-K: Expected number of eventsSuper-K: Expected number of events

~7,300 νe+p events
~300  ν+e events
~360 16O NC γ events
~100 16O CC events
                    (with 5MeV thr.)
for 10 kpc supernova

Neutrino flux and energy spectrum  from Livermore simulation
(T.Totani, K.Sato, H.E.Dalhed and J.R.Wilson, ApJ.496,216(1998))
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SK	
  only	
  :	
  θ12	
  -­‐	
  Δm21
2

29

Preliminary
May 2012

KamLAND	
  only

SK	
  only,	
  flux	
  constrained	
  to
5.25+/-0.20 [×106 /cm2/s]SK	
  +	
  KamLAND

SK	
  only,	
  flux	
  unconstrained

Filled	
  area:	
  3σ sin2θ13	
  is	
  fixed	
  at	
  0.025



Models which predict non-upturn

Holanda and Smirnov,
Phys.Rev.D69(2004)113002.
(hep-ph/0307266)

Barger, Huber and Marfatia,
Phys.Rev.Lett.95:211802,2005
(hep-ph/0502196)

Miranda, Tortola and Valle, JHEP 0610:008,2006.
(hep-ph/0406280)

Friedland, Lunardini, Pena-Garay
PLB594(2004)347(hep-ph/0402266)

Gonzalez-
Garcia,Holanda,Zukano
vich ,Funchal, JCAP
0806:019,2008.
(hep-ph/0803.1180)

Sterile neutrino

Non standard Interaction

MaVaN

Unparticle



Day-­‐Night	
  variaNon
• Un-­‐binned	
  Day-­‐Night	
  analysis	
  (PRD69,	
  011104)	
  is	
  applied	
  in

each	
  SK	
  phase,	
  then	
  obtained	
  Day-­‐Night	
  asymmetry	
  values
(=ADN)	
  from	
  fieed	
  Day-­‐Night	
  amplitude	
  parameter.
– Consider	
  energy	
  and	
  zenith	
  angle	
  dependence	
  of	
  event	
  rate	
  variaNon.

31

ADN	
  (±stat.±sys.)

SK-­‐I -­‐2.0±1.7±1.0	
  %

SK-­‐II -­‐4.3±3.8±1.0	
  %

SK-­‐III -­‐4.3±2.7±0.7	
  %

SK-­‐IV -­‐2.8±1.9±0.7	
  %

SK	
  combined -­‐2.8±1.1±0.5	
  %

Day-­‐Night	
  asymmetry
consistent	
  with	
  zero	
  @	
  2.3	
  σ

Δm21
2=4.84 x10-5 

sin2θ12=0.314

Expected 

Preliminary May 2012
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Radioac1vity	
  in	
  Gd2(SO4)3	
  	
  batches	
  measured	
  in	
  Canfranc	
  	
  	
  	
  [mBq/Kg,	
  limits	
  are	
  @	
  95%
c.l.]Chain Longest

lived
parent	
  in
sub-­‐chain

Gd200904
Stanford
(to	
  SLC)

Gd201008
Stanford
(at	
  EGADS	
  now)

Gd201208
Beijing
jinghonganxin
0,8kg

Gd201302
Changshu	
  2kg

Gd201303
Beijing
jinghonganxin
2kg	
  (50+450kg)

238U 238U 51	
  ±	
  	
  21 <	
  33 292±	
  67 74	
  ±	
  	
  28 242±	
  	
  60
226Ra 8	
  ±	
  1 2,8	
  ±	
  0,6 74±	
  2 13±	
  1 13	
  ±	
  2

232Th 228Ra 11	
  ±	
  	
  2 270	
  ±
16(*)

1099±	
  12 205	
  ±	
  6 21	
  ±	
  3
228Th 29	
  ±	
  	
  3 86	
  ±	
  5 504±	
  6 127	
  ±	
  3 374	
  ±	
  6

235U 235U <	
  32 <	
  32 <	
  112 <	
  25 <	
  	
  25
227Ac/227Th 214	
  ±	
  10 1700	
  ±	
  20 2956	
  ±	
  30 1423	
  ±	
  21 1750	
  ±	
  42

Others 40K 29	
  ±	
  5 12	
  ±	
  3	
  (*) 101	
  ±	
  10 60	
  ±	
  7 18	
  ±	
  8
138La 8	
  ±	
  1 < 683	
  ±	
  15 3	
  ±	
  1 42	
  ±	
  3
176Lu 80	
  ±	
  8 21	
  ±	
  2 566	
  ±	
  6 12	
  ±	
  1 8	
  ±	
  2

	
  
Far
too
high	
  !	
  








