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Super9Kamiokande!(SK)!paradigma!de!detector!aguaCCherenkov!

50.000!m3!!!de!agua!
tanque:!40m!∅!x!40m!H!!

Observatorio!de!Kamioka!
(Prefectura!Gifu,!Japón)!

Mt.!Ikenoyama! SK!

1000!m!

SK!
#!fotomulUplicadores!
!!!11148!de!50!cm!∅!
!!!!!1885!de!20!cm!∅!

durante!el!
llenado!

SK!

SK!mide!!la!!radiación!
Cherenkov!generada!
por!las!parWculas!con!!
carga!!y!!alta!energía!

1000!m!de!Uerra!para!
apantallar!muones!de!
rayos!cósmicos!!



viajando!al!laboratorio!

edificios!de!superficie:!
la!Residencia!

de!camino!a!la!entrada!del!túnel! a!la!entrada!del!área!
experimental!



θc!

v%t!

(c/n)%t!

!v%>%c/n%%

si!v/c%≈!1,!en!agua,!θc!≈!42o!!

(c/n)%t%

v%<%c/n%!

!!!una!parWcula!cargada!moviéndose!en!un!medio!con!velocidad!v!!
!!!!!!!!!!!!!genera!un!campo!EM!que!se!propaga!con!velocidad!c/n!

v%t!

dos!casos!

onda!de!choque!

Básico!de!la! radiación!Cherenkov!



p.e.:!la!medida!del!Uempo!que!tarda!la!luz!Cherenkov!en!llegar!a!los!PMT’s!

rojo:!corto!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!nos!permite!reconstruir!la!trayectoria!
púrpura:!largo!!!!!!!!!!!!!!!!!!!!!!!!!!de!las!parWculas!…!
púrpura!suave:!muy!largo!

suceso!con!2!muones!simultáneos;!
medida!del!Uempo!



the$origin$of$those$detectors$was$the$search$for$proton$decay$

C !in!the!Standard!Model!the!proton!is!absolutely!stable.!However!!
!!!C!given!the!physics!and!mathemaUcal!structure!of!the!SM!!
!!!C!given!those!theoreUcal!approaches!for!its!evoluUon!“realisUc”!!
!!!C!the!current!knowledge!on!the!origin!and!evoluUon!of!the!Universe!
 most!of!us!believe!that!the!proton!is!not!stable,!i.e.!at!some!energy!!!!!
!!!!!!!!range!quarks!and!leptons!are!basically!the!same!type!of!parUcle!!

f.i.:!!!!%p!→!e+π0%

no!candidate!has!!
been!found!so!far!!!
%%%%%τp!>!1.3!x!1034!%years%

(Compton!e
_!
)!

(Compton!e
_!
)!

and!WC!detectors!are!the!best!way!(known)!for!its!search!

neutrino!interacUons!in!the!detector!was!a!very!serious!background!



limits$on$proton$decay$as$of$today$



detectores!con!los!que,!además!de!éste!(Nobel!2002),!
se!han!hecho!otros!descubrimientos!fundamentales!

pero!la!!propia!Naturaleza!nos!hizo!descubrir!!que!!este!!Upo!!
de!detectores!son!extraordinarios!telescopios%de%neutrinos!!!!

explosión!SuperNova!SN1987A!

antes!después!

flujo!y!espectro!de!ν’s!medido!por!
Kamiokande!!(precursor!de!SK)!!!



history$of$Super6Kamiokande$$



10!NNN13!
11/12/13!

Atmospheric!ν!
oscillaUons�

Solar!ν!oscillaUons�

K2K!confirmed!
atmospheric!osc.!
by!long!baseline!ν!!!!

indicaUon%
θ13!by!T2K!

ντ!appearance!in!
atmospheric!ν�

night�

day�

ADN=C3.2±1.1±0.5!%!

Solar!day/night!asymmetry�

Reconstructed neutrino energy (MeV)
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physics$achievements$with$Super6Kamiokande$$



!SK!success!largely!due!to!detecUon!technique:!Water!Cherenkov!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!Caveat:!no!anUCν!tagging!at!all!
!!!!!!!!!!!!!no!neutron!tagging!!
!!!!!!!!!!!!!no!inverse!β/!decay!reacUon!(CCQE)!measurement!!
!!!!!%→%marginal%sensiEvity%to%“relic”%Supernova9ν%
%%%%%%→%no%sensiEvity%to%reactor9ν%
%%%%%%→%no%“others”%...%

!SoluUon:!dissolve!0.2%!(by!mass)!Gd!compound!in!SK!water!!!!!!!!!!!!

SK%and%WC%detectors;%the%Gd%

key:%
→!Gd!has!a!very!large!crossCsecUon!for!n!capture,!
→!in!the!process!it!emits!a!few!γ,s!with!total!energy!8!MeV!

[Beacom%and%Vagins,%Phys.%Rev.%LeP.,%93:171101,%2004]%



e
+$

p$

n$

!e+%%is!detected!!!!!!!!!!!!!!!!!!!!!!!!!%
!n%wanders!around!for!!!!!!
~12µs!unUl!thermalises!
.~20µs%[50cm]!unUl!GdC
capture!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!8MeV!γs%%%%%%%%%%%%%%%%%%%%%%%%%%%
%an%e9!is!!ComptonCscat.!
off!the!!γ%%and!detected!

 $νe!is!idenUfied!by!the!!!!
coincidence!between!the!!!!!
e+%and!the!delayed%e9,!with!
high!efficiency!(>!80%)!!

γ$
Gd!

neutron tagging!in!GdCenriched!WaterCCherenkov!detectors!

!fantasUc!consequences!for!SK!!&!!“a!must”!in!Next!GeneraUon!Detectors!

%%WC/Gd%detectors%

[e6]!

_!
νe!

basic!reacUon!is!inverse!β$!process!

_!



WC6Gd$detectors$

esUmated%n!tagging!efficiency!

0.1%!!!Gd!!!gives!
>!90%!efficiency!
for!!n!!capture!

!for!SK’!50!ktons,!
~!100!tons!of!water!
soluble!Gd2(SO4)3!

M.Vagins.!NEUTRINO2010%

!for!NGD,s!!~650!kton,!!!
!!!!!!~!1.3!kton!of!Gd2(SO4)3!



!!!!!SK!has!commi}ed!to!bring!this!idea!into!reality!
!!!!!!strong!SK!R&D!program!

!!!!!!The!insUtutes!involved!are!principally:!
!!!!!!!!C!InsEtute%for%Cosmic%Ray%Research!(ICRR)!C!Uni.!Tokyo!
!!!!!!!!C!InsEtute%for%the%Physics%and%MathemaEcs%of%the%Universe!
!!!!!!!!!!(IPMU)!C!Uni.!Tokyo!
!!!!!!!!C!University%California%Irvine!(UCI)!
!!!!!!!!C!University%of%Okayama!!
!!!!!!!!C!University%Autonoma%Madrid!(UAM)!

!!!!!The!program!is!led!by!!
!!!!!!!!C!M.!Nakahata!(ICRR!C!U.!Tokyo)!!
!!!!!!!!C!M.!Vagins!(IPMU!C!U.!Tokyo!and!UCI)!

R$&$D$on$WC6Gd$by$Super6Kamiokande$



AnUneutrino!tagging!will!have!a!profound!impact!in!experimental!
neutrino!physics.!!

Remarkably,!SK!will!be!in!the!posiUon!of!discovering!the!Difusse!
Supernova!Neutrino!Background,!and!the!next!generaUon!will!measure!
its!energy!spectrum:!the!redCshi~ed!sum!of!the!contribuUon!of!
supernova!neutrino!from!every!epoch!of!the!Universe!!

In!addiUon!
–!precise!measurement!of!the!solar!elements!in!the!leptonic!mixing!!!
!!!matrix!from!nuclear!reactor!electron!anUneutrinos,!!
–!a!much!increased!sensiUvity!to!the!neutrino!MH!from!atmospheric!!!
!!!neutrinos!and!anUneutrinos!traversing!the!earth!before!interacUng!!
!!!in!SK!!
–!increase!the!sensiUvity!for!proton!decay!searches!
–!others!coming!along!the!learning!curve!



Status$$of$$SK$$R$&$D$$program$$towards$$

dissolving$a$Gd$compound$in$its$water$

Gadolinium$$

$$$AnCneutrino$$

$$$$$$Detector$$

$$$$$$$$$Zealously$$

$$$$$$$$$$$$Outperforming$$

$$$$$$$$$$$$$$$Old$

$$$$$$$$$$$$$$$$$$$Kamiokande$$

$$$$$$$$$$$$$$$$$$$$$$$Super!!



α +%9Be%→%12C*%+%n%
!!!!!!!!!!!!!!!!!!!!!!%12C%+!γ(4.4!MeV)!!!!!
inside!a!BGO!crystal!array,!!
in!2!liters!of!0.2%!GdCl3!soluUon!

deployed!inside!SK:!

first!observaUon!of!8!MeV!γ!cascade!from!Gd!in!a!large!WC!det.!!

Am!/!Be!source:!

[SK%Coll.,%Astropart.%Phys.%31%(2009)%320]%%

Gd$inside$SK$

2007:!0.2!%!GdCl3!

2010:!0.2%!Gd2(SO4)3�



•  Many!studies!have!been!ongoing!in!both!the!US!and!Japan!over!the!
last!10!years!

•  Current!and!“decisive”!step!is!a!dedicated!Gd!test6tank,!complete,!
with!its!!own!water-filtration  system,!!50cm!PMT’s,!!DAQ,!!etc.!!!

!EGADS!(EvaluaUng!Gadolinium’s!AcUon!on!Detector!Systems)!!
–  New!dedicated,!mulUCmillion!dollar!test!facility!!

–  Kamioka!mine!(near!SK)!!!
– Will!address!all!issues!of!the!GADZOOKS!!principle.!



transparency!
measurement!
(UDEAL)!

200!ton!!water!!
tank![SUS304,!!
6.5%m%x!6.5%m]!

50cm%PMTs!(240)!

selecUve!water!+!Gd!
filtraUon!system!

water!!+!!Gd!preC!
treatment!system!

main$characterisCcs$of$EGADS$

Gd!Removal!System!



200!ton!tank!

SelecUve!filtraUon!
system!

Gd!resin!
removal!system!

15!m3!tank!and!preC
treat!system!

Water!transparency!
measurement!device!

the$EGADS$lab$



Compound!to!be!used!

Effects!on!detector!components!

IntroducUon!and!removal!

IntroducUon!of!new!backgrounds!for!new!and!exisUng!analysis!

Keep!Gd!inside!the!SK!tank!

Maintaining!ultrapure!doped!water!

Effect!on!water!transparency!

what$is$being$studied$?$!



Three!choices!invesUgated!thus!far:!

Gd(NO3)3!
Easily!dissolved!!
Nitrate!opaque!in!the!UV!!(very!bad!for!Cherenkov!light)!

GdCl3!
Easily!dissolved!
Chloride!highly!corrosive!!(not!good!for!components)!

Gd2(SO4)3!!
Octahydrate!form!dissolves!easily!
Good!water!transparency!

which%compound%to%use%?%

Gadolinium%sulfate%is!the!compound!being!tested!at!EGADS!



materials$effects!

31!materials!present!in!the!SK!tank!have!been!longCterm!soak!tested!!
in!Gd2(SO4)3!soluUon!to!check!for!corrosion.!!!

Only!affected!material!is!a!rubber!used!for!the!FRP/acrylic!cases.!

Further!studies!with!this!rubber!show!the!effect!is!comparable!to!pure!!
water!if!temperature!is!kept!below!15!̊C.!

Final!soak!study!of!SK!materials!will!be!done!with!components!installed!!
inside!EGADS!detector!



Gd$Pre6Treatment$System$

Gd2(SO4)3!is!soluble!up!to!2%!by!mass!
15!m3!tank!to!dissolve!Gd!

Make!concentrated!soluUon!and!
then!add!to!detector!in!steps!

Simple!water!system!with!!
uranium!removing!resin!tanks!



200%ton%
EGADS%
Detector%

5 µm  
1st Stage  

Filter 

Concentrated Gd NF Reject Lines 

UV%
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0.2 µm  
2nd Stage Filter 

0.5%ton%
Collec7on%
Buffer%Tank%

Nanofilter%#2%

N
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Ultrafilter%#1%

Repressur- 
ization 
Pump 

(>0.9 MPa, 
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TOC%
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Repressurization 
 Pump 

(>0.9 MPa, >1.5 ton/hr) 

DI%
#2%

5 µm  
 Filter 

RO%#2%

RO Permeate Lines 

Conveying 
 Pump 

(~0.35 MPa, 
 >4 ton/hr) 

Recycles RO Reject Lines 
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UF#1 Reject Line 

UF#2  
Reject 

UV%
#2%

DI%
#1%

To Drain 

N
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N
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N
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U
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A
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Gd%is%diverted%here%and%
bypasses%Deioniza7on%(DI)%

99.99%%Gd%recovered%each%pass,%
<0.006%%lost%

key:!EGADS$selecCve$filtraCon$system!a%truly%pioneering%work!



Precision%measurements%of%
aaenua7on%lengths%>100%m%%

Monitor%relevant%
Cherenkov%region%using%
mul7ple%%
lasers%

Devices%fully%automated,%
running%is%rather%simple%
and%quick%

~0.1%!
Gd2(SO4)3!
soluUon!

26!NNN13!11/12/13!

Lo
g(
Ch

.B
/C
h.
A
)!

Water!column!depth!

water$transparency$monitoring$



 Pure!water!in!200!ton!tank!(no!PMTs)!

 Gd!water!in!15!m3!tank!

 Gd!water!in!200!ton!tank!(no!PMTs)!

 Pure!water!in!200!ton!detector!(with!PMTs)!
 Ongoing!now!

 Gd!water!in!200!ton!detector!(with!PMTs)!

NNN13!11/12/13! 27!

EGADS!Tests!
✓!

✓!

✓!



EGADS!200!Ton!Tank!GdCWater!Transparency!

SK-III and SK-IV Ultrapure Water = 74.7% - 82.1% @ 15 m�
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The light left at 15 m in 
the 200m3 tank stainless 
steel) was ~69% for 
0.2% Gd2(SO4)3, which 
corresponds to ~84% of 
pure water. 



Lluis%MarE!!

measurement$of$Gd$concentraCon$using$atomic$absorpCon$spectrometry$$



measurement$of$Gd$concentraCon$using$its$magneCc$suscepCbility$

..$



$$$$$$$$[LSC,%Laboratorio%Subterráneo%de%Canfranc]$$

HPGe%detector!farm! !!!!main!Hall:!ArDM,%Next%...!!

radioacCve$contaminaCon$of$materials$$







radioacCve$contaminaCon$of$materials$$



measurement!of!contaminaUon!of!!
238U!!and!232Th!isotopes!in!a!sample!!
of!Gd2(SO4)3!with!an!old!ICPMS!in!!
Kamioka!

learning$about$relaCve$isotope$abundance$of$Gd$

$$$$$$$$$$$$$$$$$$$$and$radioacCve$isotope$contaminaCons$

using$mass$spectroscopy$

current!measuring!program!!
!!!!!C!relaUve!isotope!abundance!!
!!!!!C!long!lived!radioacUve!isotopes!!
at!"Laboratorio!de!ICPCMS"!from!SIDICUAM!



Method!1:!Ion!exchange!resin! Method!2:!!
Removal!system!and!filtering!

C !Test!shows!Gd!levels!~1000!ppm!!
!!!to!less!than!0.5!ppb!!!
C!Resin!will!saturate,!ok!for!small!scale!

pH!up!C>!Gd!out!of!soluUon!
C!Filter!with!a!mechanical!filter!
C !Se}ling!tanks!may!be!more!!!!
!!useful!than!filter!press!

First!method!used!at!EGADS!

Gd$Removal$



the!240!PMTs!were!installed!this!summer!!
EGADS!tank!fully!instrumented;!already!taking!data!



EGADS!Roadmap!
2009   2010   2011   2012   2013   2014   2015   2016   2017 

R&D Project 
 Approved 
Hall E Excavation 

Build 200-ton Tank 
Install Water Systems  

15-/200-t Pure Water Runs 
15-ton Tank Gd Runs 

200-ton Tank Pure Water Run w/o PMTs 
200-ton Tank Gd Run w/o PMTs 

200-ton Tank PMT Installation 
200-ton Tank Pure Water Data-taking Run 

200-ton Tank Gd Data-taking Run 
ATM  QBEE Electronics Upgrade 

Full Galaxy Supernova Sensitivity 
Fully Automated Instant Supernova Alert Capability 

[M.!Vagins]!



Water!in!200!ton!detector!currently!17.4!MΩCcm,!will!soon!remove!!
extra!DI!unit!from!system!

Add!Gd!to!EGADS!detector!in!January!2014!

Run!EGADS!Gd!detector!as!final!proof!of!principle!test!

Full!SK!MC!studies!with!addiUonal!informaUon!of!sca}ering!and!!
absorpUon!of!Gd!!

May!2014!C>!SK!to!decide!on!GADZOOKS!!

road$path$to$GADZOOKS!$



AddiUonal!Material:!

Thank$you$


