
  

GADZOOKS!
Takatomi Yano for Super-Kamiokande 
Collaboration

Sep. 16-21, 2013
Natal, Brazil

XXIV workshop on Weak 
Interactions and Neutrinos

WIN 2013 Gd



  

Super Kamiokande detector
50kton water
~2m OD viewed 

by 8-inch PMTs
32kt ID viewed by 

20-inch PMTs
22.5kt fid. vol. 

(2m from wall)
SK-I: April 1996~
SK-IV is running
Trigger efficiency

 
>99%@4.0MeVkin
 
~86%@3.5MeVkin
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GADZOOKS!
Gadolinium Antineutrino Detector Zealously Outperforming Old Kamiokande, Super!

Beacom and Vagins, Phys. Rev. Lett., 93:171101, 2004 
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　Adding 0.2% Gadolinium sulfate, Super-Kamiokande will be the 
world largest anti-neutrino detector.

– Coincident signal detection for anti-neutrino events.

Gd : large cross 
section for n capture. 

~49,000 barns
(0.3 barns on free 

proton)



  

Physics of νe with GADZOOKS!
Observation of Supernova Relic Neutrino (SRN)

– Diffused neutrinos from all past supernova bursts.
– SRN has not yet been observed.

Galactic supernova neutrino burst
– Better direction determination by electron scattering 

events selection.
– Spectrum measurement of not only νe+p, but also 

ν+e
– Prediction of supernova by detecting neutrinos in Si 

burning phase. (~0.4 neutron/day for 10kpc, ~1000 
neutron/day for 0.2kpc)

Reactor neutrinos
– Precise measurement of oscillation parameters by high 

statistics.



Expected SRN Signal
1.3 - 6.7 events/year/22.5kt
(10-30MeV)

Large Target mass and
high background 
removability are needed.

Large Target mass and
high background 
removability are needed.

 Expected SRN 
spectrum 
(νe fluxes)

Energy spectrum is taken from : 
Horiuchi et al. PRD, 79, 083013 
(2009)

Fiducial 
Volume of SK

Supernova Relic Neutrinos



  

Current status SRN search with SK

K.Bays et al., Phys.Rev.D85, 052007 (2012) 

data
νμ CC
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NC elastic
μ/π
all background
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Atm. ν
BG

We are closing to 
theoretical models by the 
factor of 2 - 4.

However, current 
SRN search is 
limited by the 
backgrounds.
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(using LMA model prediction (Ando et.al, 2005)

i.e. cosmic muon spallation
 at low energy



Signal + Background
T=8MeV
T=6MeV
T=4MeV
T=SN1987A

BG of SRN search with GADZOOKS!

Reduced background

By tagging the neutrons, we can reduce the background.
Ideally, we can reduce the background by the factor of ~104

GADZOOKS!

SK

Watanabe et. al, Astroparticle Physics Vol31 Issue 4, 2009

and lower the energy threshold for SRN search down to ~10 MeV.

90% of neutron capture efficiency, 74% of Gd gamma detection efficiency, Invisible 
muon B.G. is 35% of that of SK-IV are assumed.



  

Evaluating Gadolinium's Action on 
Detector Systems “EGADS”

R&D facility for GADZOOKS!
● How to add/remove Gd
● How to purify Gd water?
● How is the water transparency?
● Effect on materials
● Neutron background
● Detection efficiency

The effect on the 
water by adding Gd.

Water purifcation 
system

200t water Cerenkov detector

Test for the 
detection method.

UDEAL, Water transparency 
measurement device



  

EGADS Water Circulation System
5 μm 
 Filter・Operational since 2011

200 ton 
EGADS
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Chiller

Reject

Anion
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#1
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Concentrated Gd NF Reject Lines

0.5 ton 
Collection 

Buffer Tank
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Buffer Tank
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Membrane #1

5 μm 
 Filter

RO Permeate Lines
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UV
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Membrane
Degas

Nanofilter #1

Nanofilter #2

Deionizer #1

5 μm 
 Filter

Deionizer #2
Reverse Osmosis

Membrane #2

Ultrafilter #2

5 μm 
 Filter

UV #1

Reject

Reject Reject

Anion
Deionizer #2

0.2 μm 
 Filter

Gd: 99.1%

Gd: 0.8%

Gd: < 0.1%

・Feature :
– Selective fltration
– Water purifcation
– > 99.9% Gd recovery



  

W/O PMT

Step 1&2, Water Circulation Tests

・March – June, 2011
Pure water circulation through 200t stainless tank.

・Aug. 2011 ~ Dec. 2012
0.2% Gd2(SO4)3 circulation through 15t acrylic tank.
 →Circulation and water transparency measurement

1.
2.



  

Measured transparency of 
circulated 0.2% Gd
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Transparency of EGADS pure / 
Gd-loaded water

EGADS pure water

 For Gd-loaded water, Cherenkov light will be left 70.2 +1.2 % 
after 15m. It is 86.2 +1.5 % of pure water.

Absorption Length

SK equivalent water transparency is achieved during pure 
water circulation with EGADS water system.
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SK-III and SK-IV Ultrapure Water = 74.7% - 82.1%

Cherenkov light left at 15m for Gd water 
in 15t tank

1st batch of 
Gd Solution

2nd batch of 
Gd Solution 3rd batch of 

Gd Solution

Filter 
replacement 

study



  

W/O PMT

Step 3, Water Circulation Tests with 
200t Tank

3.

Jan. 2013 ~ Jun. 2013
● Gd2(SO4)3 solution circulation through 200t stainless tank.

→ Circulation and water transparency measurement.
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Transparency of Gd-loaded water (w/o PMT)

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.
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Step 4, Photosensors Installation

Jun. 2013 ~ Aug. 2013
● 240 photosensors are installed into 200t tank.

● 36 photosensors for top and bottom part of the tank.
● 168 photosensors for barrel part.

● Sensors: 227 20-inch PMT, 8 HPD and 5 HQE-PMT.



  



  

Final Step, EGADS full run

With 240 photosensors,
small SK

4.

Sep. 2013~
● Pure water circulation through 200t stainless tank with 

photosensors is ongoing.
● Photosensors calibration and 0.2% Gd2(SO4)3 solution 

circulation will start soon.
● Integrated test of the neutron capture detection will be done.



  

EGADS cosmic muon candidates



  

EGADS cosmic muon candidates



  

Summary
● By adding 0.2% of gadolinium sulfate into Super-
Kamiokande, fruitful anti-neutrino physics study will 
be available.
e.g. frst detection of supernova relic neutrino.

= GADZOOKS!
● EGADS, R&D facility with 200t detector, has worked 
for water circulation study from 2011.

● 240 PMTs are installed into EGADS detector in 
August 2013.

● EGADS will perform the integrated study and 
demonstrate the feasibility for GADZOOKS! soon. 

● We hope to start GADZOOKS!  in a few years.



  

W/O PMT

Transparency Measurement Devices
UDEAL

– Wavelength at 7 points ( 337 ~ 
595 nm ).

– ± 1% precision at attenuation 
length > 100m.

Water transparency measured by UDEAL, device built 
in house which can give precisely measured 
attenuation length over 100 meters.
Spectrophotometer is also used for the spectrum and 
the absorption peaks. ( < 337 nm )

8m



● アウトラインテキストの
書式を編集するにはク
リックします。

– 2レベル目のアウトラ
イン

● 3レベル目のアウ
トライン

– 4レベル目のア
ウトライン

● 5レベル目
のアウトライ
ン

● 6レベル目
のアウトライ
ン

• 7レベル目のアウトライ
ンマスタ テキストの書
式設定
– 第 2 レベル

• 第 3 レベル
– 第 4 レベル

» 第 5 レベル

Reactor Neutrino at GADZSOOKS!

w/o oscillation

w/ oscillation

MeV

With / without oscillation

10 years’ sensitivity

sin2(2θ)

Δm2 (10-4 eV)

Number of events at SK per year（~３０００/year）

Current solar+KamLAND error size

Sensitivity of parameter measurement
（10 years）

very preliminary ９５％ＣＬ



SN at 10kpc

νe+p

ν+e

Supernova Direction
Neutrino flux and spectrum from Livermore simulation

w Neutron Tagging

Removing tagged event

w Neutron Tagging

Removing tagged event

w/o Neutron Tagging

w/o Neutron Tagging



SN Direction Determination Precision 

2x better precision with neutron tagging.  

Direction Determination Precision 
(1000 MC events)

tag eff. = 1.0

tag eff. = 0.8

tag eff. = 0.0
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Oscillated (inverted hierarchy)



  

1. Cherenkov spectrum

Detected Cherenkov = 
(1. Cherenkov spectrum)

  × (2. Absorption length of 
PW/Gd)
  × (3. QE of PMT)

5. Effect on water Cherenkov light

2. Absorption length 
of PW/Gd.

3. QE of SK PMT×

×

WL [nm]

WL [nm]WL [nm]



  

6. Cherenkov Spectrum at 15m

 Cherenkov light left become 70.2 +1.2 % after 15m.
 This is 86.2 +1.5 % of pure water case.

SK PW EGADS
光強度 70.2

+1.2
-1.5%

Cherenkov light left 
at 15m

86.2 +1.5 -1.8 % De
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WL [nm]

EGADS Sample

81.4 %

No water
SK PW model

Cherenkov light left spectrumspectrum at 15m

 
-1.8

 
 
-1.5

 



Si燃焼からニュートリノによる爆発の予知
A.Odrzywolek, M.Misiaszek, M.Kutschera, astro-ph/0311012

νｅ spectrum
　

20 x Msun
　

A.Arnett et al.,                    Ann. 
Rev. Astron. Astrophys. 27 (1989) 
629.

C

　

Ne

　
O

　 Si

　

νe+p→e++n 反応からの e+を捉える
ことは難しいが中性子イベントがsingle 
eventとしてカウントされる。

中性子イベント数

~0.4/day for 10kpc

~1000/day for 0.2kpc(ベテルギウス)



Expected SRN Signal
1.3 - 6.7 events/year/22.5kt
(10-30MeV)

Large Target mass and
high background 
removability are needed.

Large Target mass and
high background 
removability are needed.

 Expected SRN spectrum 
(νe fluxes)

Energy spectrum is taken from : 
Horiuchi et al. PRD, 79, 083013 
(2009)

Fiducial 
Volume of SK

Supernova Relic Neutrinos
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