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Where we are?

first measurement in 2005

curre
nt g

eneratio
n ta

rgets

total radiogenic heat in the Earth

Th/U ratio
distinguishing mantle contribution

resolving vertical and 
horizontal flux differences

detecting K geo-neutrino

next g
eneratio

n ta
rgets

directional 
sensitive detector

improved 
accuracy

what w
e need

< 10 ye
ars

>10 ye
ars

detector in the Ocean
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Neutrino Detectors

What do you want to measure?
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Neutrino Detectors 2/32



Neutrino Detectors : target

Water/Ice Liquid Scintillator
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Neutrino Detectors : reaction

scattering

inverse β decay

scattering 
/inverse β decay

2/32



light yield 6 p.e./MeV 400 p.e./MeV
blighter

target volume 50,000 t 1,000 t
larger

Water vs Liquid Scintillator
Water Liquid Scintillator (LS)

experiments Super-K (Ice-Cube, etc.) KamLAND (Borexino, 
SNO+, JUNO, etc.)

light Cherenkov Scintillation

directionality

reaction scattering scattering/ 
inverse β decay

background 
reduction

higher energy lower energy

3/32



Directional Sensitivity in Water
Solar neutrino measurement with Super-Kamiokande

- Ling imaging water Cherenkov detector can have directional sensitivity. 
- They can separate solar neutrino event from backgrounds.
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Neutrino Detection in LS
0.4 1.0 2.6 8.5

Solar Geo Reactor Supernova

electron scattering
Inverse β decayν + e− → ν + e− ν̄e + p → e+ + n

Observed Energy(@KamLAND) 
[MeV]

νx

e-

e-

νx

neutrino detection by electron scattering

* solar neutrino

anti-neutrino detection by inverse β decay

n
νe P

e+ prompt
γ(0.511MeV)

e-
γ(0.511MeV)

d
n

Pdelayed
thermal diffusion

ΔT=200µsec

γ(2.2MeV)

* geo neutrino 
* reactor neutrino 
* supernova neutrino

Advantages 
- 2 flashes have space and time correlations 
- Eliminates background 

Disadvantage 
- No-directional information
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Advantages 
-2 flashes have space and time correlations 
-Eliminates background

Advantages of inverse β decay

1. select delayed event

fixed energy!
2.2 MeV(proton capture) or 4.9 MeV(12C capture)

99.5% 0.5%

example data @KamLAND

“delayed coincidence”
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Advantages 
-2 flashes have space and time correlations 
-Eliminates background

Advantages of inverse β decay

2. search prompt event

space

time

example data @KamLAND

“delayed coincidence”
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Advantages 
-2 flashes have space and time correlations 
-Eliminates background

Advantages of inverse β decay

Delayed 
Coincidence

Noise, Flusher Cut

Muon Event Cut

Muon Veto

Delayed Coincidence
F ~ 2.03×10-4

Event Reduction Status

F ~ 0.016
6.0 m Fiducial Cut

Likelihood Selection
F ~ 0.088

anti-neutrino candidates

reduction factor ~10-4

2249 events 
(in 6.5 years)
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Directional Sensitivity in LS

✦ Make the impossible, possible! 
✦ Breakthrough technology for “next generation” detector.
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What we can measure?
1. large size detector (1kt~)

geo-neutrino
- distinguish mantle from crust contributions 
- separate reactor anti-neutrinos

U

Th

!

Geo Anti-Neutrino Direction

detector

core

mantle

Directional measurement of geo-neutrino flux from crust, mantle, and core

Tomography of earth’s deep interior by neutrinos

Fl
ux

[c
m

2 /s
ec

/s
r]

Zenith Angle[deg]

Upper Continental Crust

Lower Continental Crust

Oceanic Crust

Upper Mantle

Lower Mantle

geo-neutrino angular distribution @Kamioka

simulation

crust

 5-years, 50 kt Li-loaded LS 
detector @Kamioka

crust+mantle
I. Shimizu, Nuclear Physics B (Proc. Suppl.) 168 (2007) 147–149
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What we can measure?
1. large size detector (1kt~)

supernova neutrino
- early determination of supernova detection
reactor neutrino
- improvement of oscillation parameter measurement

CHAPTER 4. ESTIMATION OF ELECTRON ANTI-NEUTRINOS FROM REACTORS 105
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Figure 4.5: Expected spectra from 4 fission nuclei (235U, 238U, 239Pu and 241Pu) and long-lived nuclei
(144Pr, 106Ru and 90Y) in no-oscillation case. The contribution of ling-lived nuclei is 0.67 %.
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Figure 4.6: Contribution to the expected ν̄e events from distant reactors.

4.4 Reactor Related Uncertainties

As described in Section(4.2), the uncertainty of the distance between KamLAND and reactors is less
than 0.1 %. The uncertainty of thermal power of Japanese reactors is 2 %. That of Korean reactors
and the world reactors are assigned as 0.32 % and 0.48 % taking into account of their contributions.

KamLAND

~180km, 80GW

E
ve

nt
/y

ea
r/k

to
n

Kashiwazaki 
159km

Shika 
88km

Wakasa 
146~192km

Hamaoka 
200km

L0
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What we can measure?
2. small size detector (~200kg)

- establishment of new technology using anti-neutrino 
sources (reactor neutrino, radioactive source) 

- application to reactor monitor

0

[F-3	��
��]

,��
"%#$
�

-��
"%#$
�

-��
���
�

,��
���
�

Ｆ-３断層
立坑

建屋設置レベルでの
Ｆ３断層の位置

立坑底盤レベルでの
Ｆ３断層の位置

[�	��
��]

β断層

立坑

)��
"%#$
�

*��
"%#$
�

*��
���
�

)��
���
�

[3V-5	��
��]

+
�
(
,


	

*��
"%#$
�

+��
"%#$
�

*��
���
�

+��
���
�

��

�������
	
&������'

��������! ��

���

��

���+.

��
�16.2.
/)6.8.

[
����]

~20m

depth	
~16m detector

ground	level

bedrock

diameter	
	~3m

reactor
~3.3GW

example) Japan @Kashiwazaki-Kariwa nuclear power plant

1500 νe events/day

our first target
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How to measure? : key point
inverse β decay

“neutron” retains information of anti-neutrino direction
key point
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How to measure? : theoretical calculation

arXiv:1601.06169

νe P

e+

θnn

θe

Eνe

Re+

γ(0.511MeV)

e-
γ(0.511MeV)

Theoretical calculation gives us “θe”.
→”θn” is determined by the 
conservation of momentum.
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How to measure? : prompt signal
prompt : e+ signal

[MeV]
eν

E
0 2 4 6 8 10 12 14 16 18 20

> eθ
<c
os

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

low energy 
→almost isotropic

Re+[mm]

[e
v/

1m
m

]

<Re+>~4mm

νe

prompt signal retains information 
of     captured position

νe P

e+

θnn

θe

Eνe

Re+
γ(0.511MeV)

e-
γ(0.511MeV)

prompt signal

simulation
Phy. Rev. D 60, 053003
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How to measure? : delayed signal
delayed : neutron capture signal

3.1. 液体シンチレータによる方向検出 19

e
θ
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図 3.9: ニュートリノのエネルギーと陽電子、中性子の反跳角の相関 : 3MeV以下の
時中性子の反跳角は 35◦以下に抑えることが出来る。
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図 3.10: ニュートリノのエネルギーと中性子の運動エネルギー、反跳角の相関 : 3MeV
以下の時中性子の運動エネルギーは十数 keV以下である。

3MeV

2MeV

5MeV

8MeV

θ n

Eνe      <3MeV→θn<35°

forward recoil neutron retains information 
of the anti-neutrino direction
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How to measure? : answer!

   correlates well with    
direction

r
νe

measure neutron capture position 
before neutron loses directional information
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Problems of current LS
Problems

1.directional data is lost due to 
   the thermal diffusion.

2.γ-ray travels 40cm
we can not decide 
detection point.

introduction of  neutron capture nucleus
candidates:6Li, 10B ✓large neutron capture cross section

✓(n,α)reaction
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neutron capture nuclei loaded liquid scintillator 
high vertex resolution detector

Improvements

prompt signal
γ(0.511MeV)

γ(0.511MeV)

delayed signal

Q=4.8MeV

ΔT=20µsec 
(0.15wt%)

Improvements

1. minimize the thermal diffusion

2. α-ray can not travel long
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6Li or 10B

②6Li 

n+6Li→α+3H(Q=4.8MeV)

①10B

7Li*→7Li + γ (Eγ=0.48MeV)

n+10B→7Li*+α(BR=94%,Q=2.3MeV)

n+10B→7Li+α(BR=6%,Q=2.8MeV)

ref) proton 0.3 barn

neutron capture 
cross section

3835 barn 940 barn

natural abundance 19.9 % 7.5 %
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6Li or 10B : simulation

minimizing
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νe P

e+

γ

θ
n
αorx

KamLAND LS

Angular Resolution

Asymmetry miss-identification rate 
(θ>90°)

6Li LS 0.391 30.4%
10B LS 0.148 42.6%

KamLAND LS 0.079 46%

Asymmetry = 
A+ + A-

A+ - A-

A+  0≦ cosθ≦1 
A-  -1≦ cosθ≦0

A : number of event
best
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6Li loaded liquid scintillator 
high vertex resolution detector

Developments 21/32



Developments: status

6Li loaded liquid scintillator 
high vertex resolution detector

→(almost) completed!
→ongoing

6Li loaded liquid scintillator 
+ 

high vertex resolution detector
→ongoing
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Developments: status

6Li loaded liquid scintillator 
high vertex resolution detector

→(almost) completed!
→ongoing

6Li loaded liquid scintillator 
+ 

high vertex resolution detector
→ongoing
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6Li loaded LS : previous experiment
Bugey (1991~1992)

- 6Li 0.15wt% 
- psudocumene base 
- chemical instability led ~1% daily 
loss of detected light

NE320

We have to develop in our original way.

166 ht. Abbes et ol./Nucl. Instr. and Meth. in Phys. Res. A 374 (1996) 164-187 

Fig. 1. A schematic view of one detection module and of the detection 

principle. 

of available photo-multipliers. The length choice has been 

imposed by the existing shielding castle. Every cell is in- 

strumented at each side by a photo-multiplier (Fig. 1). We 

have built 3 identical modules, one being installed at the 

15 m station, the other two being on top of each other at 

the 40 m station. Because of the chemical reactivity of the 

NE320, the only materials we allowed to be in contact with 

the liquid are 3 16L stainless steel and Teflon. The amount of 

inactive material has been reduced to the minimum, in order 

to minimize the overall background due to gammas and fast 

neutrons produced by cosmic ray interactions around or in 

the shielding [ 31. 

3.1. Tank and windows 

The body of the tank is a 122 x 62 x 85 cm3 box made of 

4 mm thick stainless steel walls stiffened by welded square 

tubes. Two 18 mm thick flat flanges receive the windows and 

the photo-multipliers mechanical support (Fig. 1). In order 

to minimize the possible chemical exchanges between the 

tank steel and the scintillator, the internal metal surface has 

been polished at the factory (granularity below 0.05 pm). 

Special care for cleaning has been taken at the end of ma- 

chining (passivation and ultra-pure water rinsing) [ 111. 

The two optical windows are each made of a 13 1 x 71 cm’, 

8 mm thick acrylic glass plate. Their protection against 

the strong pseudocumene chemical attack is obtained by a 

125 pm FEP Teflon sheet [ 121, glued at room temperature 

with an optical glue [ 131. Acrylic glass has been preferred 

to Pyrex glass for safety reason (no “sudden and complete” 

destruction), easiness of machining (bolt holes drilling), 

feasibility in our laboratory, very small natural radioactivity, 

despite a 12% loss of light caused by the Teflon interface 

Fig. 2. A detailed view of the gasket region. 

(absorption, and reflection due to its low refractive index 

1.344 for large incident angles). The windows are glued on 

the flat free surfaces of the 7x 14 PMs support matrix by 

adhesive tape. The optical contact of photo-multipliers is 

achieved using a silicone grease [ 141. 

As shown in Fig. 2, the liquid tightness is obtained by 

two symmetrical expanded Teflon joints on each side of the 

68 bolt holes [ 151. In this way, we minimized the flexion 

forces on the acrylic glass window which were a danger for 

a good and stable optical contact of the photo-multipliers 

close to the sides. A 20 g nitrogen pressure is maintained 

above the liquid, two 50 g valves insuring the security. We 

encountered no leak problems for three years of operation. 

3.2. Internal optical separation 

The PSD technique demands the optimization of the 

amount of detected light without too much timing degra- 

dation, then imposes the use of total light reflection: this 

implies a small gap of gas to maintain it. The 98 light 

collectors are immersed in the liquid; each of them is a 

85 x 8.3 x 8.3 cm3 tunnel manufactured in the following way. 

A sandwich, as shown in Fig. 3, is made of the super- 

position of the five following layers: two external 125 pm 

thick transparent FEP Teflon skins [ 121 with, inside, a 

150 pm stainless steel foil which is the hard core, covered 

by 15 pm of high reflectivity aluminum. A polyamid veil 

(“‘Rdle”, normally used for wedding dresses) is placed 

between Teflon and aluminum to avoid wet contacts which 

suppress total reflectivity. The two (larger) external Teflon 

foils are thermally sealed together, closing the layer of air 

needed for total reflection. For small light angles, the low 

refractive index of FEP Teflon is sufficient to establish the 

total reflection. The final shape of the light collectors is 

obtained by folding the sandwich on a specially adapted 

folding machine. They were tested in a pressurized water 

tank to eliminate possible leaks. 

Teflon “FEP” has been chosen for its excellent chemi- 

cal properties, good transparency in the scintillation light 

region 2 and very good aptitude for thermal sealing. More 

*The nominal transparency for a 125 pm film is 0.96; this is an important 

parameter since the effective transparency is this number raised to the power 

of twice the mean number of light reflections which is about 4. 

85cm
8cm

8cm

They observed reactor anti-neutrinos 
using Li loaded liquid scintillator, NE320
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6Li loaded LS : our method
- behavior of Li component 
   ① insolvable in oil 
   ② solvable in water

mix organic solvent and Li compound 
aqueous solution with surfactant 

①pseudecumene 
+ surfactant

③Li compound 
+water

②PPO, bis-MSB

*surfactant : POE(10) octyl-phenyl-ether
O HH3C O

10
hydrophobic group hydrophilic group

exposure to 
ultraviolet light

- our recipe

Pseudecumene 82 wt%
POE(10) octyl-phynyl-ether 18 wt%

LiBr 31 g/L
PPO 5.4 g/L

bis-MSB 0.1 g/L

We have developed the 6Li loaded LS by the original method.
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6Li Light yield
(KamLAND LS = 1)

Transparency 
@400nm Delayed energy

target > 0.15 wt% > 1.0 > 100 cm better than KamLAND

our study 0.16 wt% 1.03 ± 0.03 167.9 ± 4.3 cm 540 ± 14.9keV

6Li loaded LS : progress of our method
Y.Shirahata Master Thesis

Our Li LS has required quality 
for small size detector

Days
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Developments: status

6Li loaded liquid scintillator 
high vertex resolution detector

→(almost) completed!
→ongoing

6Li loaded liquid scintillator 
+ 

high vertex resolution detector
→ongoing
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High vertex resolution detector

- We need high vertex resolution to 
separate 2 vertexes. 

- required resolution : ~1.5cm 
    (ref: Photo Multi Plire (PMT) ~10cm)

scintillator image datamirror multi anode 
PMT

“Imaging Detector”
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scintillator image datamirror multi anode 
PMT

Imaging Detector

Data
Simulation

Distance [mm]

Im
ag
e 
Si
ze

 (m
m
)

29cm 15cm

LED light & CCD camera

We designed mirror for 30L detector.

30L
30cm

- consistent with simulation 
- vertex resolution < 8mm 
         (required : < 15mm)
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scintillator image datamirror multi anode 
PMT

30L
30cm

Imaging Detector

- “pixelated” PMT (64 channels) 
- required to measure 1 p.e.

Hamamatsu H12700

5cm
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muon tracking h2muon
Entries  9472
Mean x   3.909
Mean y   4.105
RMS x   1.965
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Entries  9472
Mean x   3.909
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muon tracking
muon tracking image

32

muon track

Imaging System is able to measure scintillation light 

5cm
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Developments: status

6Li loaded liquid scintillator 
high vertex resolution detector

→(almost) completed!
→ongoing

6Li loaded liquid scintillator 
+ 

high vertex resolution detector
→ongoing
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Li LS

N2 purge

30L Li LS

30L Li LS
mirror

30L Detector : LiLS + Imaging Detector
Y.Shirahata Master Thesis28/32



ADC [ch]
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137Cs (1γ: 661.7 keV)

①background 
②with 137Cs source 
①ー②

30L Detector : LiLS + Imaging Detector
Y.Shirahata Master Thesis

5inch PMT

mirror & 
MAPMT

Image measurement with γ-ray source
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Simulation

Data

1m

252Cf

γ or n γ

ΔT = 84.9±4.5μsec
ref) KamLAND LS: 210μsec Charge

SimulationData

30L Detector : LiLS + Imaging Detector
Y.Shirahata Master Thesis

Image measurement with neutron source
(≈ delayed event)
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Future Prospects

size

source

goal

< 3 years

30 L

neutron

① demonstration of new technology

①

< 10 years

~200 L

reactor neutrino

② directional measurement of high rate neutrino sources

②

>10 years

> 1kt

geo-neutrino

③ directional measurement of geo-neutrino

③
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Conclusions

‣New measurement technologies: 
  * 6Li loaded liquid scintillator can have good directional sensitivity. 
   - We have developed the 6Li loaded LS by the original method. 
 * 30L detector : test of detection technology 
 *<5 years : Reactor neutrino directional measurement with ~200L 
size detector

‣Directional sensitivity will be efficient technology for anti-neutrino 
measurement, especially geo-neutrino measurement. 

✦ Make the impossible, possible! 
✦ Breakthrough technology for “next generation” detector.
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