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Directional Measurement
‣Physics Motivation

Ling imaging water Cherenkov detectors(Super 
Kamiokande, SNO, etc) can have directional sensitivity.

Super Kamiokande I
They can separate 

solar ν event from B.G.

Liquid scintillator detectors have good sensitivity to 
anti-neutrinos to use delayed coincidence. 
It doesn’t provide directional information.

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]
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1. Geo anti-neutrinos
- Search for radiogenic heat source 
in the earth’s deep interior

- Separation of reactor anti-neutrinos

U
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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
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Upper Continental Crust
Lower Continental Crust
Oceanic Crust
Upper Mantle
Lower Mantle

There are many  physics motivations.

We want to extract directional information from the 
liquid scintillator detectors.

1kt size detector case

2. Supernova anti-neutrinos

- Early determination of SN direction
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3. Reactor anti-neutrinos
- Improvement of 
oscillation sensitivity

Application to reactor monitor

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
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Hamaoka
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200L size detector case

In the first stage, we target the 
development of ~200L size detector.

- monitoring system for combustion facilities
- discrimination based on directional information 
between B.G. and anti-neutrino
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‣Detection Principal

νe + p → e+ + n
inverse β-decay 

prompt : e+ signal

This reaction is tagged by 
delayed coincidence.
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3.1. 液体シンチレータによる方向検出 19

e
!

0 20 40 60 80 100 120 140 160 180

n
!

0

10

20

30

40

50

60

70

80

90

100
 8.0MeV

e
"

E

      5.0MeV

      3.0MeV

      2.0MeV

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。
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delayed : neutron capture signal

Eνe      <3MeV→θn<35°

forward recoil neutron retains 
information of the anti-neutrino direction
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prompt e+ position

delayed neutron capture position

P
e+

νe

n
r

- Current liquid scintillator doesn’t have the sensitivity.
- Vertex resolution of PMT(~10cm) is not enough.

   correlates well 
with    direction
r

νe

problems

To solve these problems, we aim at 
developing new measurement technology.

(The required resolution is about 10mm.)

Li loaded liquid scintillator
Imaging detector
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Development of Liquid Scintillator

‣Reaction in Liquid Scintillator

‣Neutron Capture Nucleus

‣Li loaded Liquid Scintillator

‣Performance Estimation
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‣Reaction in Liquid Scintillator

νe P

e+

θe

prompt signal

γ(0.511MeV)

e-
γ(0.511MeV)

delayed signal α

3H

6Li
nQ=4.8MeV
θnn

νe P
θn

e+

θe

prompt signal

γ(0.511MeV)

e-
γ(0.511MeV)

40cm

d
n

P
γ(2.2MeV)delayed signal

thermal diffusion

ΔT=200µsec

Problems
1.directional data is 
lost due to the thermal 
diffusion.
2.γ-ray travels 40cm

Improvement
1.minimize the thermal 
diffusion
2.α-ray can’t travel long

introduction of  neutron 
capture nucleus

candidates:6Li, 10B
✓large neutron 
capture cross section
✓(n,α)reaction

Development of Liquid Scintillator

ΔT=20µsec
(0.15wt%)
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‣Neutron Capture Nucleus
•Candidates •Simulation

- reactor anti-neutrinos 
energy range
- neutron
kinetic energy < 100keV
θn < 55°

C.1. 逆 β崩壊の反応断面積 121
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図 C.1: 逆 β崩壊の反応断面積

図 C.2: KamLANDで観測される原子炉ニュートリノのエネルギースペクトル [20]。
(b)は原子炉ニュートリノのエネルギースペクトルで (c)が逆 β崩壊の反応断面積。(b)
と (c)を掛け合わせることにより、(a)のスペクトルが得られる。

ここで Te、GF、me、Eν はそれぞれ反跳電子の運動エネルギー、フェルミ結合定数、
電子の質量、入射ニュートリノのエネルギーであり、パラメータA、B、Cは、

A = (gV +gA)2, B = (gV − gA)2, C = (g2
A − g2

V )

gV = 2 sin2 θW +
1
2
, gA =

1
2

for (νe, e)

gV = 2 sin2 θW − 1
2
, gA = −1

2
for (νµ, e)(ντ , e)

(C.6)

(a)Eνe[ev/(day MeV)]
(b)flux[108/(s MeV cm2)]
(c)cross section[10-43cm2]

(a)
(c)

(b)

64 第 6章 プロトタイプ検出器の作成に向けたシミュレーション

図 6.4: 原子炉反ニュートリノのエネルギー分布から求めた中性子の運動エネルギーと
反跳角の相関 : 中性子の運度エネルギーは 100keV以下、反跳角は 55◦以下であった。

2MeV

3MeV

4MeV

7Li*→7Li +γ(Eγ=0.48MeV)

②6Li(940barn)
n+6Li→α+3H(Q=4.8MeV)

①10B(3835barn)
n+10B→7Li*+α(BR=94%,Q=2.3MeV)

n+10B→7Li+α(BR=6%,Q=2.8MeV)

※1H 0.3barn
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•6Li or 10B
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large neutron capture cross 
section is effective in minimizing 

the thermal diffusion

(n,α) reaction is effective in 
holding the neutron capture 

position information
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‣Development of Li Loaded Liquid Scintillator
•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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•Li compound Isotope Natural 
Abundance

Cross 
Section

6Li 7.59% 940
7Li 92.41% 0.0454

- Only 6Li is necessary. 

- Firstly, we tried to develop Li loaded liquid scintillator 
without enrichment.
→couldn’t get good result.
low Li concentration, low light yield, no long-term stability, etc.

- Now, we already have enriched 6Li compound.

* 350g (we can develop small size detector, ~200L size)
* 6Li is commercial available.

- For large size detector, ~1kt size
* We can employ an establish method by 
crown ether.

0.5~1.5% enrich by 1 pass
16
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•How to dissolve Li in LS?
-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

*surfactant : Triton X (product name)

Polyoxyethylene(10) Nonylephenyl Ether (POE)

*Li compound : LiBr

O H
H3C O

10
hydrophobic group hydrophilic group

We have developed the 6Li loaded 
LS by the original method.

exposure to 
ultraviolet light

best

186.8g/100g water
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•Progress of the method

mixture ratio[%] Li[wt%]
6Li[wt%]

Transparency 
[cm@400nm]

light yield
[%]PC POE

target value - - 2.0
0.15 ≧70 ≧100

concl
usion

NOT 
enrich 50 50 1.04

0.078 64.6 46.1±0.4

enrich 80 20 -
0.15 135 122±0.8

※the proportion of KamLAND LS 
※

OK OK OK

- Necessary quantity of Li water solution is tenth of 
not enrich case.
- We have confirmed more than 2 years stability if use 
enriched 6Li.
   ref) NOT enrich case, <4months
         NE320, 1% daily loss of detected light

- toward 200L size detector(70cm cube)

18



•Time of Fright
*We want to measure neutron capture event in the Li loaded LS.

*How to measure
- 252Cf (neutron source)

4+

0+
2+

0.142

0.043 16%

84%
3.11%

252Cf

S.F.

Spontaneous Fission
Nγ=7.8
Nn=3.8

emitted at the 
same time

‣Performance Estimation

- check peak on energy spectrum
- check capture time

19



- setup Li loaded LS(2.0L)

2inch PMT(near)

LS

5inch PMT(far)
252Cf

50cm

γ
γ or neutron

6Li

ref)252Cf neutron ~ 2.5cm/ns

2inch PMT

5inch PMT

γ

γ or neutron

~20ns
τ(capture time)

prompt : γ or neutron 
recoiled by proton

delayed : 6Li capture event

ref) ~50µsec(simulation)

α+3H

* LiLS : 6Li 0.08wt%
(half of target value)

20



- result
*delayed signal energy spectrum * capture time

We can see clear peak of 
neutron capture event.

n + 6Li → α + 3H

ref) Ereal = 4.9MeV
Evisible ~ 600keV

capture time
56.84±0.31µsec
ref ) current liquid 

scintillator’s capture time 
~ 220µsec
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Imaging Detector

‣Outline

‣Initial Development

‣Measurement Result

22



[imaging result]

muon track

Imaging Detector
-The required position resolution is about 10mm.
-Precise measurement of energy deposit point with 
imaging devises.
(e.g.image intensifier(I.I.) and CCD camera)

‣Outline

*advantage : can fix vertex with only 1 direct photon
*disadvantage : photon collection efficiency is low(0.31%)

small size detector→need several I.I.s and CCDs
large size detector→plan to use another device
                                   e.g.) avalanche pixel photodiode

23



-We borrowed large diameter I.I. from SciFi experiment, 
and use it for initial development.
(It has not been optimized.)

- acceptance surface(bialkali) 211mmφ
- amplification mechanism (2stage)
     signal gain ~106

- quantum efficiency 12% @420nm

70 mm

60 mm

60 mm 30 mm

PMT PMT

Optics

図 4.7: 紫外光透過アクリル容器

4.1.3 I.I.-CCD

図 4.8: I.I.の概要

微少光の検出に際し、光学系で集光率を確保できるよう高倍率の設計を目指したい。そこで結像
面となる I.I.の受光面は大きなサイズであることが望ましい。本実験では KEKより借りることが
できた SciFi実験に使用されていた大口径 I.I.を使用した。図 (4.8)にその概要を示す。
　この I.I.は静電収束型とMCP型を組み合わせた 2段構造になっており、合わせて 106程の信号
増幅率を持っている。前段の光電面はバイアルカリで波長 400nmに対して 20%程の量子効率を持
つ。受光窓には FOP(Fibar Optic Plate)が使用されている。FOPは小口径の光ファイバーを束ね
て密集させたもので入射光を平行に伝達できるため内側に湾曲した光電面に像を歪ませることなく
伝達できる。FOPの口径は数 µm程で十分小さく解像度への影響はほとんどない。しかし、FOP
はその構造上、ファイバーのコア径とクラッド径の差分や束ねた際の充填率、入射口での反射など
の影響で光透過率に損失が生じてしまう。特に紫外領域ではその影響が顕著に現れ、分光透過率は
360nm付近を境に急激に低下する (図 (4.9))。本実験では波長変換剤 (bis-MSB)により発光波長を
高波長側にシフトさせて損失の影響をある程度防いでおり、波長 420nmでの透過率は 40%程度と

33

FOP MCP

21
1m

m
φ

‣Initial development
• Image Intensifier

24



光を終了させるための CCDへの triggerで、もう一方は I.I.の gateを offにするための triggerで
ある。CCDは triggerを受けてから 15µsec以内に promptのための露光を終了させ、300nsec程の
間隔をあけてから続けて delayed event(中性子捕獲反応)のための露光を開始する。delayedの露
光は 1枚目の画像の読み出しと同じ時間を要するため 12.2msec程の長い時間となる。この間露光
を止められない CCDの代わりに I.I.の gateを offにすることで 2枚目の画像へのノイズを防ぐ。

~ ~
Prompt発光 Delayed発光

I.I.蛍光面発光

PMTからのTrigger

露光時間調整delay

第１露光

第２露光

I.I. gate

~20 μsec

数十μsec

24.7 μsec

12.2 msec

数十nsec

300 nsec

150 nsec

数μsec

1 μsec

15 μsec以内

図 5.8: 高速連続読み出しのタイミングチャート

53

•CCD camera

- flushing time < 1µsec
- exposure time > 33µsec
- number of pixel 
480(H)×640(W)

*We also have fast readout CCD
(within 300nsec of each picture)

CCD needs trigger to release the shutter
→ use PMT’s signal

*for initial  development

prompt delayed

I.I. phosphor 
screen emission

trigger from PMT

delay for exposer 
time fixing

1st exposure
2nd exposure

I.I. gate

300nsec

dozens nsec

dozens  µsec

< 15µsec

dozens  µsec

~ 20µsec

improved product
~20µsec

we can not detect 
prompt and delayed 
signal individually.

We are planning to use it to detect the 
neutron capture event in the 6Li loaded LS.
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optics

I.I.+CCD camera

LS(6cm×6cm×3cm)

• Liquid scintillator(LS)
pseudecumene : organic solvent
PPO(5.0g/l) : scintillating material
bis-MSB(0.1g/l) : wave length shifter

!"#$%&'$()*+,-$)./#

0 1#)&23

4,526%7'*)&2,+$(3,8

972*+,+$(:)6,;,<=,''

>&*'$)$%,;,?=,''

Image
Intensifier

LS
126.8 mm

110 mm 90 mm

'*:(&9&2*)&7(,@,A

#67)7,27++$2)&7(,$99&2&$(2B,;,=CDA,E

>$#)6,79,9&$+>,;,~,?<,'',

%$37+/)&7(,;,F,~,D,''

30 mm

•Optics
- Achromatic lens
  focal length : 60mm
  diameter : 40mm
- photon collection efficiency 
0.31%(@center)
  *we need several systems.
- resolution σ < 3mm

* λ : 370nm→420nm
for increase in light 
transmission and 
quantum efficiency. 3cm6cm

6cm
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‣Measurement Result
•60Co bright spot measurement

図 4.4: 実験装置

4.1.1 DAQ回路

液体シンチレータの容器の両端に PMTを設置し、その coincidenceを CCD及び CAMACへの
トリガー信号とする。coincidence回路にかかる vetoは CCDの画像データ取得と CAMACの不
感時間の差を補正し、両者のデータ取得を同期させるためである。実験に用いた液体シンチレータ
の発光時間は数 nsecであり CCDにトリガー信号が到達するより早いが、I.I.の蛍光面の残光特性
によって µsec以上の時間像の情報は保持されるので CCDへのトリガー信号は十分間に合うよう
になっている。
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Delay
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Discri.

Delay
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Coin..

PC

図 4.5: DAQ回路の概要
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60Co γ-rays(1.173MeV, 1.333MeV) are collimated by Pb.
 →We determined whether bright spots changed with 60Co position. 

I.I. CCD

Pb
60Co

5cm

collimate line
(1cm×1cm×5cm)

3cm
6cm

top case bottom case

I.I. CCD

Pb

60Co

5cm
3cm

6cm

liquid scintillator(LS)

※Ytop-Ybottom=2.0cm
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60Co γ-rays(1.173MeV, 1.333MeV) are collimated by Pb.
 →We determined whether bright spots changed with 60Co position. 
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Application to Reactor Monitor

Image Intensifier+CCD camera

optics

6Li loaded LS

•cube 70cm 
on a side
(200L)

•6Li 0.15wt%

PMT

0
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建屋設置レベルでの
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~20m

depth
~16m detector

ground level

bedrock

diameter
 ~3m

reactor
~3.3GW

-at Kashiwazaki nuclear power plant, there have already been vertical shaft.
-1500 νeevents/day (200L size detector)

No.2 plant

1. We will explore possibility of directional measurement at 
16m under ground.
2. We are planning to try to measure above ground.
Li loaded liquid scintillator has good resistance for B.G. event.

30



Summary
‣6Li loaded liquid scintillator can have good directional 
sensitivity.

‣We have developed the 6Li loaded LS by the original 
method.
‣If we use enrich 6Li compound, required performance for 
200L size detector has been achieved.

- Li LS

- Imaging Detector
‣We checked position resolution using I.I. and CCD camera.

- continue to R&D for prototype detector
‣We are trying to explore possibility of pals shape 
discrimination.
‣We want to measure energy deposit points in the 6Li loaded 
LS with imaging detector.
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Backup
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Performance Estimation
‣α-quenching factor
•We want to know the 
α-quenching factor for 
measuring delayed 
signal.

6Liα

γ

n
νe

prompt
signal

delayed
signal

P

e-
e+

3H

γ

4.8MeV
α 1.9MeV

3H 2.9MeV

222Rn
3.824day

218Po
3.10min

214Pb
26.8min

α
5.490MeV

α
6.003MeV

α
7.687MeV

β
0.67,

0.73MeV

β
1.07,1.51,3.

27MeV

214Bi
19.9min

210Tl
1.30min

218At
1.6sec

214Po
164.3µsec

210Pb
22.3year

(0.02%)

(99.98%)

(99.98%)

(0.02%)

•How to measure
-loaded 222Rn in LS
-214Po→210Pb : α-ray(7.687MeV)
-214Bi/214Po delayed coincidence
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•result
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half life
168.5±2.6µsec

(ref.164.4µsec)

dT
*214Po α-ray quenching factor

LiLS 1/9
(ref.KamLAND 1/14
pseudecumene : dodecane = 1:4)

*high rate pseudecumene 
minimize the quenching effect 
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•137Cs measurement
We checked if lower energy event was taken by 
CCD camera.
   - 137Cs γ-ray 662keV

horizontal pixel

ve
rti

ca
l p

ix
el

137Cs event
I.I. CCD

137Cs

3cm
6cm

setup
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