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ABSTRACT

Neutrino physics is the frontier of particle physics, astrophysics and cosmology

physics. Neutrino oscillation is the only evidence of physics beyond the standard model

in particle physics, and serves as a key to search new physics. Among the six basic

parameters of the neutrino mixing matrix, the value of θ13 is important for future neu-

trino experiments. The goal of Daya Bay neutrino experiment is to precisely determine

θ13 with a sensitivity of 0.01 or better in sin2 2θ13 at 90% confidence level. In order

to achieve this goal, it is important to reduce the systematic uncertainties as well as

suppress backgrounds, which requires a very careful detector design.

An innovative design in the Daya Bay antineutrino detector (AD) is to use optical

reflective panels at the top and bottom of the detector cylinder, in order to increase

light collection and vertical uniformity. The main work in this thesis is responsible for

the design and fabrication of the reflector. The physical design has been optimized by

the Monte Carlo study. The mechanical design and lifting scheme have been verified

and optimized through a prototype fabrication. To determine the best materials, a lot

of studies to the reflective films and acrylic have been taken. Strict cleaning criteria

and procedures are followed to ensure the optical quality. To flat the reflective film and

seal the reflector, a special vacuum pumping technic has been found. Strict criteria and

procedures for inspection and acceptance are well followed. Till now, half of the reflectors

have been produced with good quality and have been accepted by the experiment. This

thesis also contributes to the background control of the AD, including the radioactivity

and cleanness criteria of AD, as well as the cleaning for LS storage tank.

The charge and time distribution become complex due to reflectors. It increases the

difficulties for reconstruction. In this thesis, a maximum likelihood (ML) reconstruction

algorithm is developed. The vertex and energy are determined from the charge pattern

of the PMTs, without reliance on time-of-flight. Monte Carlo studies of the ML method

show good performances for both the Daya Bay antineutrino detector and its prototype.

The ML method is further tested with the source data in the prototype detector. The

reconstruction algorithm has been implemented into our software framework NuWa.

iii



Based on our understandings to the light propagation in the detector, either recon-

struction or simulation needs a proper optical model. In this thesis, a new optical model

is proposed for detector simulation. The new model gives a full description to the light

absorption and re-emission processes between the liquid scintillator components. This

work is based on the accurate measurement of the liquid attenuation length and the

preliminary results of quantum yield measurements.

Key words: neutrino oscillation, reflective panel, antineutrino detector reconstruction,

optical model, low background

iv



888¹¹¹

1 ÚÚÚóóó 1

1.1 ¥�fÔn{0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 IO�.�¥�f . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 �ÑIO�.�¥�f . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 ¥�f��nØ�¢� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 ¥�f��nØ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.2 ��¥�f¢� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.3 �í¥�f¢� . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2.4 \�ì¥�f¢� . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.5 �Aæ¥�f¢� . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Ø©�SNÚ(� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 ���æææ������AAAæææ¥¥¥���fff¢¢¢��� 17

2.1 Ôn8IÚ¿Â . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 ¢�5y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 ¢�oN�O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.2 ¢�ÙÛÚÄ�`z . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.3 &ÿì�OÚ(� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.1 ¥%&ÿì . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.2 �ÎÜ&ÿì . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

v



3 ���æææ���¥¥¥%%%&&&ÿÿÿììì���������ïïï��� 27

3.1 ¥%&ÿì����OÚ`z . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1.1 Vg�O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1.2 Ôn�OÚ`z . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1.2.1 ��� � . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.1.2.2 1Æ��5Ué&ÿì�A�K� . . . . . . . . . . . . . 30

3.1.2.3 ���º� . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.1.3 ¥%&ÿì�.�y����O . . . . . . . . . . . . . . . . . . . 33

3.1.4 ó§�OÚ`z . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.1.4.1 Å��OÚ�� . . . . . . . . . . . . . . . . . . . . . . . 37

3.1.4.2 LC�Y�OÚ`z . . . . . . . . . . . . . . . . . . . . . 42

3.2 ¥%&ÿì����.ï� . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.1 ��L§ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.2 ²�o( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.3 ���ïÄ9á�ÀJ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.1 n²£(���Ç��Ç . . . . . . . . . . . . . . . . . . . . . . . 47

3.3.1.1 9½5ÚoN5 . . . . . . . . . . . . . . . . . . . . . . 49

3.3.1.2 \��é��Ç�K� . . . . . . . . . . . . . . . . . . . 50

3.3.1.3 ��5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.1.4 �( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.3.2 kÅÀæá�ïÄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.4 ¥%&ÿì����� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.4.1 �'�� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.4.2 b�Ú�µó² . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.4.2.1 �µó² . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.4.2.2 b�ó² . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.4.3 �þ��9�Â . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4.4 �ã5¤J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4.5 ���SC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

vi



3.5 ¥%&ÿì$�.�� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.5.1 g-Ú�ð��5�I . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.5.2 ¥%&ÿì�'IO . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5.3 �æ��ð�;-�� . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.6 �Ù�! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4 ���æææ���¥¥¥%%%&&&ÿÿÿììì¯̄̄~~~ººº:::ïïï���{{{999^̂̂���mmmuuu 77

4.1 ¥%&ÿì¯~º:ï�{ïÄ . . . . . . . . . . . . . . . . . . . . . . 77

4.1.1 Äu>Ö&E�4�q,ï�{ . . . . . . . . . . . . . . . . . . 77

4.1.2 ï�{¥�1Æ�. . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.1.2.1 ��1�Ï�>ÖO� . . . . . . . . . . . . . . . . . . . 79

4.1.2.2 û���1Æ�. . . . . . . . . . . . . . . . . . . . . . . 81

4.1.2.3 º���1Æ�. . . . . . . . . . . . . . . . . . . . . . . 83

4.1.3 �{5U . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.1.3.1 º:ï . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.1.3.2 Uþï . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1.4 1ÆëêÄ��{ . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.1.5 �mq,¼êïÄ . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.1.5.1 PMTÂ¥�m©Ù . . . . . . . . . . . . . . . . . . . . . 96

4.1.5.2 �mq,¼ê . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.2 ¥%&ÿì�.�yï�{ . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.2.1 Monte Carloï . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

4.2.2 �Ýêâï . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.3 ï^�mu . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

4.4 �Ù�! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5 ���æææ������ððð111ÆÆÆ���...ïïïÄÄÄ 109

5.1 �NðcNu1Å� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.1.1 �NðcN{0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.1.2 u1L§{0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

vii



5.2 �æ�¢��ð . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2.1 �æ��ð|¤ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.2.2 �ð5�ëêÿþ . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.2.2.1 u�1Ì . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.2.2.2 1��ÚP~�Ý . . . . . . . . . . . . . . . . . . . . . . 115

5.2.2.3 u1P~�m~ê . . . . . . . . . . . . . . . . . . . . . . 115

5.2.2.4 |«Ïf . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.3 �ð&ÿì�1Æ�[ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3.1 Ù¦¥�f¢��&ÿì1Æ�[ . . . . . . . . . . . . . . . . . . 117

5.3.1.1 CHOOZ & Palo Verde . . . . . . . . . . . . . . . . . . . . 117

5.3.1.2 KamLAND . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3.1.3 Borexino . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.3.2 �æ�¢��[^� G4dyb¥�1Æ�. . . . . . . . . . . . . . . 119

5.4 P~�ÝÿþïÄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

5.5 #1Æ�.ïÄ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.5.1 1Æ�.£ã . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.5.2 #1Æ�.�1Æëêÿþ . . . . . . . . . . . . . . . . . . . . . . 136

5.5.2.1 F1þf�� . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.5.3 u1P~�m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.6 �Ù�! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6 ooo(((���ÐÐÐ""" 141

6.1 Ø©o( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.2 Ð" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

uuuLLL©©©ÙÙÙ888¹¹¹ 149

������ 151

viii



���ããã888¹¹¹

1.1 LEPþ e+e−�«�rf"���¡ . . . . . . . . . . . . . . . . . . . . . 2

1.2 IO���.ýó���¥�fUÌ" . . . . . . . . . . . . . . . . . . . . 8

1.3 ��¥�fëê�Z[Üëê9�&«m . . . . . . . . . . . . . . . . . . 9

1.4 �Aæ¥�fUÌ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.5 {¤þ��Aæ¥�f��¢� . . . . . . . . . . . . . . . . . . . . . . . . 13

2.1 �Aæ¥�f�¹AÇ�Ä��Ý�Cz'X . . . . . . . . . . . . . . . . 20

2.2 �æ��Aæ¥�f¢���AæÚ¢�eÙÛ . . . . . . . . . . . . . . . 20

2.3 �æ�¢�(¯Ý� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.4 �æ�¥%&ÿìáN«¿ã . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 �:¢�e�»� µ�ÎÜXÚ" . . . . . . . . . . . . . . . . . . . . . . 25

3.1 ¥%&ÿìkÃ���Z���A'� . . . . . . . . . . . . . . . . . . . . 28

3.2 ¥%&ÿìkÃ���R���A'� . . . . . . . . . . . . . . . . . . . . 28

3.3 ¥%&ÿìkÃ���ï'� . . . . . . . . . . . . . . . . . . . . . . . . 29

3.4 º���Úû���é&ÿì�A�'� . . . . . . . . . . . . . . . . . . 30

3.5 ����[&ÿì¿¡«¿ã . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.6 ���º�éPMTÂ¥êK� . . . . . . . . . . . . . . . . . . . . . . . . 32

3.7 ØÓ���º�1��ÚUþ©E'� . . . . . . . . . . . . . . . . . . . . 32

3.8 ���º�éLS8U�Uþ�AK� . . . . . . . . . . . . . . . . . . . . . 33

3.9 ���º�éï��Uþ©EÚº:©E�K�" . . . . . . . . . . . . 33

ix



3.10 ��.&ÿìAÛ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.11 pU¤��.&ÿì¢�1��ã���¤^¾���Ç£�ã¤§¢

�1��ãþ���¤^ ESR���Ç£mã¤" . . . . . . . . . . . . . 35

3.12 137Cs3¥%&ÿì�.¥%¶ç���� ���[�¢��UÌ'� . 35

3.13 137Cs3¥%&ÿì�.¥%¶ç���� ���[�¢��UÌ¸ 

Ú©EÇ�'� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.14 ���3¥%&ÿì�.¥��^ . . . . . . . . . . . . . . . . . . . . . . 36

3.15 �æ�¥%&ÿìþ���Å��Oã . . . . . . . . . . . . . . . . . . . . 37

3.16 �æ�¥%&ÿìe���Å��Oã . . . . . . . . . . . . . . . . . . . . 38

3.17 �æ�¥%&ÿìe����g-.Ü�� . . . . . . . . . . . . . . . . . 39

3.18 �æ�¥%&ÿìþ���� 4 m-ºXÚ�ÝXÚ���" . . . . . . . 39

3.19 2=� PMTXÚ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.20 �[�í¨kÅÀæ.¡é 2=� PMT1Â8�K�" . . . . . . . . . . 41

3.21 &ÿì$1ÏmgÄ�ÝXÚ��Ý �" . . . . . . . . . . . . . . . . 41

3.22 ���m���é GdLS! LS¥ 2=� PMT�K�" . . . . . . . . . . 42

3.23 kÅÀæÅ�5Uëê . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.24 LC����/C!Aå©ÛI . . . . . . . . . . . . . . . . . . . . . . . . 43

3.25 ����.LCÁ� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.26 MIRO-Silver��Ç . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.27 n²£(���¬ì¡" ESR�^ß²��ä���½ukÅÀæL

¡§4����xh��µu ESR��¡ÚkÅÀæ�m" . . . . . . . . 48

3.28 �ã� ESRà�3�í¥���Ç±9ü«n²£(���¬���Ç

'�"mã���¬¤æ^� 1 cmkÅÀæßLÇ�" . . . . . . . . . 49

3.29 ó�¢�c� ESRº¡��Ç'�"ÉÚJ�L« ESR�¡� green

¡§7Ú¢�L« ESR�¡� blue¡" . . . . . . . . . . . . . . . . . . . 50

3.30 ESR�Ý�AÿþC�" . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.31 ESR��Ç3�íÚxh¥��Ý�A" . . . . . . . . . . . . . . . . . . 52

3.32 ESRßLÇ��Ý�Cz" . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.33 ESRßLÇ��Ý�Cz" . . . . . . . . . . . . . . . . . . . . . . . . . . 53

x



3.34 ØÓkÅÀæ�¬�ßLÇ«~ . . . . . . . . . . . . . . . . . . . . . . . . 55

3.35 G4dyb¥��ðu�1Ì£�ã¤§�NP~�Ý£¥ã¤§ PMTþ

f�Ç£mã¤" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.36 1BL 1 cmkÅÀæ�1´«¿ã . . . . . . . . . . . . . . . . . . . . . . 56

3.37 3 mkÅÀæ-�.�kÅÀæ�¬ò�Ç n(λ) [57]"Ø�ÄkÅÀæ

é1�áÂ§d n(λ)O����oßLÇ Teff " . . . . . . . . . . . . . . 57

3.38 P~�Ý�.«~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.39 o1>fê� λ0 �Cz§���3&ÿìqNÈSþ!�)� 1 MeV

e+" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.40 �ý¢º�'~� 1:9�e����.�¬" . . . . . . . . . . . . . . . . 60

3.41 3����º��.��¥§Ø��É�b�"�" . . . . . . . . . . . . 60

3.42 ����µ�O�Y�" . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.43 ����µ�O�Y�" . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.44 ����µ�O�Y�Ö¿µ��µ��«�Y" . . . . . . . . . . . . . 62

3.45 ����µ�O�Yn" . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.46 ���ý�á�Lä�ª�O�Éå©Û§�ã���/C§mã�A

å©Ùã" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.47 ¥%&ÿì AD1SCe���" . . . . . . . . . . . . . . . . . . . . . . . 67

3.48 U,��5Ó �PCó . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.49 g- 238U/232Th��53�ð¥�)���UþÌ" . . . . . . . . . . . 70

3.50 �ð�;× . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.1 ü� PMT1>fê©Ù . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2 PMT�Ý�A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.3 :1Ú¥1áN�'� . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.4 û��1Æ�.«¿ã . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5 û��eïUþ� ZCz'X . . . . . . . . . . . . . . . . . . . . . . . 82

4.6 û��eïUþ©E'� . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.7 û��eº:ï©E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.8 û��eò&ÿì© bin���?�éº:ï�K� . . . . . . . . . . . 84

xi



4.9 º��eº��.«¿ã . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.10 º��e�?��1éÏ�>Ö��z . . . . . . . . . . . . . . . . . . . . 85

4.11 G4dyb¥ GdLS! LS!MO!kÅÀæ! PMTÀæò�Ç" . . . . . 86

4.12 ØÓ&ÿìëê��e§GdLS¥
q

µ
÷1� PMT�ål R���Ý

K£��¤§±9÷ cos θ��ÝK£m�¤" . . . . . . . . . . . . . . . 88

4.13 ØÓ&ÿìëê��e§ LS¥
q

µ
÷1� PMT�ål R���ÝK

£��¤§±9÷ cos θ��ÝK£m�¤" . . . . . . . . . . . . . . . . . 89

4.14 ADº:ï �'� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

4.15 ïº:� �©E'� . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.16 total charge�{ï�UþÓý¢��Uþ�'�÷&ÿìç���

£�ã¤Ú»�£mã¤�Cz" . . . . . . . . . . . . . . . . . . . . . . 92

4.17 MLïUþÓý¢��Uþ�'�÷&ÿìç���Ú»��Cz" . . 92

4.18 d total charge�{£�ã¤Ú ML�{£mã¤���&ÿìUþ©E

'�" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.19 ¥%&ÿì�ÝXÚ«¿ã" . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.20 Ã��&ÿì�¹e§ χ2�P~�Ýëê�Cz" . . . . . . . . . . . . . 95

4.21 k��&ÿì�¹e§ χ2 �P~�Ý£�¤Ú�����Ç£m¤�C

z" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.22 PMTþü1>f�m©Ù . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.23 b��V�ê�m©Ù . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.24 PMT1�Â¥�m�©Ù9Ù¥��1�'~ . . . . . . . . . . . . . . . 99

4.25 68Ge¯~z N (N=8, 16)�ü1>f¥À��@�1>f��m©Ù" . 100

4.26 \\�mq,¼ê�¥fº:ï©E" . . . . . . . . . . . . . . . . . . 100

4.27 q,¼ê÷��.&ÿìç���Cz«~"�ãÚmãéA 137Cs u

(0, 0, 27 cm)��ü�ØÓ¯~" . . . . . . . . . . . . . . . . . . . . . . . 101

4.28 '�:1! 137Cs γ º:ï �§�ã���.&ÿìç����

º:ï �§mã�»����º:ï �" . . . . . . . . . . . . . 102

4.29 total chargeïUþÓý¢��Uþ�'�÷&ÿìç���Ú»��

Cz" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

xii



4.30 MLï�UþÓý¢��Uþ�'�÷&ÿì�.ç���Ú»��

Cz" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

4.31 ØÓ 137Cs �e§êâïº:ÓMonte CarloUþ�È¥%'�" . 104

4.32 ØÓ 137Cs �e§�©êâUÌ!Monte CarloUÌ!ïUÌ�'

�" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.33 ØÓ 137Cs �e§MLïÚ total chargeï�'�" . . . . . . . 105

4.34 NuWaµee�êâ6§ã . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.35 ï^�6§µã" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.1 Perrin-Jablonski>fU?�nã" . . . . . . . . . . . . . . . . . . . . . 111

5.2 �æ��ð|©ßÝÀJ . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3 �NðcN�F1u�Ì . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.4 PPOÚ PC�P~�Ýÿþ£ Borexino¤" . . . . . . . . . . . . . . . . 119

5.5 V1åb	��©11Ì¤1´«¿ã . . . . . . . . . . . . . . . . . . . . 121

5.6 TU-1901Ú UV-2550�ð�¬á1Ýÿþ'�" . . . . . . . . . . . . . . 122

5.7 UV-Vis1�K�«¿ã . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.8 10 cm�'Ú®á1Ý§�í¨�í�Ä� . . . . . . . . . . . . . . . . . 123

5.9 10 cm'Ú®C�C���á1Ý§�í¨�í�Ä� . . . . . . . . . . . 123

5.10 Ck�C�� 5 cm'Ú®3�¬³ØÓ �ÿþ«¿ã . . . . . . . . . . 124

5.11 Ck�C�� 5 cm'Ú®3�¬³ØÓ ��á1Ýÿþ(J . . . . . . 124

5.12 F1éá1ÝÿþK�«¿ã . . . . . . . . . . . . . . . . . . . . . . . . . 125

5.13 F1éá1Ýÿþ�K�«~ . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.14 RayleighÑ��Ý . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.15 �=¨�í.¡��?� . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.16 �ðP~�Ýÿþ'� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.17 �ð (LAB + 3 g/L PPO + 15 mg/L bis-MSB)¥�|©P~�Ý Γi(λ)

�" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.18 �ð (LAB + 3 g/L PPO + 15 mg/L bis-MSB)¥�|©�1áÂVÇ" 130

5.19 ØÓßÝ� bis-MSBá1Ý�" . . . . . . . . . . . . . . . . . . . . . . 131

xiii



5.20 �� cyclohexaneá1Ý�£�ã¤Ú�� (cyclohexane + 3g/L PPO)

á1Ý�£mã¤" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.21 8�z�� PPOá1Ý�" . . . . . . . . . . . . . . . . . . . . . . . . 132

5.22 8�z�� LAB£�ã¤Ú LSmã¤á1Ý�" . . . . . . . . . . . . 133

5.23 (190 nm, 330 nm)��S LAB1áÂVÇ" . . . . . . . . . . . . . . . . 133

5.24 ���ð�¬�u�1Ì" . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.25 1�¿wÚM�w£ Harmane¤ü áÂe�F1È©rÝ" . . . . . . 137

5.26 PPOÚ bis-MSBF1È©rÝ�1áÂ�'X" PPO�¬ÿþ�-u

Å���� (300 nm, 340 nm)§ bis-MSB �¬ÿþ�-uÅ����

(360 nm, 380 nm)" . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.27 LAB + 3g/L PPOu1P~�m[Ü(J" . . . . . . . . . . . . . . . . 139

xiv



LLL���888¹¹¹

2.1 �æ�¥%&ÿì�Ôn5U�¦ . . . . . . . . . . . . . . . . . . . . . . 23

2.2 �æ�¢�é�ÎÜXÚ5U��¦ . . . . . . . . . . . . . . . . . . . . . 25

3.1 ¥�f&ÿ�Ç'� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 V¡�ÓxhoN5«~£�« 3MV¡�¤ . . . . . . . . . . . . . . . . 51

3.3 MIRO-SilverU,��5ÿþ . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.4 c 4@���kÅÀæßLÇuÿ(J . . . . . . . . . . . . . . . . . . . . 66

3.5 g-�gá��5�¦9ü¯~Ç" . . . . . . . . . . . . . . . . . . . . . 70

3.6 �ð��5�¦9ü¯~Ç!'é�." . . . . . . . . . . . . . . . . . . 71

3.7 �í'ÀÝ�? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.8 ADf&ÿìXÚ3�'m��³�m�� . . . . . . . . . . . . . . . . . 73

4.1 Ã���{ü&ÿì�[ëê" . . . . . . . . . . . . . . . . . . . . . . . . 86

4.2 �ðu1P~�mÿþ(J . . . . . . . . . . . . . . . . . . . . . . . . . . 97

xv



xvi



111���ÙÙÙ ÚÚÚóóó

�Ù{ü0�¥�fÔnÄ��£Ú¥�f���nØ§±9£�¥�f��ëê

ÿþ�¢��{Ú¢�(J"

1.1 ¥¥¥���fffÔÔÔnnn{{{000

1.1.1 IIIOOO���...���¥¥¥���fff

3âfÔnÆIO�.¥§¥�f�£ã��þ�"!g^ 1/2!�^� Diracâ

f§�ë�f�p�^"UìÙ3f�p�^¥LyÑ5�/��0§¥�f©�n

�§©O´>f¥�f! µ¥�f! τ ¥�f§©O�n��>�f£>f! µf! τ

f¤éA"

3î³Øf¥% (CERN)� LEP e+e− éEÅþ ALEPH, DELPHI, L3, OPAL�

¢�3 Z �þNCÿþ
 e+e−�«�rf"���¡§¢�(JÓn�¥�f�IO

�.ýóÎÜ§Xã 1.1 [1]"�ù��{��6uIO�.g�"��°(��{´ÿ

þ Z0 PC�Ø���Ô©|'°Ý"��ë�f�p�^!�þ�u mZ/2�¥�f

�ê� Nv = 2.984 ± 0.008 [2]"y¢
IO�.¥�¥�f�ê�n"

IO�.¥§¥�f�þî��""ùug,.¥�U*ÿ��^¥�f§X

1958c�¢� [3]"XJ¥�fk�þ§@o§ØUU1��1§eÀJÜ·ë�X§

KATU*ÿ�m^¥�f"¯¢þ�8¿Ãm^¥�f�*ÿ(J"

1.1.2 ���ÑÑÑIIIOOO���...���¥¥¥���fff

IO�.¥§b½¥�f´Ã�þâf"CA�c��þ¢�yây¢
¥�f�
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ã 1.1: LEP e+e− éEÅþ ALEPH, DELPHI, L3, OPAL �¢�ÿþ�ØÓUþe

e+e− �«�rf"���¡§n^�©O´ØÓ¥�f�ê�IO�.ýó

[1]"

�y�§L²¥�f´k�þ�§�Ñ
IO�.�ýó"¥�fk�þ§¬Úu�X

�#Ôn¯Kµ

¥¥¥���fffkkkAAA«««ººº���ØØØ���333 sterile ¥¥¥���fffººº sterile¥�f´ LSND¢� [4]¤JÑ

��«Øë�f�p�^�¥�f§±)ºÙé ν̄µ → ν̄e���*ÿêâ§ù�)º´

Ä¤áòdMiniBooNE¢� [5]5u�£�1 1.2.1!¥?Ø¤"

¥¥¥���fff´́́Majoranaâââfff���´́́ Diracâââfffººº IO�.¥§¥�f´�^ Diracâ

f"e¥�fk�þ§@o§ØU±1��1§KAT�3m^�¥�f"édkü

«)º§�«@�m^¥�f´«#�âf�§¦+±cv*ÿ�§�§�*�3§

E´ Dirac âf¶,�«@�m^¥�f´�¥�f§¡�Majorana ¥�f§ù¬

����ÛA�y�§�*	ö�Ý�L¥�f�§§ÒC¤�¥�f"éu¥�f

´ Majorana âf�´ Dirac âf§¢�þ����*ÿ�L§´"¥�fV β PC

(A,Z) → (A,Z + 2) + e− + e− §XJ¥�f´Majoranaâf§ÒU
u)ù«PC

[6]"

¥¥¥���fff���þþþ������������ýýýééé���þþþ������ººº ¥�f��Á��U�Ñ�þ²��§ØU

2
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ÿþ¥�fýé�þ"°(ÿþ βUÌ£X�� β PC¤´ÿþ¥�fýé�þ��«

�U�{"|^þã"¥�fV β PC§��ÿþ¥�f���Majorana�þ"

¥¥¥���fff···ÜÜÜ������°°°(((���ººº°(ÿþ¥�f·ÜÝ
¥�·Ü�ëê§kÏu�õ

¥�f·Ü��Nã�"AO´ θ13 §§é CP »"Ú¥�f�þ�?ÿþÑk�¿

Â£� 1.2.1!¥?Ø¤"

¥¥¥���fffÚÚÚååå CP »»»"""���õõõ���ººº ¥�f�þ����������·ÜÝ
¥k�

� CP »"�£� 1.2.1!¥?Ø¤"§�·ÜÝ
 (CKM)�kaq�»"�§8c

<�®�ù« CP »"��»Æ¥Ô�¨�Ô�Øé¡k'§� CKMÝ
� CP »"

���§Øv±)º�»¥��oØ�3�Ô�"¥�f·ÜÝ
¥� CP »"�q�

kF")ûù�JK"

1.2 ¥¥¥���fff������nnnØØØ���¢¢¢���

1.2.1 ¥¥¥���fff������nnnØØØ

¥�fk�þ§�±l�«��=z�,�«��§=u)¥�f��"±elþ

fåÆÅ¼êÑu§?Ø¥�f��·Ü±9¥�f���nØÄ: [7]"

XJ¥�fk�þ§KÓ�>�f��þ��� e, µ, τ aq§¥�f�k�X��

�þ��� ν1, ν2, ν3, ..."XJ�f·Ü§f�p�^ÀÚfW �±Ó?Û���>

�f�þ��� lα(α = e, µ, τ)Ú?Û¥�f�þ��� νi ÍÜ§ÍÜAÇ�Ì� U∗
αi

§Ù¥ U Ï~^ PMNS (Pontecorvo-Maki-Nakagawa-Sakata) Ý
L« [8, 9]"Ïd§

éuW+ → l+α + ν PC§Ù"�Å¼ê�±��

| να > =
∑

i

U∗

αi | νi > (1.1)

§´¥�f�þ����U\§�/��0� α��>�f���'é§S.þ·�ò

| να >¡�¥�f������"b� CPT ØC5¤á§ U Ý
�o�5�y
 να

�U3&ÿìS�)�Ó/��0��f lα "·��±ò¥�f�þ���Å¼ê�

¤������U\µ

| νi > =
∑

β

Uβi | νβ > (1.2)
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8c·�®�n«ØÓ�>�f�þ��� (e, µ, τ)§�ØüØ�UkÙ¦�¥�

f�þ���"'X§eko«�þ���§K�3�«Å¼ê�5|Üµ

| νs > =
∑

i

U∗

si | νi > (1.3)

§vkéA��>�f§ÏdØ�W ÀÚfÍÜ",��¡§ Z ÀÚf� ναν̄α �P

Cÿþw«�kn«¥�fÓ Z ÀÚfÍÜ£ LEP¢�§�1 1.1.1!0�¤"ù«

¥�fØë�IO�.�f�p�^§�¡� sterile¥�f" LSND¢� [4]3&ÿ

νµ → νe ����ÿ§uy¥�f�þ²���∆m2
LSND ∼ 1 eV§'Ù¦ü�¥�f

�þ²���
ü�þ?±þ§I�ÏL���þ�� eV� sterile¥�f5)ºù�

*ÿ(J"�
�yù�(J§ïá
MiniBooNE¥�f¢� [5]§� LSND¢�kX

�q� L/Eν§ÏL νµ → νe L§5*ÿ>f¥�f��)"MiniBooNE 2008c�*

ÿ(J§3 98%��&Y²üØ
 LSND�)º"�MiniBooNE¢�*ÿ��$U>

f¥�f&Ò õ§ØU��üØÙ¦)º"�)ûù�¯K§ MiniBooNE¢�®$

13 ν̄µ �ê�ª§é LSND(J���u�"

Ð©��� α�¥�f3ý�½Ô�¥DÂC¤,�«�� β �¥�f�L§§�

¡�¥�f��"¥�fl�)�&ÿìu) να → νβ ���AÇ Amp(να → νβ)�

±�¤

Amp(να → νβ) =
∑

i

U∗

αiProp(νi)Uβi (1.4)

Ù¥ U∗
αiProp(νi)Uβi ´¥�f�þ��� νi��z§ U∗

αi ´¥�fνα ��þ��� νi

�AÇ�Ì£úª 1.1¤§Ïf Prop(νi)´ νil¥�fDÂ�&ÿì?�AÇ�Ì§

Ïf Uβi ´ νi ¥ νβ ¤©�AÇ�Ì£úª 1.2¤"�âþfåÆÄ��n§DÂÏf

Prop(νi) = exp(−imiτi)§Ù¥mi´ νi��þ§ τi´ νi3§g��IX¥���"�

â LorentzØC5§k miτi = Eit − piL§Ù¥ L, t©O´¢�¿X¥�¥�få6l

 ��&ÿì�ålÚ�m§ Ei, pi©O´¢�¿X¥�få6¥ νi¤©��UþÚ

Äþ"

3 να → νβ ���VÇO�úª P ( να → νβ ) = |Amp(να → νβ)|2 ¥§éuØÓ
�þ���§DÂÏf Prop(νi) ��é� âkÔn¿Â"^ δφij L« Prop(νi)Ú

Prop(νj)�m�� �§K

δφij = (pi − pj)L − (Ei − Ej)t (1.5)
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¢Sþ§3¢�¥¿ØÿþDÂ�m t§� t�±Cq^ L/v̄L«§Ù¥

v̄ =
pi + pj

Ei + Ej
(1.6)

´¥�få6¥ νiÚ νj ¤©�²þ�Ý§Ïdk

δφij
∼=

p2
i − p2

j

pi + pj
L −

E2
i − E2

j

pi + pj
L ∼= (m2

j − m2
i )

L

2E
(1.7)

3þª¥���Ú�
4à�éØCq§@� pi, pj �u¥�få6Uþ E"XJò

Prop(νi)�� exp(−im2
i L/2E)§úª 1.4¥���m�� �ØC"dd��

Amp(να → νβ) =
∑

i

U∗

αi e−im2
i L/2E Uβi (1.8)

²��§

P (να → νβ) = δαβ

−4
∑

i>j

Re(U∗

αiUβiUαjU
∗

βj) sin2

[

1.27∆m2
ij

(

L

E

)]

+2
∑

i>j

Im(U∗

αiUβiUαjU
∗

βj) sin

[

2.54∆m2
ij

(

L

E

)]

(1.9)

Ù¥§∆m2
ij ≡ m2

i − m2
j§ü ´ eV2§L�ü ´ km§E�ü ´ GeV§~ê 1.27

5guü ����µ

∆m2
ij(L/4E) ≃ 1.27∆m2

ij(eV
2)

L(km)

E(GeV )
(1.10)

XJ CPTC�Åð§éu¥�f��§�3±e'Xµ

P (ν̄α → ν̄β) = P (νβ → να) (1.11)

,��¡§l�§ 1.9¥��µ

P (νβ → να, U) = P (να → νβ, U∗) (1.12)

XJ CPTC�Åð§¥�f��ò�ÅC�'X 1.13"

P (ν̄α → ν̄β, U) = P (να → νβ, U∗) (1.13)
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ù�'X`²§3·ÜÝ
 U�ÙE�Ý�§�¥�f���AÇ�¥�f���A

Ç��"XJ·ÜÝ
 U�Ý
�Ø´¢.�§úª 1.9¥�����ò3�E�Ý�

kØÓ�ÎÒ§�¥�fÚ¥�f���AÇØ��"dd§XJ CPTC�Åð§�

�¥�f��AÇm��Oò¿�X CPC��ØÅð"

y3£�·ÜÝ
 U §®�¥�fkn�§�±òÝ
 U�¤ PMNSÝ
 [8, 9]§

Ùëêz/ªXeµ

U =



















1 0 0

0 C23 S23

0 −S23 C23





































C13 0 Ŝ∗

13

0 1 0

−Ŝ13 0 C13





































C12 S12 0

−S12 C12 0

0 0 1





































eiφ1

eiφ2

1



















=



















C12C13 C13S12 Ŝ∗

13

−S12C23 − C12Ŝ13S23 C12C23 − S12Ŝ13S23 C13S23

S12S23 − C12Ŝ13C23 −C12S23 − S12Ŝ13C23 C13C23





































eiφ1

eiφ2

1



















(1.14)

Ù¥§Cjk = cos θjk, Sjk = sin θjk, Ŝ13 = eiδCP sin θ13"ëê��µ 0 ≤ θjk ≤ π/2, 0 ≤
δCP , φ1, φ2 ≤ 2π"φ1 Ú φ2 ´Majorana� �§�¥�f��Ã'"

l��úª 1.9Ú PMNS Ý
��§¥�f���8�ëêk'µn�·Ü�

θ12!θ13 Ú θ23§ü�Õá��þ²�� ∆m2
21 ≡ m2

2 − m2
1 Ú ∆m2

32 ≡ m2
3 − m2

2§��

CP� � δCP"�c�¢�éuù8�ëê�kü��vk(½§��´ δCP§��

´ θ13§±9 ∆m2
32 ��KÒ" ∆m2

32 �ÎÒ�N¥�f��þ�?" δCP �N¥�f

·Ü� CP »"§kF"U)º�»¥Ô�¨�Ô�Øé¡"� δCP � θ13ÍÜ§UÄ

ÿþ CP ��§�ûu θ13 ´Ä�""Ïd�ä θ13 ´Ä�"!°(ÿþ θ13 kX�

¿Â"
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e¡�Ñ
 2010c�é¥�f��ëê���Û[Ü£global fit¤�(J [10]µ

∆m2
21 = 7.59 ± 0.20 (+0.61

−0.69) × 10−5eV 2

∆m2
31 =











−2.36 ± 0.11(±0.37) × 10−3

+2.46 ± 0.12(±0.37) × 10−3

θ12 = 34.5 ± 1.0 (+3.2
−2.8)

◦

θ23 = 42.8 +4.7
−2.9 (+10.7

−7.3 )◦

θ13 = 5.1 +3.0
−3.3 (≤ 12.0)◦

sin2 θ13 = 0.008 +0.012
−0.007 (≤ 0.043)

δCP ∈ [0, 360]

Ù¥z�ëê�Ñ
�Z[Ü�§±9 1σ Ú 3σ ��£)ÒS�ê�¤"'å 2008c

��Û[Ü(J (sin2 θ13 ≤ 0.056)§ sin2 θ13�þ�?�Úü$"

PMNS Ý
�ëêz/ªéïÄÚn)��¥�f!�í¥�fÚ�Aæ¥�

f�~B|" ∆m2
21 Ú θ12 �¡���¥�f��ëê§k�P� ∆m2

sol(∆m2
⊙) Ú

θsol(θ⊙)" ∆m2
32 Ú θ23 �¡��í¥�f��ëê§k�P�∆m2

atm Ú θatm" θ13 �

kF"d��Aæ¥�f¢�£áÄ�¤°(ÿþ§¥�Ä���Aæ¥�f¢�K�

��¥�f��ëêÿþ�'"

úª 1.9´¥�f��¢��Ä��n§U α, β ´Ä��§�±©¤üa"�

α = β �§¢�ÿþ�´¥�f��¹AÇ§¡� Disappearance¢�"� α 6= β �§

ÿþ�´Ñy#��¥�f�AÇ§¡� Appearance¢�"3úª 1.9¥§�¥�f�

�¢�� L/E ÷v'Xµ
∆m2L

E
= o(1) (1.15)

�§n�¥�f��CqC¤ü«¥�f���" Disappearance¢����úª{z

�µ

P (να → να) = 1 − sin2 2θ sin2[1.27∆m2L/E] (1.16)

� β 6= α�§ Appearance¢����úª{z�µ

P (να → νβ) = sin2 2θ sin2[1.27∆m2L/E] (1.17)

{¤þ�¥�f��¢�§ý�õêÑáu Disappearance¢�"
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1.2.2 ������¥¥¥���fff¢¢¢���

��SÜ�X�ØàC�)�þ>f¥�f§ù�E,L§����e¡��A

[11]

4p → 4He + 2e+ + 2νe (1.18)

"��>fÚ>fu)�«§�±òþªU��9�Aªµ

4p + 2e− → 4He + 2νe + 26.73 MeV − Eν (1.19)

Ù¥ Eν L«¥�f�r�Uþ§²þ�� < Eν >∼ 0.6 MeV"IO���.ýó�

¥�fÏþXã 1.2"

ã 1.2: IO���.ýó���¥�fUÌ"

¢�þé��¥�f�*ÿ§©u Homestake¢� [12]uy/��¥�f¿�0"

��aq�¢�X¿�|� GALLEX¢� [13]Ú�é� SAGE¢� [14]þy¢
T

(J"��� Kamiokande ¢� [15, 16]�*ÿ�aq(J"�ù
¢��Uy²&

ÿ����¥�f'nØýó��§ØU(½´du¥�f���´���.k

¯K" 2001 c§\<�� SNO ��¥�f¢� [17, 18, 19, 20, 21] ^ 1000 ëXÀ

YÓ�ÿþ¥�f��>6L§ (CC: νe + d → e− + p + p) !¥56L§ (NC:

νx + d → νx + p + n)!�5��L§ (ES: νx + e− → νx + e−)"ÏL°(ÿþn«L

§�¥�f�Ïþ§¼�
 νe¥�f��§ νµ, ντÑy�yâ§y²��¥�fu)
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��"Ó�§ÿ��¥�foÏþ�IO���.ýó��§��y
IO���."

2002c§F� KamLAND¢� [22]�*	�
�Aæ¥�f��"��¥�f���

��Ý·Ü) (LMA)�±½þ)º¤k*ÿêâ§¥�f�����ª(@"ã 1.3´

8c���¥�fëê�Z[Üëê9�&«m [23]"

-110 1

-410

KamLAND
95% C.L.
99% C.L.
99.73% C.L.
best fit

Solar
95% C.L.
99% C.L.
99.73% C.L.
best fit

⊙θ2tan

)2
 (

eV
⊙2

m∆

ã 1.3: ��¥�fëê�Z[Üëê9�&«m§ã¥w«
KamLAND9Ù¦��

¥�f¢��[Ü(J [23]"

1.2.3 ���ííí¥¥¥���fff¢¢¢���

KamiokandeÚ Super-Kamiokande¢� [24]´�í¥�f¢���L"�»��3

B��í��÷B�´»u)rfq�§q�¥�0fPC�) µ¥�f">f¥�f

KÌ�5gu µfPC§XJvk¥�f��§AT÷v µ¥�f��´>f¥�f�

ü�"g 1970cå§Nõ¢�uyù�'~�Cu 1£=/�í¥�f�~0¤§�

Ø�é�" 1980c�§ Kamiokande¢�^�.Y�Ô�Å&ÿì&ÿ�í¥�f"

Ù�n´|^¥�f�)� µÚ>f3Y¥»,ØÓ§l/¤ØÓ��Ô�Å1�§

dd�±�O\�âf´ µ¥�f�´>f¥�f"Kamiokande±���Ø�y¢


/�í¥�f�~0"�� Super-Kamiokande±' Kamiokande� 10��&ÿì§°

(y² µ¥�f�>f¥�f�'�Cu 1´Ï� µ¥�f��§���z©'�Uþ

9
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��1ål�'X�úª 1.16 £� α = µ, θ = θ23¤��µ

P (νµ → νµ) ≃ 1 − sin2 2θ23 sin2(1.27∆m2
32L/Eν) (1.20)

1.2.4 \\\���ììì¥¥¥���fff¢¢¢���

8c�\�ì¥�få6Ì�´ µ¥�f§´ÏL�fñÂ�q½%q�)�g?

0f�PC��"�>0f3��>^C�¥ =à�§ÏL^|���N!ÀJ0f

�>ÖlÀJå6�¥�f�´�¥�f§²Là���0få6?\PC+�P

C§�)¥�få6"8c\�ì¥�f¢�ÀJ�Uþ��31 ∼ 10 GeV§Ó�í¥

�fÌ�U«�C"

|^\�ì¥�få6§Q�±ïÄ νµ → νµ ��� (Disappearance)§q�±ï

Ä νµ → νe ��� (Appearance)"�öÏ�� θ13, δCP ±9�þ�?Ñ'é§´\�

ì¥�f¢��Ì�*ÿé�"

�âúª 1.9§ νµ → νe���AÇ�µ

P (νµ → νe) = 4C2
13S

2
13S

2
23 sin2∆31

+ 8C2
13S12S13S23(C12C23 cosδ − S12S13S23) cos∆32 · sin∆31 · sin∆21

− 8C2
13C12C23S12S13S23 sinδ sin∆32 · sin∆31 · sin∆21

+ 4S2
12C

2
13

(

C2
12C

2
23 + S2

12S
2
23S

2
13 − 2C12C23S12S23S13 cosδ

)

sin2∆21

− 8C2
13S

2
13S

2
23

(

1 − 2S2
13

) aL

4Eν
cos∆32 sin∆31, (1.21)

Ù¥§Sij Ú Cij ´¥�f·ÜÝ
 1.14¥�·Ü���uÚ{u§δ´ CP� �"d

uÄ��Ý÷v 1.27∆m2
32L/E ≃ π/2§úª1��äk���z§1��� cos δL«

ù� CPÅð§1n�� sin δL«ù� CP»"§1o�´���¥�f��ëêk'

�§�Ïf sin2(1.27∆m2
21L/E) ∼ 0Ø$§1Ê�´�Ô��Ak'��§Ïf aL«


Ô��A���§

a = 2
√

2GF neEν = 7.6 × 10−5ρ[g/cm3]Eν [GeV] [eV2], (1.22)

Ù¥§GF ´¤�~ê§ne ´>f��Ý§ρ´¥�fBL�Ô��Ý"lúª 1.21�

±wÑ§|^\�ì¥�f*ÿ νµ → νe��Ã{Õá(½ θ13, δCP "

10
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XJ\�ì¥�få6´ ν̄µ §U
ÿþ��VÇ P (ν̄µ → ν̄e)§=r��VÇ

P (νµ → νe)¥� δÚ aUCÎÒ§δ → −δ§a → −a§Ïd�±kXeü�úªµ

ACP =
P (νµ → νe) − P (ν̄µ → ν̄e)

P (νµ → νe) + P (ν̄µ → ν̄e)
≃ ∆m2

12L

4Eν
· sin2θ12

sinθ13
· sinδ (1.23)

AMH = P (ν̄µ → ν̄e) − P (νµ → νe) = 16C2
13S

2
13S

2
23

(

1 − 2S2
13

) aL

4Eν
cos∆32 sin∆31 (1.24)

ACP Ú AMH ©O´� CP ��Ú�þ�?�'��§þ� θ13 ÍÜ"�k� θ13 °(

®�§âkF"dùü�O(�� CP ��Ú¥�f�þ�?"XJ θ13 �"½é�§

\�ì¥�f¢��Ã{ÿþ CP ��Ú¥�f�þ�?"8c3ï½�3$1�\

�ì¥�f¢�kMiniBooNE [5]!MINOS [25]! T2K [26]! NOvA [27]! OPERA

[28]�"

1.2.5 ���AAAæææ¥¥¥���fff¢¢¢���

ã 1.4: �Aæ¥�fUÌ"J�£ùÚ¤��Aæ�Ñ��>f¥�fUÌ§:y�

£7Ú¤��βPC��A�¡§¢�£çÚ¤�¥�f&ÿì*ÿ���>f

¥�fUÌ"

11
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�Aæ¥�fUÌXã 1.4"�Aæ¥�f�²;&ÿ�{´|^¥�f��f�

� βPC

ν̄e + p → e+ + n (1.25)

§&ÿ"�3�mþ'é�� e+ �«&ÒÚ¥fÐ¼&Ò"� β PC�UþK��µ

Ethr
ν̄e

=
(Mn + me)

2 − M2
p

2Mp
= 1.806 MeV (1.26)

�*ÿUþ�µ

Evis ≈ Eν̄e − 0.8 MeV (1.27)

�Aæ¥�f¢�Ñ´Disappearance¢�§ÿþ�Aæ�)��>f¥�f�¹

AÇ"�¹AÇúª�µ

P (ν̄e → ν̄e) = 1 − cos4(θ13) sin2(2θ12) sin2(∆21)

− cos2(θ12) sin2(2θ13) sin2(∆31)

− sin2(θ12) sin2(2θ13) sin2(∆32) (1.28)

Ù¥§∆ij = 1.27∆m2
ijL/E (i, j = 1, 2, 3)§¥�f�þ²�� ∆m2

ij§Ä� LÚ¥�f

Uþ E �ü ©O´ eV2§kmÚ GeV"�âÄ��Ý�©�üaµáÄ��Aæ¥�

f¢�Ú¥�Ä��Aæ¥�f¢�"

éu¥�Ä�¥�f¢�§du θ13 ∼ 0§��Ñ θ13Úå���§úª 1.28�±C

q�µ

P (ν̄e → ν̄e) ≃ 1 − sin2(2θ12) sin2(1.27∆m2
21L/E) (1.29)

�Aæ¥�f²þUþ 4 MeV£ã 1.4¤§�±���L ∼ 60 km�§ 1.27∆m2
21L/E ∼

π/2§��AÇ����"�±°(ÿþ��ëê θ12Ú∆m2
21 "F�� KamLAND¢

�´8c���¥�Ä��Aæ¥�f¢�§�Ù²þÄ��Ý 180 km§¿Ø´ÿþ

θ12 ��`Ä��Ý§ÏdÙé θ12 ÿþØ
°(§Xã 1.3"¢Sþ§eUïá 60 km

Ä���Aæ¥�f¢�§Ø=Uò θ12 ÿþ°ÝJp��þ?§�k�U��ÿþ¥

�f�þ�? [29]"

éuáÄ�¥�f¢�§du sin2(∆21) → 0 §�±�Ñ θ12 ���§�Cqk

∆m2
32 ∼ ∆m2

31§�¹AÇúª 1.28�{��µ

P (ν̄e → ν̄e) ≃ 1 − sin2(2θ13) sin2(1.27∆m2
32L/E) (1.30)

12
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ã 1.5: {¤þ��Aæ¥�f��¢�

`zÄ�¦� 1.27∆m2
32L/E ∼ π/2§U
°(�ÿþ θ13 "�Aæ¥�f¢���Z

Ä�3 1.8 km�m"

ã 1.5w«
A�c5�Aæ¥�f��¢��ÿþ(J§Ø KamLAND	§Ù{

Ñ´áÄ��Aæ¥�f¢�"e¡{�£��eù
¢�"

Hanford¢� [30]¿Ø3ã 1.5¥§�§´4Ïd (F.Reines) Ú��(C.Cowan)u

1953cïá�1��&ÿ�¥�f�¢�"�Ð��Y´&ÿØ��)�¥�f§�

ª�ïù��{æ^f,åØÈ��Aæ" Hanford¢��&ÿì��Î/§æ^

0.3 m3 ��6�NðcN��qÔ�§ 90� 2=� PMT�7�Îý9§¦^�05

¶-	Ü¥f§^Y¶- γ "ýÏ¯~Ç� 0.1∼0.3 /min§��.�p§¢S*ÿ&Ò

¯~Ç�� 5 /min"d¢��Uy²¥�f��3"

Savannah River ¢� [31]´3�� Hanford ¢�²��� Reines Ú Cowan 3

Savannahà���AæNC�ïá�,��¢�"&ÿìþ�k 12 m�ñ�CX¶-

�»�"&ÿìqÔ��ü� 400 L� CdCl2�Y§Y3n� 1400 L��NðcN�

�m§�NðcN�üà��PMT£� 110�¤"¥�f3Y¥u)� β PC§�>

f�«��ü� 0.511 MeV γ Ú¥f�6Ð¼� γ ��NðcN�&ÿ"e��ü�ð

cNÑ&ÿ� γ §K@�´��¥�f&Ò"ù�¢��O¦��.&Ò'�� 3:1§

13
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Savannah¢�Äg¤õ*ÿ�¥�f"

3uy��¥�f¿���§ ILL (Institut Laue-Langevin)¢� [32, 33]|^{I

� Grenoble�Aæ (57 MW)uÿ3�Aæ¥�fþ´Ä�k¿�y�" ILL&ÿìæ

^ 377 L�NðcN��qÔ�§©¤ 5�"zü��NðcN�mk�� 3HeíN&

ÿì&ÿ¥f"&ÿì	Ük PbÚ�0¶-�§�k�»� muonÌÄ¶-§ÏdÙ

�.¶-�Ðu�c�¢�" ILLÄgA^nØO���AæUÌ [34]ýÏ&ÿìS�

¥�f¯~ê"�ªÿ��¥�f¯~ê*ÿ��ýÏ��'� 0.89 ± 0.15"Ã²w

��&Ò"

Bugey ¢� [35]æ^� Liþ 0.15 %� PC (Pseudocumene)�NðcN��qÔ

�§d 98� 0.85 m (L) x 8.5 cm (W) x 8.5 cm (H)�ØCg�+�C§z�+üàS

� PMT"¥�f� β PC�¥f� Liu)Xe�Aµ

n +6 Li →4 He +3 H + 4.8MeV γ (1.31)

¥fÐ¼�m� 30 µs§áÐ¼�m¦�U�Ð�üØ�."¢��$^
Å/©EE

â5�O γÚ¥f"3 [35]¥§ Bugey¢�ò&ÿì�uå�Aæ£ u{IBugey§

4��Aæ§ü�õÇ� 2.8 GW¤ 13.6 mÚ 18.6 m?§'�ü� �e�¯~ê§

q�w�
��"�3�5�¢� [36] ¥§,?��&ÿì©O�uåÓ���Aæ

15 m! 40 m! 95 m?§3n� �e�g'�¥�f¯~ê*ÿ��nØýÏ�

£b�Ã��¤�'§©O� 0.988 ± 0.004 (stat) ± 0.05 (syst)! 0.994 ± 0.010 (stat)

± 0.05 (syst)! 0.915 ± 0.132 (stat) ± 0.05 (syst)§vkuy¥�f��"

3 ILL¢���§Ù&ÿì²L,?�=£�
a¬�Gösgen �Aæ (2.8 GW)

§?1
 Gösgen¢� [37]"&ÿì©O uå�Aæ 37.9 m! 45.9 m! 64.7 m?ÿ

þ"n� �e¥�fÿþ¯~êÚUÌ�nØýÏ£b�Ã��¤ÎÜéÐ§vk

uy¥�f��"3n� �e�g'�¥�f¯~ê*ÿ��nØýÏ�£b�Ã

��¤�'§©O� 1.030 ± 0.019 (stat) ± 0.015 (uncorr.syst) ± 0.064 (corr.syst)!

1.056 ± 0.018 (stat) ± 0.015 (uncorr.syst) ± 0.064 (corr.syst)! 0.987 ± 0.037 (stat) ±
0.030 (uncorr.syst) ± 0.064 (corr.syst)"

þã¢��Ä�Ñéá§å�AæØ� 100 m"{I� CHOOZ¢� [38]3��Ä

�? (∼1 km)ÿþ�Aæ¥�f��" Choozkü��Aæ§oõÇ 8.5 GW§Ä�

�Ý©O� 1115mÚ 998 m" CHOOZ&ÿì^ 5ë�jþ 0.09%��NðcN��

14
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qÔ�"du&ÿì��§¥�fÏþ$£Ä���¤§Ïd�.�K���"�¶

-�»��.§&ÿì�u/e§ñ�CX��u 300 m��Y�"��&Ò¯~Ç

� ∼30/U§�.¯~Ç�∼1.5/U" CHOOZ¢�du�ðPz§�$1
�cõ�

m"Ùm�Aæó�Ø½'4êg¦�&ÿìkv
��mÿþ�."��Ù*ÿ

��¥�f¯~ê�nØýÏ�£b�Ã��¤�'�µ 1.01 ± 0.028 (stat.) ± 0.027

(syst.)"vk*ÿ���"�8c θ13��Ð��¢�(JEd CHOOZ¢��Ñµ

sin2(2θ13) < 0.17"

{I� Palo Verde¢� [39]� CHOOZA�Ó�Ï"|^3 Palo Verde�n��A

æ£oõÇ 11.6 GW¤ÿþ�Aæ¥�f��"¢��k��&ÿì§én��Aæ

�Ä��Ý©O� 750 m! 890 m! 890 m" Palo Verde¢�æ^ 11.3ë�jþ 0.1

%��NðcN��qÔ�§©OC3 66�&ÿìü�S"�¶-�.§&ÿìþ�

k 32 m���Y�CX§&ÿìq«±��k 1 mþ�Y¶-�"&Ò¯~Ç�∼20/

U§�.¯~Ç� ∼22/U"��Ù*ÿ��¥�f¯~ê�nØýÏ�£b�Ã�

�¤�'�µ 1.01 ± 0.024 (stat.) ± 0.053 (syst.)"

F�� KamLAND¢�3 180 km�²þÄ�þÿþF�Ú¸I 51��Aæ�¥

�f"KamLAND¢�æ^ 1000ë4XÀ��NðcN��qÔ�§' Palo Verde�

100�"&ÿì�ñ�CX�� 3000 m��Y�"&ÿìS�'é�.Ú�'é�.

©O=� 0.001/UÚ 0.01/U" KamLAND 2002cuL�(J§*ÿ��¥�f¯~

ê�nØýÏ�£b�Ã��¤�'� 0.611 ± 0.085 ± 0.041§(½¥�fu)
�

�"Ø
ÿþ��¥�f§ KamLAND³/Ù�.�ð&ÿì�`³§�Äg�Ñ


/¥¥�f£5gu 238U! 232Th! 40K�PC¤�ÿþ(J [40]§�,ÚOþk�§

(J�nØýÏÄ�ÎÜ"

þãáÄ�¥�f¢�¥Ø Hanford, Savannah River	§Ù{¢�*ÿ¥�f�

�&Ò§´ÏL'�*ÿ�ÚnØýÏ�¥�f¯~ê£½UÌ¤§;.ÿþ°Ý�

3%∼6%"Ï�§�Ä�Ñ´ü:ü&ÿì§Ã{�Ød�AæõÇÚ&ÿìg��5

�XÚØ�"£�, BugeyÚ Gösgen¢�´õ:&ÿ§�´Ä��á"¤Ïd�5O

yï��°(ÿþ θ13 ��Aæ¥�f¢�§XDouble CHOOZ [41]! Daya Bay [42]

! RENO [43]�§�¦ÿþØ� <1 %§Ñæ^�C&ÿì�éÿþ�{",	§þã

¢�§AO´ CHOOZ, Palo Verde, KamLAND¢�§È\
�þ&ÿì�¡�²�§
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3&ÿì$�.��!�»�¶-!&ÿì�Ý!�NðcN�¡��5�¢�Jø


´Lë�"

1.3 ØØØ©©©���SSSNNNÚÚÚ(((���

1�Ù�Úó§{ü0�
¥�fÔn�Ä��£Ú¥�f��nØ§£�
¥�

f��ëê�¢��{Ú¢�(J"

1�Ù0��æ��Aæ¥�f¢�"�)¢��Ôn8IÚ¢�¿Â§¢�oN

�O!ÙÛÚÄ�`z§ýÏÔn(¯Ý"0�
¥%&ÿì�OÚ�ÎÜ&ÿì�

O"

Ø©�ÌNÜ©�1n!o!ÊÙ§©O0�n��¡�Ì�ó�"

1nÙ0��æ�¥%&ÿì����ï�±9¥%&ÿì�$�.��"k0�


¥%&ÿì����ï�L§§�)����Ôn�OÚó§�O¶���ÚkÅÀ

æá�ïÄ¶�.�Ú�ª����ï�¶��L§��'IOÚ�'Ú½¶�þ��

Ú�Â¶±9�ã5¤J"$�.���ó��)¥%&ÿì��5�IÚ�'IO§

±9�ð�;-��'Ý��"

1oÙ0�¥%&ÿì¯~º:ï�{9^�mu"T�{Äu PMT >Ö©

Ù&E§æ^4�q,[Ü�{ï¯~�º:ÚUþ"k|^¥%&ÿì� Monte

Carloêâ�
�{5UïÄ§3|^¥%&ÿì�.�¢�êâu�
�{"��0

�
3 NuWaµe¥e�ï^�mu"

1ÊÙ0��ð#1Æ�.�ïÄ"3G4dyb�k�oÑ�1Æ�.Ä:þ§ï

Ä
�NðcNb	ÅãP~�Ý�O(ÿþ�{§(Ü�ð�|©þf���ÐÚÿ

þ(J§�[n)
13�ð�|©�m�áÂ!u�L§"¿ddJÑ&ÿì�[

�#1Æ�."

18Ù�o(ÚÐ""

16



111���ÙÙÙ ���æææ������AAAæææ¥¥¥���fff¢¢¢���

�Ù{ü0��æ��Aæ¥�f¢�"�)¢��Ôn8IÚ¢�¿Â§¢�o

N�O§¢�ÙÛÚÄ�`z§Ôn(¯Ý§¥%&ÿì�O§�ÎÜ&ÿì�O"Ì

�SN5gu�æ��O�w [42]"

2.1 ÔÔÔnnn888IIIÚÚÚ¿¿¿ÂÂÂ

�æ��Aæ¥�f¢�|^�æ�Ø>Õ�Aæ+�)�¥�fÿþ·Ü�ëê

θ13§Ôn8I´ÿþ sin2 2θ13�(¯Ý3 90%�&Y²þ�� 0.01½�Ð"°(ÿþ

θ13�Ôn¿ÂÌ�kµ

• θ13 ´¥�f·ÜÝ
�Ä�ëê��§°(ÿþ·Ü�ëê§´�õ¥�f�

�nØ�Ä�I¦"

• θ13 ��K�ò5¥�fÔn�uÐ��"Äk§ θ13 ��´ÿþ δCP �kû^

�"XJ sin2 2θ13 > 0.01§e���Ä�¥�f¢�k�UÿÑ CP ��§?

k")º�»¥Ô�¨�Ô�Øé¡¶XJ sin2 2θ13 < 0.01§e���Ä�¥�

f¢�éJÿþ CP ��§ CP ���UI�/Ï�r�¥�fÚ�$�.�

¢�X β å6Ú¥�fó�5ÿþ [45]"Ùg§úª 1.24L²�Ä�\�ì¥�

f¢�k�UÿÑ¥�f�þ�?§,��¡ [29, 44]�ïÄL²/ÏFá�©Û

�{¥�Ä���Aæ¥�f¢��k�UÿÑ¥�f�þ�?"�XJ θ13 é

�§|^yk¢�Eâ§ùü«�{¢�þ��15A��""

• θ13���éâfÔnnØïÄk�¿Â"e θ13 �Cu"§Ký«X,«#Ô

17
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n½#é¡5�3��U5" θ13 én)�f�§��m�'X§ïÄ�Ú�n

Ø�~�"¥�f��´1��§�´�����Ñ8câfÔnIO�.�

Ôny�"K�IO¥�f·Ü����#Ôn�Aék�U' θ13 ¤Úå�g

?�A��"Ïd°(ÿ½§�ê�ò¦·�U
Ïé��O#Ôn"

• ÃØ´°(ÿþÑ θ13 ��§�´�U�Ñ��é��þ�"Ñ�±éÜ�Ä�

¥�f¢�(J�Ó(½·Üëê§��½Ü©�Ø{¿"

2.2 ¢¢¢���555yyy

2.2.1 ¢¢¢���oooNNN���OOO

ÀJ|^�æ�Ø>Õ��Aæ+ÿþ θ13 §kü�Ì�Ï�"�´�AæoõÇ

�§¥�fÏþp§�±4�~�¢�ÚOØ�"8ck�æ�Ú*eü�Ø>Õ§ 4

��Aæ§oõÇ 11.6 GW§ 2010∼2011 c*e�Ïó§ï¤Ý\¦^�§oõÇò

�� 17.4 GW§ò¤�.1��Cål�Aæ+"�´�AæNCk�p�ì§é

ù���p°Ý¢�5`§kv
�ñ�CXé¶-�»�~�¢��.�~�"

8csin2 2θ13��Ð¢�(Jd CHOOZ¢��Ñ£�1 1.2.5 !0�¤§3 90%

�&Y²þ sin2 2θ13 < 0.17 §¢�XÚØ�� 2.7% §ÚOØ�� 2.8% §oØ��

3.9%"�æ�¥�f¢���O°Ý' CHOOZ(Jp��þ?§���ù�8I§

�¦¢�Ø� < 0.6%"3¢�oN�Oþ§XeA:´�yù�8IU
¢y�'

�"

���CCC&&&ÿÿÿììì���éééÿÿÿþþþ CHOOZ¢��k�:&ÿì§��Aæ'é�Ø�Òk 2.1 %

"æ^�C&ÿì�éÿþ§'��C&ÿì*ÿ��¥�f¯~êÚUÌ"�

±-��Aæ�5�Ø�"

¯̄̄~~~ÚÚÚOOOþþþ p°Ý�¢��¦kv
�¥�f¯~ÚOþ"�â�æ��Aæ+�o

õÇ§O�L²�:&ÿìoq�þ� 80ë�§¢�$1nc§�:¥�f¯~

�ÚOØ� < 0.2%"' CHOOZ¢� 2.8%�ÚOØ�Jp
��þ?"

ÄÄÄ���`̀̀zzz CHOOZ¢�&ÿì�Ä��Ý∼1 km§¿Ø´ÿþ θ13 ��ZÄ�"�æ

�¢���:&ÿìÀ3�`zÄ�NC§¿o�ñ�CXþÝ§�¦�»�Ú

18



1�Ù �æ��Aæ¥�f¢�

å��.¦�U�"C:&ÿìK¦þ�C�Aæ§¿¦þÀ�ñ�CXþÝ�

� �"

õõõ���¬¬¬���ÓÓÓ&&&ÿÿÿììì���OOO duæ^�C&ÿì�éÿþ§õ�¬�Ó&ÿì�O�±-

�ØÓ¢�e�m&ÿì�'éØ�"Ó��¢�eS§&ÿìm��'éØ�

�ÚO5/ü$§Ó�&ÿì�¬�m��±p���"

���»»»���¶¶¶--- �»�Úå�¥f�.Ú��5Ó ��.é�Aæ¥�f¢�K�é

�"Ø
ÀJþ�ñ�CX5¶-�»�§�¦^{5�&ÿì (RPC)ÚYêÔ

�Å&ÿì|¤�»� µf�ÎÜXÚ§é µf�&ÿ�Ç�� 99.5%±þ"¥

%&ÿì�uYêÔ�Å&ÿì�Y³S§?Û��þÑ��k 2.5 mþ�XY

¶-�±k��ý3ñ�¥�)�¥f±9U,��5"ý�Ü©�»�Úå�

�.du µf�IP§�±ÏL�m'é�Ø"

2.2.2 ¢¢¢���ÙÙÙÛÛÛÚÚÚÄÄÄ���`̀̀zzz

�æ�¢�ÏL�C&ÿì'�§ÿþ�Aæ¥�f��é�¹AÇ

P (ν̄e → ν̄e) ≃ 1 − sin2 2θ13 sin2

(

∆m2
31L

4Eν

)

− cos4 θ13 sin2 2θ12 sin2

(

∆m2
21L

4Eν

)

(2.1)

ã 2.1´�Aæ¥�f�¹AÇ�Ä��Ý�Cz'X"ã¥«¿
úª 2.1¥

d θ13 Ú θ12 Úå���§��4�©O3 L ≃1.8 kmÚ L ≃60 km?"l�¹AÇ

P (ν̄e → ν̄e)��±wÑ§n���:&ÿì (Far Detector) �ATÀ3 θ13 ��4

�?§C:&ÿì (Near Detector) �AT3 θ13���vkå5�/�§'X L<300

m"ù�C:&ÿìUéÐ�uÿ�����Aæ¥�fUÌ§�:&ÿìU��§Ý

/ÿþ���A"¢Sþ§�æ�¢��Ä��¹�E,§ò5o�k 6��Aæ§ 3

�¢�e£ Daya BayC:§ Ling AoC:§�:¤§� 18|Ä��Ý§¢�eÀ�

²L
c[�(¯Ý©Û§nÜ�Ä��ÌÝ!�»��.!�AæØ�-�§��(

½en�¢�e�ÙÛXã 2.2"3dÙÛe§n�¢�eýÏ�¥�f¯~Ç©O�

930/day (Daya BayC: )! 760/day (Ling AoC: )! 90/day (�: )¶�./&Ò

'©O�� 0.4% (Daya BayC: )! 0.3% (Ling AoC: )! 0.2% (�: )"

²LÄ�`z�§3�cÀ:�¹e§�æ�¢��ýÏ(¯ÝXã 2.3"�ÜC

:Ú�:&ÿìÑï¤�§¢�$1ncò�� 0.01�(¯Ý"
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ã 2.1: �Aæ¥�f�¹AÇ�Ä��Ý�Cz'X"

ã 2.2: �æ��Aæ¥�f¢���AæÚ¢�eÙÛ§�¢�e�md��ë�"

20



1�Ù �æ��Aæ¥�f¢�

(a) 90%�&«me sin2 2θ13 �(¯ÝÏ"�£ç

�¤"ù�5gu CHOOZ�¢�(J"

0

0.01

0.02

0.03

0.04

0.05

0 1 2 3 4 5

Year   

si
n2 2θ

13
   

   
 

(b) 90%�&«me§ sin2 2θ13 �(¯ÝÏ"��

�ê�m�Cz'X§�∆m2
31 = 2.5 × 10−3eV 2

ã 2.3: �æ�¢�(¯Ý�"

2.3 &&&ÿÿÿììì���OOOÚÚÚ(((���

�æ�¢�&ÿìdüÜ©�¤§�´&ÿ�Aæ�>f¥�f�¥�f&ÿì§

=/¥%&ÿì0¶�´&ÿ�»��.� µf&ÿì§=/�ÎÜXÚ0"�ÎÜX

Ú�)ü�Õá�&ÿìµ{5�&ÿì (RPC)ÚY�Ô�Å&ÿì§�±�pu�

¿éÜ(½ µf&ÿ�Ç"�Ô�Å&ÿìÀJXÀY����0�§3&ÿ�»� µ

f�Ó���¶-0�§¥%&ÿì�uÙ¥"ã 2.5(a)´�æ�¢�e�¿¡«¿

ã§éu�:ko�¥%&ÿì�¬§éuü�C:kü�¥%&ÿì�¬"

2.3.1 ¥¥¥%%%&&&ÿÿÿììì

ã 2.4´¥%&ÿì�O«¿ã"�æ�¥%&ÿì�Ä��O´n�Ó%�Î(

�§�S�� 20ë�j��NðcN£{¡�j�ð¤��&ÿ¥�f�qÔ�¶¥

m�� 20ëÊÏ��NðcN§^59ÏÂ8�j�ð�¥�)� γ 1fUþ�È§

Jp¥f&ÿ�Ç§~�Uþ�ÀØ�Ú�ÇØ�¶�	�� 40ëpß²Ý¶Ôh§

Ì�^5¶-5gPMTÚg-�U,��5"���m^pß1Ý�kÅÀæ�m"
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(a) (b)

ã 2.4: �æ�¥%&ÿìáN«¿ã"

1>�O+ (PMT)9Ù| (�SC3�	�g-þ§E�3xh¥"¥%&ÿì�

n��O¦�&ÿìqNÈ�éÐ�½Â§ØI��6º:ï� �ÀJ"CHOOZ

Ú KamLAND¢�3¯~]À¥Ñ�6uïº: �§Ø���"�æ�&ÿì�

��ÕM5�O´3&ÿì�ºÜÚ.Ü��k1Æ���§'å 4π áN�ÑCX

PMT��O§¦^����±!�C��1>�O+§�UJp1Â8�ÇÚ&ÿì

ç����Uþ�Aþ!5"ã 2.4(a)¥�	�´ 5 m�»! 5 mp�g-§´¥%

&ÿìÅ�(�ÌN"gXþ8¤
&ÿì�ÝXÚ!Ä6XÚ±9&ÿìiÿXÚ"

�æ�¢�|^� β PC�A ν̄e + p → e+ + n&ÿ�Aæ¥�f"¥�f&ÒA

�´¯£�>f�«¤!ú£¥fÐ¼¤&ÒÎÜ"&ÿìqÔ�À^�j�ð§k±

eA��Ïµ

• ¥f3jþÐ¼�ÑoUþ� 8 MeV� γ 1f§�lU,��5U«£ E <3

MeV¤§4�/Ø$
U,��5�ó,ÎÜ�."CHOOZÚ KamLAND¢

�§þæ^ÊÏ�ð§*ÿ¥f��ØÐ¼�Ñ� 2.2 MeV γ 1f§�Ð�U,

��5�U«U§U,��5�.p"
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1�Ù �æ��Aæ¥�f¢�

• ¥f3jþÐ¼�m�∼28 µs§��u3�Øþ�Ð¼�m∼200 µs"¯~]À

¤I�mI���~�§ó,ÎÜ�.�~� 7�"

• ¥f3 GdþÐ¼�¡�∼49,000 b§'¥f3�þ�Ð¼�¡∼0.3 b� 5�þ

?§¦��é�þ�jÒU¼��p�jÐ¼'~"

�æ�¢�´p°Ý$�.¢�§Ïd¤k&ÿìá�Ñ²Lî����5u�§

AO´ïEg-�ØCgá�9Åá!·��NðcN���!PMT! PMT|e�

�§�ª]À$��5Y²�á�",	§3&ÿìSCL§¥§��Ú�¸�í�¬

�5�	���5À/§AO´�í§¬/¤'é�." KamLAND¢����Ì�

'é�.5Ò´d&ÿìS�CqÔ��ð�¥/Z9�þ����5Úå"¥%&

ÿìSo��5ü¯~Ç�¦�u 100 Hz§o'é�./&Ò'�¦ <0.1%"

L 2.1�Ñ
�æ�¢�é¥%&ÿì�Ì�Ôn5U�¦"

L 2.1: �æ�¥%&ÿì�Ôn5U�¦

�I 5U�¦

q�þ/�¬ ≥ 20ë

q�þ°Ý ≤ 0.2% �°(¼�C/H'

Uþ©EÇ 15%/
√

E

&ÿ�ÇØ� < 0.2%

UþK� ≤ 1 MeV§é¤kUþ��e+&Ò

��5�.OêÇ ≤ 100 Hz

�m©EÇ ≤ 25 ns

2.3.2 ���ÎÎÎÜÜÜ&&&ÿÿÿììì

�æ�¥�f¢���.Ì�5u�»� µf�)���5Ó �Ú¥f"~�

ùa�.�Ì��{´ò&ÿì��3/e¿¦�U/O�&ÿì�ñ�CX"�¢�
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e±��ñ�U,��5ép§¬º�Ñ�þ�$U γ 1f"¤±3¥%&ÿì±�ï

á
�� 2.5 mþ�Y¶-�§Uþ3 1∼2 MeV�m� γ 1fBL 2.5 m�Y¶-�

�§ñ�¥º�Ñ� γ 1fêþ��enz�©��",��¡§ µfBL¢�e±�

�ñ��¬u)ØÑ�§�)�þpU¥f"ù
¥fDÂ�¥%&ÿìS¬Úå¯¥

f'é�."Y¶-�Uk��ü$¯¥f�.§²þzÏL 50 cm�Y§¯¥f�.

¬ü$ 1.5� 2�"

þãñ�CX½Y¶-�Ñ´�Ä¶-��ª~��»�Úå��."3Y¥��

1>�O+§KY¶-�£±e¡Y³¤�±����Y�Ô�Å&ÿì5&ÿ\�

µf"¿�3Y³þ���,�« µf&ÿì RPC"§�|¤ÌÄ¶-��»��Î

ÜXÚ§X«¿ã 2.5"ã 2.5(a)´�:¢�e��ÎÜ&ÿìXÚ�¿¡«¿ã§ã

2.5(b)´�:¢�e�Y�Ô�Å&ÿì:Àã"�:Y³�l����/§º�´ 16

m×16 m×10 m§C:Y³K�l���/§º�´ 16 m×10 m×10 m"¥%&ÿì�

¬å³9���ål� 2.5 m"Y¶-��ØCgge(�þ� Tyvek���©�§�

ge(�þU�m �þ!©ÙSC
·�êþ�1>�O+£PMTCXÇ 0.8%¤§

�¤
S!	ü�YêÔ�Å&ÿì"Y³�	�Ú.Ü�Yþþ 1 m"S!	ü�Y

êÔ�Å&ÿìéÜ&ÿBLY³� µf"�â Super-KÚ KamLAND¢��²�±

9 Geant4��[O�§z��&ÿ�ÇÑ��� 95%§��±�p��"Y³ºÜ�

RPC&ÿì§´d 2 m × 2 m��¬|¤§z��¬d 4� RPC|¤§ü� RPC�

�Ç��� 95%±þ§ÏLoÀn�Ü6§�¬&ÿ�Ç�� 98.6% ±þ"RPC&ÿ

ì3����þÑ'Y³õ�	ò� 1 m±~�Y³>��ý�CX�Y§Ó�U


©Û µf�±>ñ��p�^�)��."ü�Y�Ô�Å&ÿì� RPC&ÿì�|

Ü§&ÿì�ÇÑ��� 99.5%±þ§Ø��u 0.25%"n«Õá��ÎÜ&ÿì��

±p�u�§(½�g�&ÿ�Ç"�æ�¢�é�ÎÜXÚ5U��¦XL 2.2"
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1�Ù �æ��Aæ¥�f¢�

(a) �ÎÜXÚ¿¡«¿ã (b) Y�Ô�Å&ÿì:Àã

ã 2.5: �:¢�e�»� µ�ÎÜXÚ"

L 2.2: �æ�¢��é�ÎÜXÚ5U��¦

é�»�� µf�éÜ&ÿ�Ç≥ 99.5%

é�»�� µf�éÜ&ÿ�Ç�Ø(½Ý≤ ±0.25%

�ÅÎÜ�k�m≤ 25%§;�K�XÚ�ÚO°Ý

�ÅÎÜ�k�m�Ø(½Ý≤ ±0.05%

�m©EÇ� 0.5-1 m

YêÔ�ÅÚ RPC&ÿì��m©EÇ©O�µ±2 ns§25 ns

Y¶-��þÝØ�u 2 m
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111nnnÙÙÙ ���æææ���¥¥¥%%%&&&ÿÿÿììì���������ïïï���

æ^���´�æ�¥%&ÿì�ÕM5�O"3¥%&ÿì�Î�ºÜÚ.ÜS

��é���§Ì�`:´£1¤!�C��1>�O+§{z&ÿìºÜÚ.Ü�Å

��O¶£2¤O\1Â8¿Jp&ÿìUþ�A3ç����þ!5"Ø©�Ì�ó

���´¥%&ÿì����ï�"�)µ�yVg�O§`zÔn�O¶JÑ�O�

I§�¤ó§�O¶ï��.�¶���çI¶ï����£ÀJá�!)ûb�ó

²¤¶(½�'IOÚÚ½¶�þ��Ú�Â¶�C$ÑÚSC�"

3.1 ¥¥¥%%%&&&ÿÿÿììì������������OOOÚÚÚ`̀̀zzz

3.1.1 VVVggg���OOO

3&ÿì�O�ÐÏ§����Vg�OXeµ

1. ¥%&ÿì�¬�Ä�/G(½��Î/§éA/�����O���/"

2. ¥%&ÿì£AD¤æ^ 8=�1>�O+§SC3�» 2.5 m�g-Sý9"�

Ä 8=�1>�O+�1>¡�º»��Ä�"à�ål£�∼20 cm¤§���

��»º��O� 2.3 m§±Ï¼����k���¡È"

3. ��á�À^pº¡��Ç�ESR (Enhanced Specular Reflector)�½´MIRO-

Silver¾� [46]§Y3ü¬pß1Ç�kÅÀæ�¥m§±B�o���L¡ØÉ

�ú§Ó�Jøv
�Å�rÝ|uSC§¿��y1DÑÃ��"

4. �Ä¥%&ÿìg-ºX�| (��Ó��½�m§Ó��
O\k�1>¡

27



Æ¬Ø©µ�æ�¥%&ÿìï9Ù�'¯K

CX¡È§����S� ��C¥%&ÿì8U�"þe���'u&ÿì¥

%é¡§�&ÿì�Îé¡¶R�"
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ã 3.1: �[n�:1þ!©Ùu&ÿì GdLS Ú LS S§k!Ã����§&ÿ

ìZ���A'�"�ã�Ã����¹"mã�k����¹"

)2 (m2
trueR

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

to
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l p
.e
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)2 (m2
trueR
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l p
.e
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ã 3.2: �[n�:1þ!©Ùu&ÿì GdLS Ú LS S§k!Ã����§&ÿ

ìR���A'�"�ã�Ã����¹"mã�k����¹"

�æ�¢�´ISþ�êA�æ^Geant4 [47]�1Æ��[�¥�f¢�£�1Ê

Ù?Ø¤§G4dyb [48]´Äu Geant4^��mu��æ�&ÿì��[^�§§3�

æ�¥%&ÿìÚ�ÎÜ&ÿì��O�ã§��O�YJø
éõ��[(J"ã

3.1�n�:1þ!©Ùu&ÿìGdLSÚ LSS�§�[3k!Ã���¹e§&ÿ
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ì�A�Z���Cz"�ÙL²kþ!e���&ÿì§1>f��O\C 50%§�

&ÿìZ���Aéþ!"ã 3.2K�Nkþ!e����§&ÿìR����Aþ!5

�CÐ"

����&ÿì´�±ï�§ï�{�1oÙ�0�"ã 3.3�k!Ã���

�§ïUþ©EÇÚïº:©E�'�"k����§Uþ©EÇJpC20%¶º

:ï©EKÓÃ������"

Positron Energy Deposit (MeV)
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R
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E
13.9%no reflector : 

E
11.3%with reflector : 

Positron Energy Deposit (MeV)
1 2 3 4 5 6 7 8 9 10

 (
cm

)
re

c
R
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no reflector

with reflector

2)true-Z
rec

+(Z2)true-Y
rec

+(Y2)true-X
rec

(X = recR

ã 3.3: ¥%&ÿìk!Ã����§ïUþ©E£�ã¤Úº:©E£mã¤'�"

3.1.2 ÔÔÔnnn���OOOÚÚÚ`̀̀zzz

3.1.2.1 ���������   ���

�æ�¥%&ÿì�n�Ó%�Î(�§���é¡!þ!�&ÿì�A§þ!e

��� ���O��éu&ÿì¥%é¡"��yg-Å�rÝ§g-.ÜkA�

cmp�\r5^£�5!Ë�5¤"Ó�§gXþ8¤
gÄ�ÝC�ÚÄ6XÚ§

ÏdgXeL¡�k T.5^±�yÙÅ�rÝ§gX¥%Ü©5��p§>�Ü©5

��$"�{z���3¥%&ÿìS�Å�| Ú½ �O§��(½þ!e���

þ;b LS8U�§e���dg-.Ü5�| §þ���d 4 mkÅÀæ-�ºX

| "ù��;�
E,�Å�| (�é1&ÿì�)K�"
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3.1.2.2 111ÆÆÆ������555UUUééé&&&ÿÿÿììì���AAA���KKK���

������Çp$K�&ÿì�1Â8�Ç§�[�Ñ���Çl 100 %ü� 80

%§¥%&ÿì1>f��ü$� 7.5%"��A5´º¡��½´û��KK�&ÿ

ìþ!5. éØÓ���A5§º:ï�{é1Æ�.��ï�kwÍØÓ§º��

ò��{zï�{§�1oÙ¥?Ø"

 (cm)trueZ
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(b) ÷&ÿì»�����A

PmtId
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a.
u)
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0.9

1.0

1.1

1.2

Specular reflector

Diffuse reflector

(c) PMTÂ¥ê©Ù

ã 3.4: º���Úû���é&ÿì�A�'�

3���� �Ä�(½�;b LS8U���¹e§�['�����û��½

º��é&ÿì�A�K�"éuùü«a.����§&ÿì÷ç�����AÑé

þ!§Xã 3.4(a)"û���&ÿì»�����Aþ!5��§Xã 3.4(b)"¿�û
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��� PMTÂ¥ê�©Ù�ØXº���þ!§Xã 3.4(c)"nþ¤ã§(½���

�Ä��¦�pº¡��"

3.1.2.3 ���������ººº���

n��¹e§������¡ÈAv
�§±B¦�Uõ���1f§Jp&ÿì

1>f��"Ó��O¥��Ä����¥%&ÿìPMT|e�m�U�Z�£�1

3.1.4.1!�0�¤§ÏdI��[ØÓº�����é&ÿì�A�K�§(½�Zº

�"I5¿§ 2.3 m´¥%&ÿìS 192�1>�O+�1>¡�º»�²¡¤�¤�

�Î¡�»§´n�����º�" 2.0 m´8U��»§´���¦�����»"

�'�&ÿìØÓ«���A§ò&ÿìy©¤ØÓ«�§Xã 3.5§�ã´&ÿ

ì¿¡«¿ã§ã¥«¿
����º� �§�>f�)��Ü©ðc1òØU��

��1>�O+L¡¶mã«¿�[¥&ÿì8U��©¤ Top! Corner! Siden�

«�"éØÓ����º�!ØÓ«�§ln�¡'�&ÿì�Aµ1¤1>�O+Â

¥�©Ù¶2¤o1>f��¶3¤ï�UþÚ �©E"

ã 3.5: ����[&ÿì¿¡«¿ã

k�Ä GdLSq«�&ÿì�A§�[3 GdLS¥þ!�) 2 MeV�>f§ã 3.6

�N����»l 2.3 m~�� 2.0 m§º�Ú.��PMTÂ¥ê~� 20%§1 2!

6��PMTÂ¥ê~� 3%§¥mA��PMTÂ¥êÑk~�¶ã 3.7 �Ñï�(

J§lo1>f��ÚUþ©E�'��±wÑ§���º�ll 2.3 m~�� 2.0 m

§��u��
 7%�1>�O+"

,	�|^ G4dyb�� β PC�)f�['�
¥f&ÿ�Ç§�L 3.1"L 3.1

�Ñ����º�ll 2.3 m~�� 2.0 m§�>f&ÿ�ÇA�ØC§¥f&ÿ�Ç
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PMT ID
0 20 40 60 80 100 120 140 160 180 200

15000

20000

25000

30000

35000

2.3m ESR

2.0m ESR

pmtHitData_1.id

ã 3.6: ���º�éPMTÂ¥êK�

����» 2.3 m 2.0 m

1>f��£ 2 MeV e+¤ 323 p.e 302 p.e

ïUþ©E 6.0 % 6.23 %

º:ï©E 18.8 cm 20.1 cm

ã 3.7: ØÓ���º�1��ÚUþ©E'�

~�� 0.2%"

L 3.1: ØÓ���º�e¥�f&ÿ�Ç'�

����» 2.3 m 2.0 m

�>fUþK�£d 68Ge�[(½¤ 97.0 p.e 91.5 p.e

�>f&ÿ�Ç 0.15% ± 0.01% 0.16% ± 0.01%

¥fUþK�£d 6.13 MeV γ �[(½¤ 615.8 p.e 579.4 p.e

¥f&ÿ�Ç 92.7% ± 0.1% 92.5% ± 0.1%

éu LS8U��&ÿì�A§�[3 LS¥þ!�)2 MeV�>f§ã 3.8¥§�

ãw«z�PMTÂ¥ê�Cz�3GdLS¥aq¶mãw« LS¥ØÓ«��1>f�

�����º��Cz§�����»l 2.3 m~�� 2.0 m§1>f��~� 7%¶

3 (2.2 m, 2.3 m)�m§1>f��Czé�"

éuþã3 LSþ!�)��>f§ï��Uþ©EÚº:©E����º�C

zXã 3.9¤«§�����»º�l 1.9 mO\� 2.3 m§UþÚº:©EÇþk�

NJp"
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PMT ID
0 20 40 60 80 100 120 140 160 180 200

55000

60000

65000

70000

75000

80000

2.3m ESR

2.0m ESR

pmtHitData_1.id
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ã 3.8: ���º�éLS8U�Uþ�AK�

ESR radius (m)
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ESR radius (m)
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ã 3.9: 3 LSþ!�)��>f§���º�éï��Uþ©E£�ã¤Úº:©E

£mã¤�K�"

nþ©Û§u����ª�»º�(½� 4.5 m§±�y�¥%&ÿìPMT|e�

mkv
��mØ�)Z�§Ó�Ä�Ø��1Â8"

3.1.3 ¥¥¥%%%&&&ÿÿÿììì���...���yyy������������OOO

��y�æ�¥%&ÿì�Ä��O§pU¤ïE
 1:3£q«�»'¤�¥%&

ÿì�. [49], [50]"ÏL¥%&ÿì�.§��¡�y¥%&ÿì�¬�Ä��O�

K§È\g-!kÅÀæ-�Eâ�O²�§iÿ�ðÚ�j�ð5UX�Ï½5!

1��!P~�Ý§ÿÁ>fÆXÚ¶,��¡n)
&ÿì�Uþ�A§u�G4dyb
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�[��(5¶Ó��È\
���ÝÚêâ©Û�²�"�����¥%&ÿì�

�Ä��O§Ù�^�3��.&ÿì¥��u�"

��.&ÿì(�´�æ�¥%&ÿì�{z§Xã 3.10¤«"��.&ÿì�ü

��Î(�§S�� 0.5ëqÔ��ð§	�� 4.8ëxh¶-�§ü��md�» 0.9

m!p 0.98 m!þ 1 cm�ß²kÅÀæ-©�§�	�Å�ÌN(�� 2 m�» 2

mp�ØCg-" 45� 8=�1 PMT©¤n�SC3g-S9� PMT|eþ§z

�15�§��ü�m� 40 cm"g-þeüà¡�����±Jp1Â8§O\&ÿì

�A3ç����þ!5"��.g-±���d��ðcN�¤��ÎÜ&ÿì§&

ÿì�»� µf"

ã 3.10: ��.&ÿìAÛ«¿ã"

��.&ÿì²{
ü��ã�¢�§1���ãqÔ�´ÊÏ�ð§þ!e�

��Ñæ^ Al�§�¤
 γ �� 133Ba!137Cs!22Na Ú 60Co�ÿþ¶1���

ãqÔ�´�j�ð§e���ØC§þ����¤ ESR�§?1
 γ �� 133Ba

!137Cs!22Na!60Co Ú¥f�� 252Cf! Pu-C�ÿþ"

��.&ÿì�1���ã§þe����» 130 cm§æ^��Ç 85%� Al�¶

1��ãòþ����¤ ESR�§��1Åã��Ç�C 100%§Xã 3.11"

137Cs��3��.&ÿì¥%�Ý+ØÓ ����UÌÿþ(JÓ Monte
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ã 3.11: pU¤��.&ÿì¢�1��ã���¤^¾���Ç£�ã¤§¢�1�

�ãþ���¤^ ESR���Ç£mã¤"

ã 3.12: 137Cs3¥%&ÿì�.¥%¶ç���� ���[�¢��UÌ'�§¢

�(7)´�[(J§J�(ù)´êâ"

Carlo�'�Xã 3.12¤«"���Cq«>�§duUþ�³§áN�~�§UÌ

¸ �£§©EÇC�"Monte Carlo�[éÐ�£ã
&ÿì�Uþ�A"

�[ïÄ
¥%&ÿì�.¥�����^§Xã 3.14"�'Ã����&ÿì§

k����3ØÓ�� �§1>f��O\ 15% ∼ 26%§Uþ©EJp 10% ∼
30%§Ó�Uþ�A3&ÿì¥%¶ç����þ!5�CÐ"ã 3.13Úã 3.14w«ê

âÚ�[éÐ�ÎÜ§L²��.&ÿì�Uþ�AÚ�����^�éÐ�n)§�

����&ÿì�O´���"
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ã 3.13: 137Cs3¥%&ÿì�.¥%¶ç���� ���[�¢��UÌ¸ Ú©E

Ç�'�§�:(ù)´êâ§n�(7)´�[(J"

ã 3.14: '�k!Ã�����¹e§��3ç���ØÓ ��§¥%&ÿì�.

Uþ�A"

3.1.4 óóó§§§���OOOÚÚÚ`̀̀zzz

����Ä�Å��O´�µ�n²£(�§`:3uµ

• |^�íØå¦n²£(��ü� 1 0 mmþkÅÀæ�¤����N"9±Ä

ý�Ãã§¦Ù��u�¬ 20 mmþkÅÀæ�§��JpÅ�rÝ"

• �o ESR�3$Ñ!SCL§¥Ø�yú¶

• ;� ESR�½b����xh�>ÚåoN¯KK���5U¶
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���Å��O�ÌN(��ü¡�» 4.5 m§þ 10 mm�kÅÀæ�§á;.�

���(�"kÅÀæá��^§�ºÝ��N´C/§LC�Y�O´��J:"�

��3¥%&ÿìS� 4 mkÅÀæ-!�ÝXÚ!PMT|e!g-.5þk��"

e����¡k5(�§þ���Ã5(�"3þ���Úe���þ�kõ�Ï�Ú

1Æ�"�� �°ÝÚº�°Ýþ�¦3 2 mm±S"�!0�����ó§�OÚ

`z"

ã 3.15: �æ�¥%&ÿìþ���Å��Oã

3.1.4.1 ÅÅÅ������OOOÚÚÚ������

���oþÝ�(½§Io�ü�¡Ï�µe�þ§kÅÀæEd�p§Ê�!�

µ�\óJÝO\§�13kÅÀæ¥P~O�¶e��§KÅ�rÝØ
§SC(

J!ºx�"3e�!0�LC�Y��O�¬w�§nØþØÓLC�Y�k��

Éå©Û(JÚ¢S�����º��.�LC¢�Ñy²§n²£(�æ^ü¬ 10

mmþkÅÀæ�§oþÝ 20 mm´Ün��O"
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ã 3.16: �æ�¥%&ÿìe���Å��Oã

ã 3.15Úã 3.16 ©O´þ!e����Å��Oã"

31 3.1.2.1!¥§(½��� � u&ÿìºÜÚ.Ü§;b LS8U�"e�

��d 5 mØCg-.5| § 4 m-�áue���L¡¶þ����� 4 mkÅ

Àæ-ºX| "e����O
5(�§Ì�8�´=pe���Ú 4 m-§¦� 4

m-�Î¥%Óg-�Î¥%Ü§²O�§5pÝI 10 mm"���5(��g-

.5£Ë�5!�5¤�Ð�é§°Ý�°±�y| ¡¿©�>"

e����g-.Ü����¹Xã 3.17"g-.5¥%(ÜÜk�»� 30.5 mm

�½ �§^u����¥%½ £mþã¤" 4 mkÅÀæ-Y²���½ §Kd

4|BL���¿�½ug-.5þ��/�å5¢y£�eã¤"g-Sý9�k\

r5§¿�g-.5�ë�§ë�?� R=150 mm���"e����»L�§¬�

����>�Ü©Óg-ç5�>§3×�C/�¬É@Ø§$���»�"²O�§

3¦þ�y��¡ÈØÉ����¹e§����»½� 4500 mm=U�ykv
�

S��m£meã¤§�'�&ÿì�[®31 3.1.2.3!¥0��"
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ã 3.17: �æ�¥%&ÿìe����g-.Ü��

þ���� 4 mkÅÀæ-����¹Xã 3.18" 4 m-ºXkn��Ý+§"à

k{=�§IBLþ���§,�ÏLÅ«^+Óg-ºÜ�Ä6-�ë"Ïdþ��

��A�Imn�Ï�"|^þ���¥%Ï�� 4 m-¥%�Ý+�;��Ü5¢y

þ����¥%½ "���þéA,	ü��Ý+�Ï��»K·�õÑ 10 mm{

þ§±(�3k��ÚSCØ���¹e§n��ÑU^|BL�Ý+"

ã 3.18: �æ�¥%&ÿìþ���� 4 m-ºXÚ�ÝXÚ���"

1�Ù¥0�
¥%&ÿì�gÄ�ÝC� (ACU)§ ACU���õU´|^ LED

�ÜSCug×.ÜÚºÜ� 2=� PMT§æ^�éÿþ��{§?1�NP~�Ý

��ÝÚiÿ§Xã 3.19¤«"���I�� 2=� PMTm�¦��ÝuÑ�1
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U^|� PMT¤�Â"���¬K� PMT1Â8§���¬����¡È§�Zm

�º��ÏLMonte Carlo�[5(½ [51]"m��ªkü«§Ï�½1Æ�"emÏ

�§Kz��ÑI��µ§���ym�?����²�5§ù¬O\��JÝÚº

x§�Ð?´�ÝuÑ�1�±Ã{N�� PMT�Â"em1Æ�£=3 ESR�þ

m�¤KN´�õ§�´ù�¬Ú\ü�kÅÀæ¨�í.¡§13BLz�.¡�Ñ

¬kÜ©��§ÙK���±ÏLMonte Carlo�[5µ� [51]"

ã 3.19: ���Ó 2=� PMTXÚ�m���§�ã� 2=� PMT3¥%&ÿì¥�

»� �§mã�:Àãw« 2=� PMT�éu�»��� l"

k�[kÅÀæ¨�í.¡�K�"Xã 3.20(a) ¤«§±þ���¥%NC� 2

=� PMT�~§�[��Ó5�n�:1l��?Åì�C 2=� PMT§'�m

Ï�Úm1Æ�� PMT�Â��1>fê��O"ã 3.20(b) ´�[���ü«�¹

e PMT�Â1>fê�'��\���'X"ùp\���1ÚPMT�ë�3kÅ

Àæ¨�í.¡þ�\��"��£ù¤´�[êâ:§J�£ç¤´U�r�ò�'

XO���§Ù¥�Ñ
õg����z"��éý�õê:§�[ÓnØýÏ(J

ÎÜéÐ"l Z = −1.5 m� Z = 1.3 m§�[ÓnØýÏ��O3 1 %"du 2=

� PMTXÚé�N�iÿæ^�éÿþ§�Ü©-�ù��O"�1��C PMT

�§'X Z =1.5 m§�[ÓýÏ��Om©C�§k�U´duO�¥v�Äõg�

�E¤"¢S�Ý�§�±��Ø^ù�:�êâ"

2�[1Æ�º�K�"(½��º�§'�´ü:µ�´����¦þ�¶�

´ 2=� PMT kv
��ÂÝ"n��¹e PMT��C���kÅÀæL¡§K
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(a) «¿ã (b) �[(JÓnØýÏ�é'

ã 3.20: �[�í¨kÅÀæ.¡é 2=� PMT1Â8�K�"

é�»�I¦��"� PMT I�7L�kÅÀæ�L¡�±�½ål§±;��

��/C½$Ñ¥�6½E¤ PMT��§ù�S�ål½� 1 cm "ã 3.21 �Ñ


&ÿì$1ÏmgÄ�ÝXÚò�����Ý �§�[3 (r = 0, z = 150cm) Ú

(r = 177.25cm, z = 180cm) ����Ó5:1§l���UC1Æ�º�§*	

PMT�Â��1fê�1Æ�º��Cz"

ã 3.21: &ÿì$1ÏmgÄ�ÝXÚ��Ý �"

ã 3.22(a)´m�º�é¡� GdLS� PMT�K�§1Æ��»�u 8 cm��Ø

¬	1"ã 3.22(b)´m�º�é¡� LS� PMT�K�§1Æ��»�u 9 cm��
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Ø¬	1"éu¡�xh� PMT§é1Æ��»�¦aq§��¦�u 9 cm"�Ä

&ÿìSCL§¥§ 2=� PMTÓ���1Æ��m�U� � £§�ª(½1Æ

��»� 10 cm"

(a) m���é¡�GdLS� PMT�K� (b) m���é¡� LS� PMT�K�

ã 3.22: ���m���é GdLS! LS¥ 2=� PMT�K�"

c¡�Ä
¤k�����'���"lSC�ÝÑu§�����Å��I�µ

(1)þ!e����» Φ 4500.0 ± 2.0 mm¶ (2)���þÝ£k\r5?¤ 30.0±1.0

mm§£Ã5?¤ 20 mm¶ (3)e���o�Ý/Ï�� �°Ý 2 mm!º�°Ý 1

mm¶ (4)e���¥%Ï�� �°Ý 2 mm!º�°Ý 1 mm¶ (5)���¤kÏ

1�� �°Ý 2 mm!º�°Ý 1 mm¶ (6)þ���ü� Φ 220 mm!�� Φ 255

mmÏ�� �°Ý 2 mm!º�°Ý 1 mm¶ (7)ÿþ�?�µ°Ý!þ!5§LÎ

ÜÅ�ã��¦¶ (8)Ä��áþÝþ!5 1 mm"

3.1.4.2 LLLCCC���YYY���OOOÚÚÚ`̀̀zzz

���LC�Y��O§'�´��LCL§¥�/C§����»�"����

Å�(�ÌN�kÅÀæ§,
5U�Àæaq§��Ä^ý�á�LC"du"yé

ÅÀæá�Å�5U�¿©
)Ú�.kÅÀæó§²�§���LC�Y�k��É

å©Û�U¬�¢S�¹�O��§�Ù©Û(JE�Jøþ?þ�ë�"

ã 3.24�k��©Û(J�«~§kÅÀæ�Å�5UÑ\ëêXã 3.23"�»�

220 mm�á�þÙu R = 1500 mm?��±þ"©Û(J�µ����þ 20 mm!

 400 kg�§eæ^l:LC§���C/� 9.2 mm§��Aå� 3.85 MPa¶eo
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ã 3.23: kÅÀæÅ�5Uëê"

ã 3.24: LC����/C!Aå©ÛI

:LC§��C/� 29.1 mm§��Aå� 7.83 MPa"��é'§�O�
��þ 40

mm! 800 kg�§eæ^l:LC§���C/� 2.3 mm§��Aå� 1.92 MPa

"�â [52]§kÅÀæ��ÏAå��3 5 MPa±S§âØ¬�)[ÈC/"���æ

^ü� 10 mmþkÅÀæ�§oþÝ�k 20 mm§e�^ 4�L:§�3é��»�

ºx"�¦LCAåÚ/CÜ��¦§��Iæ^ 8�½L:"ù�Ä��O§3��

��.ï�L§¥���y"

3.2 ¥¥¥%%%&&&ÿÿÿììì������������...ïïï���

(½
����Ä��O�§·�3pU¤ 3Ò¢�e?1
 1:1����.�ï

�§Ì�8�´�y����Å��O§u����1Æ5U§±9u�\ó°Ý§�

�����ª��Jø²�ë�"¥%&ÿìþ���vk5(�§e���k5(

�¶þ!e���þkÏ�"�ÀJ���º�e����.�±u�ý�Ü©��ó

²"
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3.2.1 ������LLL§§§

���\óL§¥�Ä��ó²�¦´^�NàÜó²?1kÅÀæ�Ê�Ú�

µ"kÅÀæ´à`ÄZL�`| (PMMA, PolyMethyl MethAcrylate)§�NàÜ´

±`ÄZL�`|üN (MMA, Methyl MethAcrylate)���§3�þÚuJ�^e½

��39!1ÚË��^e?1àÜ�A§�¤kÅÀæ�Ê�Ú�µ"Ó���^Å

�Ê�½^Ù¦��NÊ�ó²�'§`:´ (1)Ä�vkÚ\,�§Ø¬kÛÑÔ½

±Yº��u5íN§��j�ðoN5�ºx��ü$¶ (2)�¿?ß²ÝÐ§Å�

rÝ�CkÅÀæ�á��"�NàÜó²�J:´Ø´��àÜL§¥�1ì!§

Ý§´u)v�½�)í�.,	duàÜL§�þ�9§���z�ãe%Â §¬

���¿?í3Aå§Å�rÝü$§Ê�¿N´ÉkÅMJ©f�ôÂ�)�«"²

Lî��ò»?n§S§Ué�§Ý/�ØÊ�¿?�í{Aå§Jp�¿?�Å�r

ÝÚß²Ý"

����.���§Ikòü¬ 4.6 m (L)× 2.3 m (W) × 10 mm (T)�kÅÀæ

�÷�>^�NàÜó²Ê�å5"Ê��I�ïü|ó�²�§^u| ü¬kÅÀ

æ�"����ï�ó�²�§²¡Ý��§�¿üý� ��� 3 mm"�¿?1Æ

5UKûÐ"

����.����?Ö´é�Ü·�b�ó²§u����1Æ5U§¢

Sþ�UéÐ�¤"��¥ ESR�A«b��{9Ù(Jµ (1)¦^V|©�ß²�

��£¥%&ÿì��.¢��b��{¤§����ÊÝ��§éN´duæ�Ø

!�����L¡Ø²�¶ (2)��²Á§K¬Ï���� (65 µm)éN´åº¶ (3)

^Y��0�U¦�¡é²�§��µ�mSY©��uÚ2v(¬kd3¯K"�

Á�
MIRO-Silver�£�1 3.3.1¥0�¤�b��JµMIRO-Silver���é�þ

(0.2 mm)§��²Á½ÊbukÅÀæ�¡þU¼��Ð�²�Ý"�du�k�¡

MIRO-Silver§��¡�m���Ø´?n"

�����µÚb�´�Ø�©�üÚó²"3ýï�ã·��O
A«����

�µ�Y§�1 3.4.2!¥��[?Ø",du^���§�.���µL§vkÄ

ý�§��n²£(��ü¬kÅÀæ�bÜØ;�§mY��? ESR�k½º",

	§duA«×�¿·��ÿÀ7�þk�5íNº�§Ïú%¬�³����ª�

ï×·�"(J��kr'ß5�MMAüN÷·�'\�SÜ§MMA�zÂ §¦
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��¡Cs§îK�
1Æ��5U"3����.����Ué�Ü·b�!�µ

ó²"

����.����¸�ÊÏ¿S�¸"b�L§�³Ñ�¸'ÀÝ��éb��

þ�K�"kÅÀæL¡Ú ESR�L¡ÑéN´�)·>§áN���D§e���

�µ3���S§ù
��Dò¤�1�Ñ�§K�����º¡��5U"Ó��

�¥�U,��5�¬3¥%&ÿì¥�)�."�.�b�Á��ÄgÈ\
�W�

¡ÈkÅÀæ�¬�²�"

����.�LCÁ�y¢
Å��OÚLC�Y�1"ã3.25´����.LC

Á��ì¡§�N
LCc�����/C"±,�á��ë�:§*	���>�,

:3LCc��éuTë�:3ç���þ� £§²'�§�O����.3LCL

§¥�/Cþ� 2∼3 cm"ù�u 3.1.4.2!�k��©Û(J§Ü©�Ï´����.

�n²£Y��mvkÄý�§Å�rÝ'ü¬ 20 mmþ�kÅÀæ�"

ã 3.25: ����.LCÁ�"

���¡È����^§e3ê�ÅKþ�Å\óö�Ø´�¤^[B"����

.þÏ��½ Ú}���þ�Ãó§duvkýkO�ÐIO�ä§¢S\ó°Ý�

�§ �°Ý� 5 mm§º�°Ý� 5 mm"

5^�Ê�§��NÑ½ °Ý¯K",	§"�ÿþ¤5ÿþ5^þÝÚÊ��

¤��oþÝ"
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3.2.2 ²²²���ooo(((

ÏL����º��.���§�y
n²£(���O§�y
Å�rÝÚLC

�Y§È\�²�é�����ª��Jø
�ë�§¿âd�¤
çIEâ�¦"

Ì�Eâ�¦Xeµ

• kÅÀæ�á�1Æ5U�¦µL¡Ã²w����!yú§'À"�á	*Î
ÜII GB/T 7134-1996`�¬IO"ß�Ç�¦£�1 4.3.2.1!?Ø¤µ

a) T > 85%§Å� ∈ (350nm, 380nm)

b) T > 92%§Å� ∈ (380nm, 800nm)

�~�kÅÀæ�á5U�O�5�¢�Ø�§�¦ 8@���¤^kÅÀæ�

á��5uÓ�1g"

• ¦þæ^þÝþ!5�Ð��á§�áþÝþ!5 1 mm±S"

• �á�©�9þ!e¡���µÊ�7Læ^�NàÜó²"

• Lk²¡ÝÚY²Ý3 2 mm±S�ó�²�§�y�á©��þ"

• æ^XÀY�Ü AlconoxW*J£�1 3.4.1 !¤§^u�µckÅÀæ���

W"

• Jø�'À&�y����b�Ú�µ�L§Ø¬��í2�À/"

• ���(�I���µ§�¦�µ°Ýþ!§7L^éESR�ÚkÅÀæÃ�³

�á�×·�§MMAüN�NØ�?\k�����m"

• �á©�§����µ�óS�¤�L�ò»?n"

• æ^®I½ûÐ�ÿþóä½��IO�ä§�y���þ�Ï�� �°Ý 2

mm!º�°Ý 1 mm"���oþÝþ!5 2 mm±S"

• \r5�Ä��Ê�¡þ§3ØK�rÝ!þÝþ!5�§�NN�êí�"

Ó��
¯K�U3�º��.��¥é�)û�Y§Ä��´����Êbó

²"b��þ!5Ú²�5§é����1Æ5Uåû½5K�"�¡È��¬U��
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éÐ�º¡�J§�3�º��.ï��¢�¥§du ESR�é��´º§�º�k

�§I�õ¡�âUCX���¡È§�y�NkéÐ�þ!5Ú²�5é(J"ù�

¯K���ª)��q²LõgÁ�â�±�ª)û£�1 1.4.2!¤"

3.3 ���������ïïïÄÄÄ999ááá���ÀÀÀJJJ

ESR (Enhanced Specular Reflector)�´�«p��Ç�kÅàÜ��"3��1

Åã��Çþ!§²þº¡��Ç> 98.5%§Xã3.11"��1ÃÚ §9½5Ð"

ESR�´���ýï�ã��áÚ<���á�"MIRO-Silver�´�«pº¡��

���§´3¾�ÄáþÛÕ�"��1Åão��Ç∼ 98%§Ù¥º¡��Çpu

94 %"\����� (> 45◦)§��Ç¬m©eü"MIRO-Silver'���kÅàÜ�

�Fb	Ëì"ýï�ã§MIRO-Silver´���À�Y"

ã 3.26: MIRO-Silver��Ç

3.3.1 nnn²²²£££(((���������ÇÇÇ������ÇÇÇ

ESR���üýk�o�¡§�ý��7Ú�ß²§�ý��Ú"�K�o��

�ESR§ü¡þkép�º¡��§e¡± blueÚ yellow 5«OESR�¡�ü¡"�

¡�ýé��Çd¥IOþ�ÆïÄ���� Varian CARY-5E1Ì¤ÿþ§Ù¥º�

�ÿþ�ªe1\��� 7Ý§û��ÿþ�ªe1\��Ý� 0Ý"ã 3.11�Ñ
ÿ

þ� ESRo��ÇÚº��Ç�Å��Cz�"��'�§��ÑpU¤��.¢
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����¤æ^��«¾�á����Ç"3��1Åã§ESR��Ç�puAl�"

�b	Åã���ÇØXAl�§l 390 nm� 370 nm ESR��Çé¯eü��k 15%

∼ 20%¶éu Al�§ ∼ 85 %���Ç�±ò�� 340 nm" ESR��Ç�A��

��CX�æ��ð�u�1Ì§�æ^ ESR����á�Ä�Ø¬��ðc1f�

Â8¶Ó��>âf3�æ��ð¥�)�b	 Cerenkov1¬3A cmºÝS�¤á

Âu�£�15Ù¤§=z���1f§�ESR3b	«�$��Ç�A�Ø¬K�

&ÿì�1Â8"

�æ�����Ä�Å��O�n²£��µ(�§=ESR�¡Y3ü� 1 cmk

ÅÀæ�m"�OÐÏ§�Ä
ü«�¹µ�´�µY��3�í�¶�´Y�¿÷x

hµ

(1) Acrylic + glue + ESR film + (air) + acrylic

(2) Acrylic + glue + ESR film + (oil) + acrylic

éùü«n²£(�©O�
��ÇÿþïÄ"

ã 3.27: n²£(���¬ì¡" ESR�^ß²��ä���½ukÅÀæL¡§4�

���xh��µu ESR��¡ÚkÅÀæ�m"

Uìþãü«n²£(���
�
��¬§Xã 3.27�ì¡",�3�� Jasco-

V570 NIR/VIS/UV1Ì¤þ^ ISN-470È©¥N�ÿþo��Ç"ã 3.28w«ØÓ�

¬���Çÿþ(J§�ã¥��ÇØ´ýé��Ç§´�éu1Ì¤���ÛAl�

IO�¡���Ç"3b	Åã§ ’NoAcrylic’' ’AcrylicAir’$§´Ï�kÅÀæßL
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Ç3b	Åãü$¶ ’AcrylicAir’' ’AcrylicOil’p§´Ï�1f3kÅÀæÚ�í�.

¡þ����z"ØÓ�¬���Ç3��1ÅãA�Ã�O§ÀJØW¿xh��Y

é��5`��{ü"

ã 3.28: �ã� ESRà�3�í¥���Ç±9ü«n²£(���¬���Ç'�"

mã���¬¤æ^� 1 cmkÅÀæßLÇ�"

3.3.1.1 999½½½555ÚÚÚoooNNN555

������Eâ�¦�½n²£(���µ7Læ^�NàÜó²"â®k��

NàÜó²\ó²�§àÜ«SÜE,�U¬í3Aå§��àÜ«(�rÝC�"e

í3Aå��§2k��	å�Ï�^uàÜ«§¬�)[ÈC/§$�Åì�)�¿

����"Ï~3�NàÜ��§¬O\��ò»óS"I�òàÜ«¤?�¸§Ý

�úJ,� 85Ý§¿�±�ã�m£ê��¤§2�úü§"ò»ó²�'�3u,

§!�§!ü§��m���§e��ØÐK�Ø�AåòØ��J"ESR��¬E

â©�(¡ ESR��±?u 85Ý��¸ 1000��§��5UØÉK�"�(@ò»

óSé ESR��5UvkK�§?1
ó�¢�µ�¡ESR��Y3ü¬kÅÀæ�

�m§�Ø�µ"�u 85Ýð§>ó�¥ 24��§��'4ó�:§g,ü§�¿

§§�Ñÿþ��Ç"ãw«ó�¢�c� ESR���Çvk²weü§(@ò»ó

SØ¬ü$ ESR���5U"

¦+����Å��O´�µn²£(�§��OÐÏ��Ä�e�µ��§xh

'\n²£(�Y�§�U¬duxhÓ ESRØoN½´ÓÊ�0�ØoNK��
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Wavelength (nm)
300 400 500 600 700 800

R
ef

le
ct

iv
ity

 (
%

)

0

10

20

30

40

50

60

70

80

90

100
ESR reflectivity
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ã 3.29: ó�¢�c� ESRº¡��Ç'�"ÉÚJ�L« ESR�¡� green¡§7

Ú¢�L« ESR�¡� blue¡"

����5U" ESR�¡Óxh�oN53pU¤��.&ÿìþ��¿©u�"X

c¤ã§pU¤��.&ÿì¢�1��ã§þ������´^ß²���ò ESR

�¡Êb3�¬Ä�þ§ ESR�¡Ú������xh�>"²L�cõ�¢�§&

ÿì�A�Ïiÿ(J¿©w« ESRÚ¤^���ÓxhoN5ûÐ"����Ø|

u�¡Èb�§��ÿÀ�Y´|^V¡�§²��ÿþuy§V¡�á�Ä�Ñ´

kÅàÜá�§�ÏE�uxh¥¬�M)"L 3.2«~
�«V¡��oN5¢�(

J§²L 23U§E�ESR�xh�á1Ývk²wO\¶��kV¡��xhá1Ý

²wC�"

3.3.1.2 \\\������ééé������ÇÇÇ���KKK���

ESR�þÝ�k 65 µm§Ù���´dõ�4����|¤§ó��n´|^

13����.¡�m���Z�\r§��pº¡��"éìF1�Sú*	 ESR

�§Ek�Ü©1UßL 65 µm�þÝ§AO3��Ýe§ßLÇOr"�æ�¢�

|�lÚ��Ü�ü �Ó¯ïÄÿþ
3�í¥Úh¥\��é ESRº��Ç�K

� [53], [54]"ã 3.30´�l�Æ�¢�C�§�ã´ÿþ�í¥���Ç§mã´ÿþ
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Abs(430nm-600nm) 0 day 15 days 23 days

Oil as referee 0.0024 0.0024 0.0024

ESR in Oil - 0.0023 0.0029

ESR & 3M double-side adhesive tape in Oil - 0.0057 0.0072

L 3.2: V¡�ÓxhoN5«~£�« 3MV¡�¤

h¥���Ç§1� 532 nm�-1"

ã 3.30: ESR�Ý�AÿþC�"

ã 3.31�ÿþ� ESRÚ MIRO-Silver3�íÚxh¥ØÓ\�����Ç'�"

é ESR§�í¥�±pº¡��Ç¶xh¥���Ç3\���u 60◦ �wÍü$"

éMIRO-Silver§�í¥���ÇÑ$u ESR§3\���u 70◦ �m©ü$¶xh

¥���Ç�¥y�½�þ,ª³"

�l�Æ�Ó¯���
n²£(����¬§¿3ã 3.30�C�þÿþ
��Ç

�\���Cz§(JXã 3.32"éuYk�í���¬§du3 θ > 42◦ ¬u)��

�§¤±3�\��eEU�±p��Ç£mãù:Úç:¤"��é'§ò ESRÚ

MIRO-Silver3�í¥���Ç�x3ã¥£ÉÚn�Úù7Ún�¤§du¢�¢ÿ

�´kÅÀæ¨�í.¡�\��§�dü�\��Uò�Ç'X�
?�"éuY

kh���¬§duxh�ò�ÇÓkÅÀæ�~�C§ÍÜ�Ð§v*	����y
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ã 3.31: ESR��Ç3�íÚxh¥��Ý�A"

�£�ã¤§���Ç3\��> 40◦ �¿vk²weü"

ã 3.32: ESRßLÇ��Ý�Cz"

��éÜ�Æ�Ó¯3b	©11ÝOþ�ÿþ
 ESR�3xh¥ØÓ�Ýe�

ßLÇ [53]§Xã 3.33"\�����§ßL ESR��1²w�8¥3n�Å�«m"

�\��O�§ß1«mÅì7£¶�\���u40 ◦§ù1Åã�ßLÇ²wOr"

o(þã��Çÿþ(Jµ

• �\���¹e§ ESR3�íÚxh¥���ÇA�Ã�O¶\��> 60◦ �§

ESR3xh¥���Ç²wü$"

• MIRO-Silver 3�íÚxh¥���Çþ' ESR Ñ$"\�� > 60◦ �§
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ã 3.33: ESRßLÇ��Ý�Cz"

MIRO-Silver3�í¥���Çü$§3xh¥���ÇØC"

• Y�í�n²£(�§dukÅÀæ¨�í.¡¬u)���§¦��\���
¹eEk�C 100%���Ç"

3.3.1.3 ������555

ESR´�7á��§U,��5Y²é$"MIRO-Silver�ÛÕ¾�§Ä¡¾�

á�Uk�p�U,��5Y²§3{IBerkeleyI[¢�¿|^pX÷&ÿìÿþ


 MIRO-Silver�¬�U,��5Y² [55]§(JXL 3.3"L¥ ThXÚ UXØ��

��5Y²�O�þb�PCó��PC²ï"

L 3.3: MIRO-SilverU,��5ÿþ

U(e) U(l) 210Pb Th(e) Th(l) 40K

0.51(4) ppm <3 ppb 1.0(1) ppm < 10 ppb 0.37(1) ppm < 5 ppb

U(l)d 226Ra�fØ 214BiÚ 214Pb���5Y²O�"¦+ 210Pb�´ 226Ra�

fØ§ùpòÙüÕ�Ñ§Ï��¬¥vkÿ� 226Ra§Ã{��'é"ÿþ(JL²
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�¬¥ UXØ�Ø?uPC²ï"

Th(e)dPCó¥ u 228Th�þ�Ø�� γ ��5O�§AO´ 228Ac" Th(l)

Kd 212PbÚ 208Tl���5Y²O�"�¬¥vkÿ� 228Ac§L²�¬¥ ThXØ�

�Ø?uPC²ï"

MIRO-Silver�¬ÿþ(J�Ñ�p� 208Tl��5§²��Ù3 AD¥�ü¯~

Ç�� 10 Hz§Ø��É"ØÓ1g� MIRO-Silver���5Y²��O�Ué�§�

á���5����J"Ïd¦^MIRO-Silver���������§ºx��"

3.3.1.4 ���(((

þ¡�ïÄL²§ ESRÚMIRO-SilverÑkÑÚ�1Æ5U"�duMIRO-Silver

k�����5ºx§�ª(½ ESR�����á�"

3.3.2 kkkÅÅÅÀÀÀæææááá���ïïïÄÄÄ

���¥kÅÀæ���^µ�´�����n²£(��Å�ÌN¶�´��1

�DÂ0�§�¦1ßLÇp"é���ó§��¦kÅÀæÓxh�oN5Ð§ù

3¥%&ÿì�.¢�¥®���y"�!ïÄkÅÀæßLÇé&ÿì�A�K�"

3��1ÅãkÅÀæé1�áÂ��"b	áÂ´kÅÀæ��ÓA�§Ly�

3b	Åã�ßLÇ¬3,�Å�£�äÅ�¤×�eü"ØÓ�[^ØÓ��!U

ØÓó²)��kÅÀæ�Ò�á§b	Åã�ßLÇ��U¬k���O§Xã

3.34¥A«kÅÀæ�¬�ßLÇ�'�"��`5§kÅÀæÒ�L§¥�V\J

¬áÂb	1§��b	�äÅ�ép (380 nm)¶vk|b	V\J�kÅÀæ§Ù

b	�äÅ��ò�� 300 nm"

ã 3.35´ G4dyb�[^�¥�Ü©1Æëêµ�ðu�1Ì!�NP~�Ý!9

PMTþf�Ç"pb	ßLÇ�kÅÀæ�±CX�Ü1Ì§Ø��1f§�´pb

	ßLÇ�kÅÀæd�[B§I(½Ün�kÅÀæ�áßLÇ�I�¦"

ÿþ��ßLÇ´kÅÀæáÂ���üö��z�Ú§��E��{üëêzú

ª5£ãßLÇ�ù�A5§ÏL&ÿì�[ïÄØÓ�äÅ�é&ÿì�A�K�§

5(½���ékÅÀæßLÇ��¦"k�Ä���K�§úª 3.1´{z��r�

úª§5£ãü��í¨kÅÀæ.¡���ÇR(λ)ÚßLÇ T (λ)§ n(λ)´�Å�
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ã 3.34: ØÓkÅÀæ�¬�ßLÇ«~"�ã�¥%&ÿì�.¢�ÿÁL�kÅÀ

æ�¬ßLÇ"mã�kÅÀæ�¬ÏLÇ5gu SNO¢�§Ù&ÿì¥�C

qÔ��¥/Nì�kÅÀæ�¬"

Wavelength (nm)
350 400 450 500 550
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u
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ã 3.35: G4dyb¥��ðu�1Ì£�ã¤§�NP~�Ý£¥ã¤§ PMTþf�Ç

£mã¤"

Cz�kÅÀæò�Ç"

R(λ) =

(

n(λ) − 1.0

n(λ) + 1.0

)2

T (λ) = 1.0 − R(λ) (3.1)

ék�½þÝ�kÅÀæ�5`§kü��í¨kÅÀæ.¡§1¬3ü�.¡�

mõg��ò�§Ó��k3kÅÀæ¥DÂ�P~§X«¿ã 3.36"ok���Ç

Reff Úok�ßLÇ Teff ©O´õg��Úò��Ú"
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ã 3.36: 1BL 1 cmkÅÀæ�1´«¿ã"b�\�1r� 1§ok���1r�

Reff §ok�ß�1r� Teff "

ã 3.37¥�ã´¥%&ÿì 3 mkÅÀæ-�.�kÅÀæ�¬ò�Ç�ÿþ(

J§±§���[�Ñ\ëê"ã 3.37¥mã´Ø�ÄkÅÀæ�1áÂ�dþªO�

� Teff "��3�í¥ÿþßLÇ§��ò�z 8%�m���§ÿ���pßLÇ�

� 92%§3&ÿì¥§dukÅÀæ��ðò�ÇÄ���§A�vk����"

3ïþkÅÀæé1�áÂ�§A~Ø���K�"��eØ�Ä13kÅÀæ¥�P

~§=d�r�'XO�§3b	ÅãEkép�ßLÇ"�kÅÀæßLÇ�b	�

äÌ�´Ï�kÅÀæéb	1�áÂ"

�â¢ÿ����kÅÀæ�¬ßLÇ�A�£Xã 3.36¤§�Eúª 3.25£

ã13���kÅÀæ¥�P~�Ý"� A1 = 0.2 cm§ A2 = 200.0 cm§∆ = 3.0nm

§=b�kÅÀæb	Åã1P~�Ý� 2 mm§��1Åã1P~�Ý 2 m§ù´�

���Ün�b�"ã 3.38´��ãÅ� λ0 = 390 nm�§ Γ(λ)Ú Teff �/G"

Γ(λ) =
(A1 − A2)

1 + e(λ−λ0)/∆
+ A2 (3.2)

�[ØÓ λ0 e§ 1 MeV e+3&ÿìqNÈSþ!�)�§1>f���Cz§

Xã 3.39"� λ0 > 400 nm�§1>f��âm©eü¶� λ0 > 415 nm�§1>f�

�eü²w"�âλ0 < 400 nm� Teff �§JÑ���kÅÀæßLÇ��I�¦µ

a) T > 85%§Å� ∈ (350nm, 380nm)

b) T > 92%§Å� ∈ (380nm, 800nm)
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wavelength (nm)
300 400 500 600 700 800

R
ef
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1.60

 (nm)λ
300 400 500 600 700 800

 (
a.

u)
ef

f
T

0.86

0.88

0.90

0.92

0.94

ã 3.37: 3 mkÅÀæ-�.�kÅÀæ�¬ò�Ç n(λ) [57]"Ø�ÄkÅÀæé1�

áÂ§d n(λ)O����oßLÇ Teff "

 (nm)λ
320 340 360 380 400 420 440 460
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)
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effR
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total

ã 3.38: P~�Ý�.«~" λ0 = 390 nm�§ Γ(λ)Ú Teff (λ)�"

3.4 ¥¥¥%%%&&&ÿÿÿììì���������������

3.4.1 ���'''������

�â����.���²�§��yb��þ§I��'&Jø'À�¸"ÏLé
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 (nm)0λ
360 370 380 390 400 410 420 430 440

P.
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245

ã 3.39: o1>fê� λ0�Cz§���3&ÿìqNÈSþ!�)� 1 MeV e+"

����5K���O§�'&�'ÀÝ�I½� 10�?"

�'&�O�üÜ©§���Ck�íÀzXÚ� 6m x 6m x 6m� 10�?�'

&§±9�� 6m x 6m x 6m���'&�À«"äN�¦Xeµ

10�?�'&Ü©^�g(��e§æ^�·>^ð�S9§	�2� 2∼3��

�^ð?�Ú�ý��S��"¤ÀºÅ!�íÀzXÚ�y�� 10 �?'ÀÝ�

?"ó�G�e�'&S�±�½�Ø"/¡æ^��ä�g6²?n§~���"<


?Ñ� ���º�¿"

����\ó��S����§��������?Ñ�'&�»�&S'ÀÝ§

3��?Ñ� ���m��'&�Àm§�k�~�é�'&�À/"�Àm�æ^

�g(��e§o±ÚºÜ±��^ð2C±�ý|S��"��¦/�æ^��ä�

g6²?n"

�'&ï¤�§3½$1G�e§^�DâfOêìÿþ�í'ÀÝ"�'&

S§�íæ��l/¡� 1.2 mp�§ÿ 15�:§ 100 %�êâ���?§ 50 %��

Z?¶�íæ��l/¡� 0.4 mp�§ÿ 6�:§Ä����?"�À«S§�íæ

��l/¡� 1.2 mp�§ÿ 4�:§���?¶�íæ��l/¡� 0.4 mp�§ÿ

4�:§Ñ�u�?§Ðu 10�?"�Â(J`uýÏ�O�I"

�kÅÀæ��WJø'ÀY´�y���1Æ�þ�,��'�"Ï~^Y�>

�Ç½>{Ç���ïþY'À§Ý�IO"Y�'ÀÝ��kn��g" (1)½�g

5Yµ>�Ç 50∼500 µS/cm§S¹k¶Ôlf±9kÅÔ©f§Y%3kÅÀæL¡
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g,ºZ�¬3eY<§K�1ßLÇ" (2)�'ßYµ²�'ß (RO)Eâ?n��

Y§Y¥�Ü©lfÚkÅÔ©f�±��Ø§�Ekí3§>{Ç� 0.2∼2 MΩ·cm
" (3)�lfYµ�'ßYe2²LÒ�lf��ä�?n§A��±���Øí{¶

Ôlf§>{Ç�� 18 MΩ·cm§g,ºZ�Ä�Ãí{Ô"¥%&ÿìØ���	§
kÅÀæ�¬�&ÿìÜ��k 3 mkÅÀæ-Ú 4 mkÅÀæ-"§���W�Ð

æ^Ú���IÚ�¦"�(½XÀY����I§�
Xe�¢�"

3��þàm���Î/kÅÀæNìSC\ 19 mmp�>{Ç� 2 MΩ·cm�
ROY§Y©���u�£k�á���¤§3�ÎNì.ÜuykY<"TY<ØU

��^YÀK"'�¢�c�kÅÀæNì.Ü�ßLÇ�§ßLÇü$
 20∼40%

"Ïd(½^�lfY������W^Y§�¦>{Ç�u 10 MΩ·cm"¢S)�L
§¥§z¬����WcéY��u�§(@÷vþã�¦�§â?1�W"

kÅÀæ��W§Ø
�lfY§�I/ÏAÏW*J Alconox§ Alconox®"W

*J´�«�.ß W*J§§´^�2Y½�lfY¤À§Ø3?Ûí,"�u�

Ù�J§?1
�X��Á�§ÿÁ Alconox é~�À,X�<!PÒ)!��!x

h!Åh£h¤!7h���ÀUå§'��Wc�kÅÀæßLÇCz"Á�(J

L²§ Alconoxé�<!��!Åh!xhÑkéÐ��ÀUå§éh5PÒ)Ú7h

�ÀUå��§)�¥¦þ;�¦^§�"

3.4.2 bbb���ÚÚÚ���µµµóóó²²²

����b�!�µó²´¢S)�L§¥��(J���Ú½"éõ��¬Á�

ÑULyÑ�Ð�º¡��5U"ã 3.40w«Ù¥�Ð��¬�.�¬§T�¬�ý¢

º�'~� 1:9§�±w�º¡��5U�~`D"

ã 3.40��.�¬´��^ü¬kÅÀæ��Y; ESR���§vk^Ê�§v

kÄý�"�´òaq��{����º�§ÒÑyéõ¿�Ø��¯K§~X3��

��.��L§¥-��'�!ESR�½º�"ã 3.41 w«
3����º��.�

�¥§Ïó²Ø�õ�)�"�§ù
"�Ñ´·�ØU�É�"²7��EÁ�§

c�Á�
�A«b�0�§Á� 4¬���£ 6g��b�¤§â�±�÷)û"�

ª�º�����º¡��5U�þã�.�¬��`D"�!o(���b�!�µ

ó²��OÚ¢y"
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ã 3.40: �ý¢º�'~� 1:9�e����.�¬"

ã 3.41: 3����º��.��¥§Ø��É�b�"�"

3.4.2.1 ���µµµóóó²²²

3pU¤mÐ¥%&ÿì�.¢��Ó�§�æ�¢��l|�3�lc��£

Aberdeen Tunnel¤�¢�¿Sï�,��&ÿì�. [56]" Aberdeen Tunnel¢��

����»� 1 m§�æ^�µn²£(� [58]§Ù��L§-��'�¯K�·�a

qµÙ)û�Y´^�«¯Z�N�£DP810, 3M Product¤5æ!ü¬kÅÀæ�

��¿§æ!��Z��2æ!e��§����þÝv
§���µ�J"�ù��

{é�¡È����5Å�rÝÚ�µ§ÝþØ��"3dÄ:þQ�Ä�O
Xen

«�Yµ

���YYY���

ã 3.42´�Y��O�«¿ã" A! B�n²£(��ü¬kÅÀæ�"�¦�

NàÜ�µ«kv
�rÝ§|^õ^kÅÀæ�ã C5¦ A! B�©�Ñ 1 mmm
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ã 3.42: ����µ�O�Y�"

Y§ CÓ A! B�>�6Ñ 3 mm°mY§>�?^YäY;££ÚÜ©¤"du C

´õã§I�kr��ã C�m��¿§^�NàÜ�ªÖ�§¤������§2l

ý¡/5MMAüN§��N�KàÜ�µ"d�Y�J:3u§ (1)�ã� C^�k

3�¿?Ö�¤����"��,?k¦¿§/\ MMAüN�N��ÿ§Ò¬'\ A

! B��m��m§���}" (2) A! B�m å
 1 mm�mY§ A�¬dug

½É@ØC/§�¥%«��U¬�>��å"�m�
�¬k��"A! B�m

�mY�´��"�§Ï�l����.���²�§�Ï�A! BØ;�bÜ§�

�ESR�¡¬2Ä�)Å«" (3)���þÏ�æ^d�Y�(J§AO´éue��

��¥%½ �£�»= 30 mm¤"

���YYY���

ã 3.43: ����µ�O�Y�"

ã 3.43´�Y��O�«¿ã"d�YØIò A�=p§� A�º�I' B�º

�Ñ�§/¤���G"�§ù�"�=��µ«"äN�{´µÄk3A! B�(

Ü¿?§^7��a�� D×4¿�¶,�3 B�ò�Ñ�Ü©��kÅÀæ^ C§

C� A�mY 2∼3 mm§Ó���ò C=p 2∼3 mm§¦ C� B�m�kv
��

NàÜ�þÝ§JpÅ�rÝ¶��^��µ4B! C>.§3 A! CÚ B! C�m
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/5 MMAüN§�KàÜ�µ"��Y�'�´ D?��µ�Ð§ÄKq¬Ñy'

�"

ã 3.44: ����µ�O�Y�Ö¿µ��µ��«�Y"

31 3.1.4.1 !¥0�
���þI�3A½� �m�
Ï�½´1Æ�"�Y

��·^u���þ¤mÏ�£=BkÅÀæ¤��µ"éu1Æ�£Ø=BkÅÀ

æ¤§kü«?n�ª§�«´��3 ESR�þ~K�¬¶½ö^ã 3.44¤«�{µ

C´ 1∼2 mmp�ØëY�kÅÀæ^§r�¡�Q| å5§�µ��ÿ/\ MMA

üN§¿÷ B! C! D�m�mY"J:´e���§K�NàÜ¡È��§N´�

)í�Ú1Æ"�"

ã 3.45: ����µ�O�Yn"

���YYYnnn

�Yn´3�Y�Ä:þ�U?§Xã 3.45"��kÅÀæ^ C§¦ B��' A

�Ñ�	ò� 3∼5 mm§òù�«�Ò���NàÜ«"e´Ï��{§ B��É'

A�����
"Ó�ò D�¤m·���ª§O�àÜ¡"�Yn3õg����

b�!�µÁ��ª¼¤õ§)û
'��¯K"

3.4.2.2 bbb���óóó²²²

c�!w«
 1:9�.�¬º¡5U`D§´Ï�kÅÀæ�º��§�±éN´

�Y; ESR�§¿��º����§kÅÀæþÝþ!5!²¡ÝÑéÐ"���
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4.5 m�»§ ESRéJ�~²��bN§Ì�(JXeµ

• ESR��¡éN´�yúÞúòú§�N´å·>áN��¶du ESR�~�

£ 65 µm¤§A�����âÑU
�XESRwyÑ5"é ESRL¡ÚkÅÀ

æL¡��'Ý�¦�p"

• ESRg�¿Ø�k��§eÃb�0�£Ê�!ÍÜJ�a¤§ ESRØN´�

kÅÀæL¡;�bÜ" ESR��^§e�¡È²Á�N´g,ò"

• e¦^�a0�½dwJ�¦ ESR�¡bN3kÅÀæL¡§é0���²�

Ý!þ!5�¦�~p"

• vk�» 4.5 m��Ü ESR�§Ù)��þ���°Ì� 1.4 m§�Ý�±?

¿"Ïd�¬���¬k 4^ ESR��¿§��¿?�²�Ý�J�y"

7�Ïm§?1
��¬b�Á�§�Á�
C 20«0�§��©�naµ1�

a´�aÔ�§XØÓ«a�YM5�Y!ØÓ���Àæ�Y! 3M�V¡�! 3M

���¶1�a´$$ÄÆÊÝ��N§Xxh!�lfY§§���vkÊ5§�´

|^§�5WÖ ESR�ÚkÅÀæL¡�mY§¦�U
���íØåòESR;Ø3

kÅÀæL¡¶1na´k�½ÊÝ��N½´qGÔ§X7h£$ÊÝ!pÊÝ¤!

7�!ó�dwh!ó��h�§3 ESR�ÚkÅÀæL¡å�ÍÜ�^§¿k�½

Ê5"

é1�a0�§V¡�Ø
þ!§���âÝØ
["kü«Àæ�YkéÐ�b

��J"��Ä�ó�^�YÏ~·kr45MJ§3é¤Á��A«�Y�oN5ÿ

Á�§uy§�é ESRÑk�¡�^§U¦ ESR�õ�àÜ�l)©�"é1�a0

�§xhÚ�lfYþUéÐ/WÖ ESRÚkÅÀæ�m�mY§¿©|^�íØå

ò���Ø;"é1na0�§Ø
$ÊÝ7h§Ù{0�ÊH�3�ó(J�¯K"

3��¬Á��§xh!$ÊÝ7h!�lfY�À��ª���b�0��ÿÀ"

,§��ª������§xh!$ÊÝ7h!�lfY�³Ñ�g�"�"x

h3�¡Èb��ØX��¬@�N´��§éN´À/��¡§��u)��¡È�

hÀ/§A�Ã{��ÛÜ/�WKhÀ"duxhL¡Üå�§����?u��

G��§ ESRÚkÅÀæ�m�í{xhÒ�U¬�ú/ÏL1Æ�!ESR��¿½
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ESR>�'ß���¡"$ÊÝ7h�,'xhN´��À/§'p�Ý7hN´�

ó§�´ ESR3b�L§¥�@Ø.�§ù��b�f(å�é²�§ê����Ò

Ñyéõàå§Ã{��"�lfYK¬du§ÝCz§�u,�#v(§3kÅÀ

æ½´ ESRL¡/¤YÒ§K�1Æ5U§¿�/¤YÒ�«�Ø�ýÏ"

�ª�ï¦^?Ûb�0�§æ^Xe�Yµ��ò ESR²Á3kÅÀæ�

þ§�=Xþ¡�§×·��Äý�§�����íØòü¬�Ø;§�òESR�Ø

²�"du"�b�0�§ ESR�N´ølkÅÀæL¡"²�E¢��«Á��

{§ªuuy3�K ESR�o��]m�)��f·>�±�ÏESRáN3kÅÀæ

L¡§¦�3X¡���ÿ§ ESRØ¬u)£Ä"l����b�¯Kâ����

)û"

3.4.3 ���þþþ������999���ÂÂÂ

���3\óy|?1ý�Â§$��æ�/¡C��e���ª�Â"Ì��Â

�I9Ù�Auÿ�{Xeµ

(1)������[JøkÅÀæ��?�£½Ñ�¤uÿ�w¶Jø����¤^k

ÅÀæ�á�¬�ß�Çÿþêâ§Ù(JLÎÜ1 3.3.2.1!¥�¦"

(2)Jøí�5u��w"

(3)rÝ7L�y^ý�á�LäåL�vkä�½Ñy�¿"uÿ�Yµ�����

�¤�§U^ý�á�Lä^|åL���§¦Ùøl| ²�§�±�� 20©¨"

(4)é����»!þÝ£k\r5?!Ã\r5?¤!¤kÏ�!Ï1�3�þ��

é �!º��ÿþ§�¦º�°Ý 1 mm! �°Ý 2 mm"

(5)ÿþ�?�µ°Ý!þ!5§LÎÜÅ�ã��¦"

(6)vk	*���²wyú"

(7)�µ«�Svkí�!¿YÚSú��,Ô"�µ�mS§���L¡þ!²�§

Ãyè!º«§��¡���u5Ô��ú§Ã²w���,Ô§Ã�N'\�è,"

(8)^1Æ �º*	Aå�¹§�¡!�5��áÊ�¡!��µ?vk²wí{A

å"

'u)�¥��þ��§3z¬���)��c§kÿþ�©kÅÀæ�á�¬�

ßLÇ§(@���¦�2m©�á©�"JøIO�ä§�yÏ�Ú1ÆÏ���é
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 �°ÝÚº�°Ý"ò�Â�I1 (4)! (5)! (7)���¤�þ�lk§3�S�

á�á�þu��§)�L§¥;<W��þ�lk§,d;<E�"

3.4.4 ���ããã555¤¤¤JJJ

� 2010c 4�§�k 4@���£ 4¬þ���! 4¬e���¤)��¤§ 4@

����Â(Jþ���Â�I§1Æ5U`D§��ã 3.40�'["

�����L§¥§z¬kÅÀæÄ�Ñæ^Ú�©��Y§Xã 3.46(a)¤«"z

¬ 4.5 m�»���dÊ¬Ä�©�¤§éz¬�áÑ?Ò§¿��ÿþßLÇ"k

ÅÀæ�þÝ^�(Åÿþ¤ÿþ§Uã 3.46(b)¤«¿���:ÄÿþÝ"e���

k5§K;�Äÿk5?�kÅÀæþÝ"

(a) kÅÀæÄ�©��Y (b) kÅÀæþÝÿþ

� 2010c 4�§�k 4@���£ 4¬þ���! 4¬e���¤)��¤§�ÿ

þ
 80¬�¬�ßLÇ§¤k�¬3ØÓÅ�eßLÇ�ÚO(J�L 3.4§(J÷v

�O�I"

é 8¬���þÝ�ÿþ(Jw«§z¬����þÝþ!53 2∼3 mm§Ä��

��¦"±1 4#���£e���¤�~§ã 3.46(c)�Ø�Ä5þ�§����oþ

Ý©Ù§�±wÑ�á�¿?§du����þÝ �"ã 3.46(d)�5þ�©Ù"n

Üüã�(J§þÝþ!5Ä��� 2 mm��O�I"

Ù¦Å��O�I��Â(Jµ����»Ø�3 2∼3 mm¶^IO�äEu¤
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300 nm 350 nm 380 nm 400 nm 440 nm 500 nm

²þßLÇ (%) 62.7 88.1 91.2 91.9 92.2 92.4

Þá (%) 9.4 0.5 0.4 0.4 0.4 0.3

L 3.4: c 4@���kÅÀæßLÇuÿ(J

(c) 14#���þÝ©Ù£Ø�Ä5¤ (d) 14#���5þÝ©Ù

kÏ�!Ï1�3�þ��é �!º�§ �°Ý�� 2 mm�¦§º�°Ý�� 1

mm�¦¶¤k���ÑÏLLC¢�"

3.4.5 ���������SSSCCC

ÏL����º��.�ï��y
ý�á��LC�Y§�´^u�º��.�

LäÙL:�ê �§�©ÙØ
Ün§��åLC/þ�� 2-3 cm"�~�LC¥

����/CÚAå§#�OLäµe(�ÚL:©Ù"�ª�O�À�.§	� 8

�L:§þÙ3 R=1700 mm�»þ§S� 4�L:§þÙ3 R=800 mm�»þ§á

��» 250 mm"é�#��LC�Y#�
k��Éå©Û§Xã 3.46"

UE��LäÑÚ��¤
LC?Ö"LCL§¥§���>�¢ÿ��/Cþ�

5 mm"� 2010c 4�§®kü¬e���©O^|SC� 1ÒÚ 2Ò¥%&ÿìS§

Xã 3.47§"
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ã 3.46: ���ý�á�Lä�ª�O�Éå©Û§�ã���/C§mã�Aå©Ù

ã"

ã 3.47: ¥%&ÿì AD1SCe���"

3.5 ¥¥¥%%%&&&ÿÿÿììì$$$���...������

1�Ù¥0��§�æ�¢�´p°Ý$�.¢�§¥%&ÿìSo��5ü¯~

Ç�¦�u 100 Hz§o'é�./&Ò'�¦ <0.1%"Ïd¤k&ÿìïEá�Ñ7

L²Lî����5u�§µ���5�K�§]À$��5�á�",	3&ÿìï

EÚSCL§¥§�¸��Ú�í�¬�5��5À/§AO´�í�¬/¤'é�

."Ø©��Ü©ó�´ë�&ÿì�$�.��"ÏL&ÿì�[é�Eg-�ØC

gáÚ·��ð���JÑ��5�¦�I"ÏL�������5K�JÑ�'I
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O"ë�
�ð 40ë�;-�M�ó�§KI�Wù��óS"�)JÑ�'�¦

Ú�½�'6§§¿¢Së��W§�y
��L§�'ÀÝ§¦��5À/�ºx¦

�U/ü�
�$"

3.5.1 ggg---ÚÚÚ���ððð������555���III

¥%&ÿìg-�» 5 m!p 5 m§o� 24ë [59]§ïEá��ØCg"gá

¥U,��5Ì�k U! ThXÓ �! 40KÚ 60Co"§�PC��)� γ �±BL

xh¶-�?\�ð§�ð¥��Uþ�È�u 1 MeV=¬�Ø���>f&Ò"Ê

Ïgá�U,��5Y²Ï~�p§¿�ØÓg�)��gá�O��"���g-�

5�U,��5�.§�¦��g-�gá7L´$��5§¿��Ü 8�g-�gá

´Ó�1g)�§±�y�Ó&ÿì�¦",	§g-��L§¥I^�þÅá§Åá

���5Ï~�ép§Ïd��¦Åá7L´$��5§Ó�1g)�"

ÏL&ÿì�[�JÑU,��5��¦�I"G4dyb�[^�¥£�
\²nó

Æ�� Andreas Piepke��U,��5Ó ��)f£ Fortran�ó?�§±e¡ AP

�)f¤"ã 3.50´ UXÚ ThXPCóµã [60]§ã¥I5
z«Ø���PÏ"�

âØ��PÏ��á§AP�)fò 238UXÚ 232ThX©Oy©¤ 9�Ú 4�©|§�

3
�á�PÏ�Ø��m�'é5"��5¿�´§ 232ThX¥ 212Po→208Pb�P

C§du�PÏéá§�U/¤'é�." AP�)f¥b� 238UXÚ 232ThX?u

PC²ï§z«Ø��PCa.!©|'!âfUþþ5guØêâ¥" 40KÚ 60Co

��[¦^Õámu��)f" 40KU,´Ý� 0.011%§kü�PC©|§ 89.3 %´

β PC§��Uþ Eβ, max=1.31 MeV¶ 10.7 %´ γ PC§ Eγ=1.46 MeV [61]" 60Co

´ 100 % γ PC§�Ñü� γ µ Eγ1=1.17 MeV§ Eγ2=1.33 MeV"

~^�L«��5Y²�ü kü«µ�þ' ppm(10−6 g/g)½ ppb(10−9 g/g)¶

±9PCÇ Bq/kg½ mBq/kg"ü«ü ���'X�µ

238U : 1 ppm = 12.4Bq/kg (3.3)

232Th : 1 ppm = 4.0Bq/kg (3.4)

40K : 1ppm = 256.8Bq/kg (3.5)

60Co���5Y²S.þ±mBq/kg�ü "
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(a) UX��5PCó

(b) ThX��5PCó

ã 3.48: U,��5Ó �PCó
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�â¥%&ÿì�g-�Oã�§3 G4dyb ¥½Â
Ì��g-AÛ§�)�

Î/×�§×.Ú×X9Ù5(�"|^þã�)f�[3g-Ô�Sþ!�)

U/Th/K/Co��5§*	3�ð¥��Uþ�u 1 MeV�¯~§O�z«��5é�

.��z [62]§JÑg-gá���5�¦XL 3.5"�âÅ�ã�¥éÅ¿ �!Å

p!Å°�I5§�[3Å¿þ�)�«��5§O�Å¿��5é�.��z§ég

-Åá���5�¦��3L 3.5¥"

þ 232Th 238U 40K 60Co Total

-Ngá��5�¦ — 3 ppb 2 ppb 0.2 ppb 15 mBq/kg —

-N�)��.(Hz) 14 T 2.2 2.8 0.77 2.7 8.5

5(��)��.(Hz) 5 T 2.9 4.0 1.1 2.8 11

Åá��5�¦ — 5 ppb 2 ppb 1 ppb 10 mBq/kg —

Åá�)��.(Hz) 100 kg 0.036 0.034 0.045 0.023 0.14

L 3.5: g-�gá��5�¦9ü¯~Ç"

 (MeV)visE
0.0 0.5 1.0 1.5 2.0 2.5 3.0

1

10

210

310

410

(a) 238U�.UÌ

 (MeV)visE
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

1

10

210

310

410

(b) 232Th�.UÌ

ã 3.49: g- 238U/232Th��53�ð¥�)���UþÌ"

^aq�{�JÑé�ð���5�¦"�ð¥U,��5Ì�5gu·�L§¥
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���X GdCl3·6H2OÚ PPO [76]"�ð¥U,��5UþA��±���È§Ïd§

é�.��z��î",�âKamLAND¢�§Ó �PC�)� αU3�ð¥u

) 13C(α, n)16O�A§/¤'é�."'é�.�ú&Ò�"�¥fúz�3jþÐ

¼�&Ò§¯&Ò5kn«µ (1)"�«fúzL§¥�)��f�À&Ò¶ (2)¥

fÚ 12Ou)�5-E§-E�?u-u�� 12O∗ ò-u§�Ñ 4.4 MeV� γ 1f¶

(3)e\� αâfUþ�p§"� 16OU?u1�½1�-u�§ò-�©O�) 6.13

MeVÚ 6.049 MeV� γ1f"3 [63]¥§|^ JENDLêâ¥¥����A�¡êâ§

éùa�.�
;���[ïÄ"���Ñ�ð¥o���5�¦XL 3.6"

Ó � �j�ð¥��5�¦ ü¯~Ç 'é�.

238U 4.7 ×10−3 ppb 1.5 Hz 14 /year

232Th 9.4 ×10−3 ppb 1.3 Hz 15 /year

40K 1.2 ×10−3 ppb 1.7 Hz —

L 3.6: �ð��5�¦9ü¯~Ç!'é�."

3.5.2 ¥¥¥%%%&&&ÿÿÿììì���'''IIIOOO

3&ÿìïE�ã§�æ��8|3á�ÀJþ£��5Y²$!oN5Ð!ßL

Çp¤�5
�þ°å"�
&ÿìïEÚSC�ã§·�ØF"du<�¹Ä�5�

�5À/½öÚ\��ð½xhØoN�,���¢��}"Ïd3&ÿì���Ú

SC�ã§�y/'À0´�~��",§3ÐÏ¥%&ÿì�fXÚ¿vk/¤

Ú��'ÀÝ�þ��IO§Ï�é/õ'Àâ�'À0ù�¯K¿vk²(��Y"

·�lé����5K����Ñu§JÑïþ'ÀÝ��{ [64]§¿í�¥%&ÿì

�fXÚë�ù��{���g�'ÀIO§ù��{�¢�Ü�|�É"

¥%&ÿì3'ÀÝ��?�'ÀmS?1C�"¦+´'Àm§e&ÿìÜ��

Ï·�§E¬k���È"�C�j�ð� 3 mkÅÀæ-£±e{¡ IAV¤	L¡

áN�����5�.�ÂÝ�C 100 %"dukxh��¶-§�â�[�O�C
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ÊÏ�ð� 4 mkÅÀæ-£±e{¡ OAV¤	L¡Úg-£±e{¡ SSV¤SL

¡áN�����5�.�ÂÝ©O� 30%Ú 10%"eb��¸���U/Th/K��

5Y²� 10∼100 ppm£��æ�ñ���5Y²��¤"@o|^úª 1.3–1.5��

�'X§�±�OXJ 1 g��©O�È3 IAV/OAV/SSVL¡§é�.��z©O

�µ (3-30) Hz/(1-10) Hz/(0.3-3) Hz"XJ�¦o�����5�.<10 Hz§Ké3

IAV/OAV/SSVL¡����Èþ��¦©O� (<100 mg)/(<300 mg)/(<1 g)"d�

¦Ò´��ÐÚ�'ÀÝIO"

�æ�¢�/¡C��e�'m'ÀÝ��?§L 3.7´II GB50073-2001¤5½

��í'ÀÝ"éìTIO§�?�'m�¦≥0.5 µm���ê ≤ 350, 000/m3 § ≥5

µm���ê ≤ 2, 500/m3 "Ïd�±��Å�O§b��'mS���»� 4 µm��

��Ý� 350,000/m3 §���»� 10 µm����Ý� 2,500/m3 "3db�e§z

m3�í¥��¹þ� 0.035 mg"

L 3.7: II GB50073-2001 5½��í'ÀÝ�?"

�? ≥ 0.5µm�âê ≥ 5µm�âê

100? 3,500/m3 —

1000? 35,000/m3 250/m3

10000? 350,000/m3 2,500/m3

100000? 3,500,000/m3 25,000/m3

��3&ÿìÜ�L¡��Èþ�6uÙ�³�L¡È!�³��m±9�íÌ�

�¹��",	§kÅÀædu´�·>�N´áN��"�{zO�§�±b�z

U&ÿìÜ�L¡þ� 5 m�mS���Ñ¬�Èe5§K����È�Ç�� 0.18

mg/m2/day"Äuþ¡ÐÚ�'ÀIO§�±�Ñ�&ÿìÜ�3'Àm��³�m

��µ

I5¿�´§þ¡�O�¥¿vk�Ä·>�K�§��´oÑ/é�â»
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L 3.8: ADf&ÿìXÚ3�'m��³�m��"

ADfXÚ �³¡È ���ü�Ý #N�m

IAV ∼40/m2 ∼7/mg/day <14 days

OAV ∼70/m2 ∼13/mg/day <23 days

SSV ∼110/m2 ∼20/mg/day <50 days

(∼ 10µm)������§¢S¥ATýé;�â» 1 mmþ?�p��5ñ���½

7á�â",	§ÊÏ%g�¬¥ 60Co�¹þ�p§�´C§A¦þ;�¦^%g

�¬"

(Üþ¡�O�Ú©Û§é¥%&ÿì�'Ý���XeïÆµ

IAV ýé;�SL¡NX7á��¶Ø�k�WJ½Ù¦zÆÔ�í33L¡¶ºXÚ

×����µc§SL¡�³3�?'ÀmSØ��L 10U£�L��Ä#�

W¤¶	L¡�³3�?'ÀmSØ��L 20U£�L��Ä#�W¤"

OAV Ø�k�WJ½Ù¦zÆÔ�í33L¡¶�³3�?'ÀmSØ��L 30U"

PMT|||eee �³3�?'ÀmSØ��L 30U"é PMT|e9 IAV/OAV§ïÆ�

'ÀIO� <0.5 mg/m3 "

SSV ïÆ'ÀIO� <1 mg/m3 "SL¡�³3�?'ÀmSØ��L 60U¶ýé;

�%gÔ¬½�â�> SSVL¡½ PMT|eL¡£��ØCg)C¤§�#N

ØCgóä���>"

þãïÆÄ��¢�|@�"äNö�å5§duL¡���ÈþØ´�O§�±

ÏLÿþ�Wc��lfY�>�ÇCz§5m��ä'À§Ý§~X IAV/OAV��

WL§ [65]"

73



Æ¬Ø©µ�æ�¥%&ÿìï9Ù�'¯K

3.5.3 ���æææ������ððð���;;;---������

�æ�¢�¤I�� 185ë�j�ð§ò© 50�1g)�"3/C�¥%&ÿì

�c©O�;3 5�NÈ�� 50 m3 �kÅÀæ-¥£�» 4 m!p 4 m¤"�j�

ð�kÅÀæL¡�o�>¡È�C 300 m2 "�;-ºXmk?��Ú�í�§�;

�ò5�U�	.��À/§ºX�×�æ^�NàÜó²�µ§Ïd�µc��W�

~�"

ë��ð�;×�M�§¿KI�ð 40ë�;-��W´�ãJ��ó�²{"

��/N¬
�.¢�ó§�þ���Ø´§n��¢Só��ål"lJÑ�'�¦

��½�'6§§��¢S�Wz��×§duy|^�Øv��éõ¿�Ø��(

J§�ª���Ñ§�y
×S�'ÀÝ§¦��5À/�ºx¦�U/ü�
�$"

�ð�;-����dÓ��[��§Ïd���'ÀÝ��?��'&§ùlc

Jþ�y
�ð�;-�'ÀÝ"�W´�[��óS§�ÑK?Û��[!§Ñk�

UE¤î�J"e¡�ÑÌ��W6§Ú�'��"�'��µ

• �'&S���'��µ
(a)�/Le3í\�'&c^ílN�!ÞW¶í\�'&�^�lfYÀW§

3���;×�¤�WcØ2íÑ"

(b)\ØYll�lfY��ÑY��Y£>{Ç>15 MΩ·cm¤"
(c)\ØYl!áYá�ì?×cc[ÀW"

(d)>�¨ó^!L�!���^��@�@å5"

(e)>�¨e!ZÀY×§��>�¨$1�K9ÀÜ"

(f)L�!L-�a�^�m��7½@��@�"

(g)#Y+£\ØYl!ÄY"¤I¤Ú>�ýkÞZÀ§�3�'&S^"

• <
�'��µ
(a)ëN'ÀÑ£�lf¤!úl!��Ã@!���"

(b)Ã�ÙÞÆ£Æ�¥L¹ K��§ÚýÆ%33kÅÀæL¡ [65]¤"

• µX�µÃ�Ùµ4z��§ßí���Á"

�'6§µ
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• �'&	o�W"^g5YÀK×9!×.NX�À�§^á�ìáZ"

• �ÀmSo�W£ 5∼6 hours¤

(a)^°�Ñ AlconoxM�ÞW×S9!×.§c[u�kÅÀæL¡�í�!À

�§euy=?nKù
À,"

(b)×ý9± 2 mp?�.§©þe�«¶kWþ�«§2We�«"|^£Ä

F§z£Ä�gW 1/8÷«"kW×92W×."

(c)^ AlconoxWL�§9�ÀK§±� AlconoxM�Z�3e<P"

(d)<
Ñ×c§r×.áZ"

• �'&S°�W£ 4∼5 hours¤

(a)<�XëN'ÀÑ£�lf¤!úl!��Ã@!���?×"

(b)Óo�Waq§^�D� AlconoxM�ÞW§9�Þ9�À"k×92×."

(c)2��ÀW�H§z²�ÀW� 1©¨"

(d)áZ×9¶��ºY^-f.Ñ×§Ø-×9¶áZ×."

(e)<Ñ×c^Ã�Ùr×.Þ�H"

• ×X�W" AlconoxM�ÞW¶�í�¶�lfYÀ¶áZ"

(a) �WL§¥ (b) �WµX�:À×S

ã 3.50: �ð�;×
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3.6 ���ÙÙÙ���!!!

l(½
�æ�¥%&ÿì�Ä��Oå§3ücõ�mS§���ï�
¥%&

ÿì����Ü�))���"é��ï�ó����o(µ3�O�ãÏL¥%&

ÿì�[ïÄ`z
����Ôn�O£ �!º�!��Ç�¦¤"ÓÅ�ó§��

åïÄ�¤
Å��O§(½Å��O�I§¿�¤LC
�Y�O"3ï��.�L

§¥È\
²�§JÑ
çIEâ�¦"3á�ÀJ�¡§é����
�þïÄÚ'

�§ÀJ
��Ü·���á�"ïÄ
kÅÀæ1Æ5Ué&ÿì�K�§JÑ
ß

LÇ�¦"JÑ
�'IOÚ�'Ú½"7�ïu���b�ó²Ú�µó²§�ª�

÷)ûó²¯K§)�Ñ1Æ5U`D����"JÑ
�ÂIOÚ�þ���¦§ë

��þ��"ë�&ÿì��ªSC"

ÏLï����Úë��ð�;×�M�ó�§��/n)
pUÔn¢�9��

Æó§�|�!�þ+n!Ôn�O�¢S)��ål!n�?Ý�¢Só��ål§

È\
�þó§²�"ò5U
�Ð/?1�.&ÿìï�"
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111oooÙÙÙ ���æææ���¥¥¥%%%&&&ÿÿÿììì¯̄̄~~~ººº:::ïïï

���{{{999^̂̂���mmmuuu

�æ�¥%&ÿì�n��Î.�O§¦�qNÈ�GdLS�éÐ�½Â§¥�f

¯~�ÀJØI�6°(�º:ï� �ÀJ"�º:&Eéun)&ÿì�Uþ�

A�~�§�kÏu�O5gug-½ PMT9Ù| (��U,��5�."éu

�æ�¥%&ÿìù�����&ÿì§º:�±Ø�6u�m&E§ÏL PMTþ

�>Ö©Ù5(½"�Ù0�Äu4�q,[Ü�º:!Uþï�{§|^¥%&ÿ

ìMonte Carloêâ��{ïÄ¶¿|^¥%&ÿì�.�¢�êâu��{"

4.1 ¥¥¥%%%&&&ÿÿÿììì¯̄̄~~~ººº:::ïïï���{{{ïïïÄÄÄ

4.1.1 ÄÄÄuuu>>>ÖÖÖ&&&EEE���444���qqq,,,ïïï���{{{

b�3¥%&ÿì, �kn�:1��Ó5/uÑ1Æ1f§1�gð�

uÑ M �1f§Kz� PMT þ&ÿ�1>fê Ni �©Ùò´����©Ù§3

M → ∞�¹e§ Ni�VÇ�ÝªCuÑt©Ùµ

p(Ni, µi) =
e−µi · µNi

i

Ni!
(4.1)

Ù¥ Ni ´1 i� PMTþ*ÿ��1>fê§ µi ´1 i� PMTþÏ��²þ1>f

ê"

éu�æ�&ÿì¥�ý¢Ôn&Ò§X�-β PC¯~!U,��5¯~!�Ý

¯~�§�>âf½ γ 1fÏL>^�p�^-u�NðcNuÑ��Ó5�ðc1"
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�ð1���� 104/ MeV§éuþãUþ3MeVþ?� γ §�)�1fêv
õ"

�ÙUþ�È¬k 10 cm ∼ 20 cm��m�Ñ"ù¬��úª 4.1¥ µi�)��©Ù§

ÑtVÇ�Ý¬�Ð°"ã 4.1´3&ÿìS,��½:©O�)>fÚ γ 1f§*	

,��½ PMTþ�Â�1>fê©Ù§ã¥7���[���1>fê©Ù§ù��

nØO��Ñt©Ù§ù�Ú7�k�Ó�²þ�"�±wÑ γ Uþ�È��m�ÑÐ

°
Ñt©Ù"�3γUþ�$�§Ñt©ÙE,´�Ð�Cq"

P.E num
0 5 10 15 20 250

500

1000

1500

2000

2500

3000
P.E number distribution of a single PMT at a e- source case

funcpois

0 5 10 15 20 250

10000

20000

30000

40000

50000

60000

70000

funcpois

P.E number distribution of a single PMT at a gamma source case

ã 4.1: ü� PMT1>fê©Ù§�ã\�âf� e-§mã\�âf� γ§þ3&ÿì

Ó��½:�)"

¢Sþéz� PMT·�*ÿ��´>Ö§�1>fê"I��Ä PMT�ü1

>f3�<?m��O�A§±9>fÆÖÑXÚé PMT>Öÿþ��Ñ"Ïdúª

4.1�±U��µ

f(qi, µi) =

∞
∑

Ni=0

p(Ni, µi) · r(Ni, qi)

=
∞
∑

Ni=0

e−µi · µNi

i

Ni!
· r(Ni, qi) (4.2)

Ù¥ r(Ni, qi)´ PMTÂ8� Ni �1>f§¢SÖÑ>Ö qi�VÇ"ÏdeÏ�>

Ö©Ù� N = {Ni, i ∈ PMTId}§¢S*ÿ��>Ö©Ù� µ = {µi, i ∈ PMTId}
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§KéÜ�ÑtVÇ�Ý¼ê�±��:

Lcharge(N , µ) =

Npmt
∏

i=0

f(Ni, µi)

=

Npmt
∏

i=0





∞
∑

Ni=0

e−µiµNi

i

Ni!
· r(Ni, qi)



 (4.3)

Ï�>Ö©Ù µ = µ(E, ~X) �±��âfUþ E Úº: � ~X�¼ê"|

^Minuit^�� [66]é − log Lcharge(N , µ(E, ~X))¦4�z§l��é¯~º:ÚU

þ�4�q,�O (MLE)"

4.1.2 ïïï���{{{¥¥¥���111ÆÆÆ���...

þã4�q,ï�{�'�´�EÜn�1Æ�.O�Ï�>Ö µi § µi �O

��6ué&ÿì�¿©n)9ÜnCq"�!?Øï�{¥�1Æ�.9 Monte

Carlou�"

4.1.2.1 ������111���ÏÏÏ���>>>ÖÖÖOOO���

b½�>âf½ γ 3�æ��ð¥��u��n����Ó5:1§K�½â

fUþ E Ú�)º: ~X §z� PMTþ�Ï�1>f�^eªO�µ

µd = φ · f(cos θd)

R2
d

· exp(−Rd/λa) · εQE

φ = E · ηY · Spmt

4π
(4.4)

Ù¥ φ´�'u E �8�zÏf¶ Spmt ´ PMT1Ò4¡È¶ λa ´&ÿì�N

P~�Ý§�æ�¥%&ÿìn�(�kn«�N£�j�ð!ÊÏ�ð!xh¤§

P~�Ýk�O§�3��1Åãþ>10 m§�du1fBLØÓ��N�1§�

�§{z��.���Äü�P~�Ý¶ εQE ´ PMT�é�Ç¶ ηY ´�ð1��¶

f(cos θd)´ PMT�Ý�A�§ θd´ PMT{���� PMT�âfº:�m¥þ�

Y�"ã 4.2w«
 θd£�ã¤Ú f(cos θd)£mã¤§Ù¥�Ý�A�5gu [67]¥

ÿþêâ�[Ü(J§3Tÿþ¥\�1�²11§ùpA^�:1�/´��C

q"
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θ
0 20 40 60 80 100 120 140 160

)θ
f(

co
s

0.0

0.2

0.4

0.6

0.8

1.0

 / ndf 2χ  1.168e-05 / 5
Prob       1
p0        0.001095± 0.378 
p1        0.001013± 0.5093 
p2        0.001644± 0.1135 

 / ndf 2χ  1.168e-05 / 5
Prob       1
p0        0.001095± 0.378 
p1        0.001013± 0.5093 
p2        0.001644± 0.1135 

ã 4.2: PMT�Ý�A�§�ã� θd§mã� f(cos θd)"

¢Sþ γ 1f�Uþ�Èk 10 cm ∼ 20 cm��m�Ñ§b��Ñ��ðc1´�

�þ!¥©Ù§@o¥©Ù�1éPMT¤Ü�áN�´¥þ�NÈ�éPMT¤Ü

áN��È©"ã 4.3´é¥1Ú:1�áN�O��{ü'�§:1 u¥%

�áN��O�µΩ0 =
S

4π
· e−L/λ · 1

L2

¥1oáN�È©µΩ̄ =
1

V
·
∫

V

S

4π
· e−r/λ · 1

r2
cos(θ)dxdydz

ã 4.3: :1Ú¥1áN�'�"

(Jw«§:Cq¬$�áN�§�ðc1�m�Ñ��§âflPMT�C§

áN���$�"��{z�.§Eæ^:Cq5O� PMTþ�Ï�1>fê§�
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±�Ä¥1½´Ù¦�.5Ö�ðc1�Ñ�K�"

3�æ�&ÿì�OÐÏ§�ÄLü«a.����µ�û��Ú�º��"�Ó

��Ç�¹e§û��Úº��Ø¬K�&ÿì�o1>f��"�´º�����

�§1ÆDÂ{üN´n)§¦�O�Ï�>Ö�1Æ�.��{z"

4.1.2.2 ûûû���������111ÆÆÆ���...

k?Øû���1Æ�."é��û������§1f�DÂL§´ØN´n)

�"�� PMTþ�1f§Ã{J�ÙDÂ´»§Ï�T1f�U²Lþe����õ

g��§�zg����Ñ�Å"�
O����éÏ�>Ö��z§ïáXe�.

[68]"

Xã 4.4a¤«§ù¢%:L«��Ó5:1§±þ����~§��þ���?

Û ��1f§Ñk�½VÇ¬����, PMTþ§�dÚ\È©O�²Lþ���

�g���� PMT�Ï�>Öµ

Rtop = Ntot · εt · εQE

∫

rdrdφ cos θ

4πR2
vt

exp(−Rvt/λa)

·Spmt cos η

2πR2
tp

exp(−Rtp/λa) (4.5)

ã 4.4: û��1Æ�.«¿ã"
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Ù¥ Ntot ´:1u��o1fê§ rdrdφ cos θ ´þ����È©¡�"È©ª

¥1���È©¡�é:1Ü�áN�§1���È©¡�éPMTÜ�áN�§ εt

´þ�����Ç"éue�����z§L�ª��aq"

éu3þe����mõg����¹§��UÈ©O�ò�~E,§��
C

q§Xã 4.4b"ò��e���éþ���,�¡��áN��zCq^��:5�

O§T:��e����¥%:"O�ªC�µ

Rtop = Ntotεt · εQE

∫

rdrdφ cos θ

4πR2
vt

· Spmt cos η

2πR2
tp

exp(−Rtp/λa) ·
(

cos θ

R2
vt

exp(−Rvt/λa) +
cos θ′

Rc
exp(−Rc/λa)

(

Ωbottom

4π
+ 0.06

Ωtop

4π

))

(4.6)

Ù¥ Ωtop Ú Ωbottom ©O´þe���é:1Ü�áN�§ 0.06´le���¡

éþ���¥%¤Ü�áN�£Ù¥�Ä
1P~¤§5Cq�L1n?����z"

ã 4.5: û��eïUþ� ZCz'X§�ã�vk�Ä��?��(J§mã��

Ä
��?��(J"

þãO����z�È©�~E,§e[Ü¥éz�� �Ñ�È©§ò�~Ñ�

m"�ò&ÿìNÈ©¤�¬§kO�z��¬S���?�§�¤L§[Ü¥±�L

���OÈ©"3û����¹e§�[3 GdLSÚ LS¥þ!�)�:¯~§ï

Uþ�ç����CzXã 4.5"ã 4.5a�Ø�Ä���z�(J§ïUþk �§

3ç��� ��6²w¶ã 4.5b��Ä
��?��(J§ïUþéç����
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ã 4.6: û��eïUþ©E'�§�ãïUþ©Ù§mã�o>Ö©Ù

ã 4.7: û��eº:ï©E

 ��6�?�"

ã 4.6´&ÿìq«¯~ïUÌÚo>ÖÌé'§Uþ©El 6.7%Jp� 5.6%

"ã 4.7�Ñïº:©E� ∼14 cm§ùpº:©E½Â�ïº:�ý¢º:�²

þål"�´du[Ü¥ò&ÿìy©¬§±���OÈ©§ù¬E¤ïº:©Ù3

¬>.ØëY§Ü©¯~�ï�¬>.þ§Xã 4.8¤«"

4.1.2.3 ººº���������111ÆÆÆ���...

e���3��¡Èþ´þ!º¡��§��1éÏ�>Ö��zéN´^º�
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ã 4.8: û��eò&ÿì© bin���?�E¤º:�I©Ù3 bin>.Ñy(�"

�.O�µ

µj,k = φ · (εb)
j · (εt)

k f(cos θj,k)

(Rj,k)2
· e−Rj,k/λa · εQE (4.7)

µ = µd + µref = µd +
∑

j,k

µj,k (4.8)

Ù¥ µj,k L�ªÓ µd aq§´±º�O���1féÏ�>Ö��z" µj,k ¥

�eI j, k©OL«��1´1 j g�e���!1 k g�þ���¤��" εt Ú εb

©O´þ!e������Ç" Rj,k ´º�� PMT�ål" θj,k ´ PMT{���

Ó PMT�º� �¥þ�Y�"é µj,k¦Ú��o���1éÏ�>Ö��z§ µd

Ú µref ¦Ú=��o�Ï�>Ö µ"

ã 4.9´�æ�¥%&ÿì�¿¡«¿ã§º��.�«~Ù¥"¢%ù:�L

&ÿì,?�:1§&ÿìþe��%���LØÓ?�º�§ùÚ¢��L1´

DÂ"ã 4.10w«
ØÓ?º�éÏ�>Ö��z"¢Sþ§p?º���zé

�§'X [j + k] > 3�§3�4�q,[Ü��±�Ñp?º��O�"�æ�¥%

&ÿì��À^pº¡��� ESR����á�§��1Åã���Çpu 98%§ù

�y
þãº��.´·^�"

|^¥%&ÿì�Monte Carloêâ�±u�þã1Æ�."kl�{ü�Ã��

�&ÿìm©§ÅÚUC&ÿìëê��§�����Cý¢&ÿì�ëê��"3Ø

Ó&ÿìëê��e§�[�½1��!�½u�Å��:13&ÿì GdLSÚ LS
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ã 4.9: º��eº��.«¿ã§����p�º�£ [j + k] > 2¤¿�xÑ"

[ j + k ]
0 1 2 3 4 5 6

dµ/
j,kµ

-310

-210

-110

1

ã 4.10: �:13&ÿì¥%�§�?��1�z�Ï�>Ö µj,k ���1�z�Ï

�>Ö µd�'~���?ê�¼ê'X"
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Sþ!©Ù�&ÿì��A"±*ÿ>Ö�éÏ�>Ö�'�
qi

µi
��ïþIO5u�

1Æ�.§wT'�� µiL�ª¥ëþ R! θ�¼ê'X§e3��&ÿìS
qi

µi
�²

þ�éÐ/ªCu 1§KL²T1Æ�.éÏ�>Ö�£ã´O(�"e¡�Ño«&

ÿì��ëê�¹µ

G4dyb version 2.14.1

Point source 440nmüÚ1f

Light Yield 9000 photons/event

Liquid Absorption Length 13.7 m

Refractive Index 1.485

PMT Quantum Efficiency 0.195

L 4.1: Ã���{ü&ÿì�[ëê"

wavelength (nm)
200 300 400 500 600 700 800

R
ef

ra
ct

iv
e 

in
de

x

1.46

1.48

1.50

1.52

1.54

1.56

1.58

1.60

1.62
GdLS(LS) Rindex

Oil Rindex

Acrylic Rindex

PMT Glases Rindex

ã 4.11: G4dyb¥ GdLS! LS!MO!kÅÀæ! PMTÀæò�Ç"

DetParamI &ÿìÃþ!e���¶¤k�N�P~�Ý��Ó§¤k�N!kÅ

Àæ! PMTÀæò�Ç�Ó§XL 4.1
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DetParamII &ÿìÃþ!e���¶¤kP~�ÝU�¢ÿ�¶òGdLS ! LS !

MO!kÅÀæ! PMTÀæò�Ç�¤¢ÿ�§Xã 4.11"

DetParamIII &ÿìkþ!e���§��Ç� ESR ��Ç¢ÿ�¶Ù{Ó Det-

ParamI"

DetParamIV &ÿìkþ!e���§��Ç�ESR��Ç¢ÿ�¶n��N�P~

�ÝU�¢ÿ�¶GdLS! LS!MO!kÅÀæ! PMTÀæò�Ç�ã 4.11�

¢ÿ�"

3o«&ÿìëê��e§�:3GdLSq«S�§
q

µ
÷1� PMT�ål R

��ÝKÚ÷ cos θ�ÝKÑéÐ�8�§Xã 4.12"

éu&ÿì LS8U��¯~§�âã 4.13��Xe?Øµ

• 3 DetParamIe§
q

µ
3 R����ÿ �§´Ï�:l PMTéC�§E¦^

1

R2
'X¬p�áN�"

• é' DetParamI Ú DetParamII §�ö�
q

µ
3 cos θ < 0.35 �§� cos θ ×�C

�"´Ï���N!kÅÀæò�ÇØÓ§1f��Ý\�� LS-Acrylic-Oil.

¡�u)���§�� PMT&ÿ��1fê~�"

• é' DetParamIÚ DetParamIII§�ö3 cos θ���§Ñp�
 PMTé��1

�áN�"

• DetParamIV´�Cý¢�&ÿìëê"
q

µ
� cos θCzÉ LS-Acrylic-Oil.¡�

���K�"
q

µ
� R�Czª³KV«�UI�^V�ê¤©5£ãn��N�

��P~�Ý"

nþ§ï¥�{ü1Æ�.é GdLSq«¯~UéÐ£ã"éu LS8U�¥�

¯~§1Æ�.¬3 RÚ cos θ���p�áN�"�.¥vk�Än��N.¡þ�

U����"?�Ú��[ïÄL²§éu3 3 mkÅÀæ-ý9Ú 4 mkÅÀæ-

ý9�m�¯~£ã 3.5¥� Corner regionÚ Side region¤§k 10%�m� PMT¬

É����K� [69]"
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ã 4.12: ØÓ&ÿìëê��e§ GdLS¥
q

µ
÷1� PMT�ål R���ÝK£�

�¤§±9÷ cos θ��ÝK£m�¤"
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ã 4.13: ØÓ&ÿìëê��e§ LS ¥
q

µ
÷1� PMT�ål R ���ÝK£�

�¤§±9÷ cos θ��ÝK£m�¤"
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4.1.3 ���{{{555UUU

n«Monte Carlo¯~���^5�	>Ö4�q,ï�{�5Uµ (1)c�!

¥�ëê�� IIIéA�:1��¶ (2)� βPC¯~��>f¶ (3)� βPC¯~�

¥f§�]À3jþÐ¼�¥f"n«¯~��þ3&ÿì GdLSÚ LS¥þ!�)"

1�«��´n��:1¶1�«��du�>f�«�)ü� 0.511 MeV γ 1f§

�[�ÑUþ�È��m�Ñ�� ∼5 cm¶1n«��¥f3jþÐ¼��ÑoUþ

� 8 MeV�A� γ 1f§�[�ÑUþ�È��m�Ñ��∼28 cm§Xã 4.15(a)"

4.1.3.1 ººº:::ïïï

ã4.14w«n«¯~��ïº:� �§�ã´�Î�IX (r, φ, z)e§&ÿì

ç���þïº:Óý¢º: z �I�O�²þ�¶mã´�Î�IX (r, φ, z)e§

&ÿì»���þïº:Óý¢º: r�I�O�²þ�"

 (m)trueZ
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

 (
cm

)
tr

ue
 -

 Z
re

c
Z

-20

-15

-10

-5

0

5

10

15

20

GdLSLS LS

Positron
Gd-capture Neutron

Point source

ML reconstruction

)2 (mtrue
2R

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

 (
cm

)
tr

ue
 -

 R
re

c
R

-20

-15

-10

-5

0

5

10

15

20

GdLS LS

Positron
Gd-capture Neutron

Point source

ML reconstruction

ã 4.14: '�:1! IBD�>f! IBD¥f£� GdÐ¼¤�º:ï �§�ã�

&ÿìç����º:ï �§mã�»����º:ï �"

é:1§&ÿì GdLSq«Sç���Ú»��º: �Ñé�"�1�C�

��§ç����º: �C�§Ï�é,
¯~§du>Ö©Ù�Þá§q,¼êé

z Ø¯a§º:�ï����þ"�1å LSý9 <15 cm�§»��º: �O

�"Ï��1�C PMT§Ï�>ÖO�ª¥áN��$�§[Ü¥º:¬� PMT

 £±Ö�áN�"
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é IBD�>f§Ó:1aq§3GdLSq«º: £��"�»���þ3 LS

8U�S�º: £':1�"

é IBD¥f§ GdLSq«Sç���þ�º: £��"�´»���þ�º: 

£',	ü«¯~Ñ��"ïº:�N� PMT £"

IBD�>fÚ¥f¯~�»�º: £':1�§´Ï�3Ï�>ÖO�¥¦^


:Cq§�Ñ
�>f�«½¥fÐ¼�)� γ Uþ�È��m�Ñ£ðc1��

m�Ñ¤"c¡�©Û�Ñù«Cq�¬$�áN�§ðc1�m�Ñ��!��

C PMT§áN���$�§ïº:��PMT1Ò4�¤��Î¡ £±Ö�áN

�" IBD¥f3jþÐ¼²þ�Ñ 3� γ 1f§oUþ� 8 MeV¶ IBD�>f�«�

Ñü� 0.511 MeV γ 1f§� IBD¥f¯~ïº: £' IBD�>f�"

ã4.15(a)w« IBD¥fÐ¼º:�ïº:£7Ú¢�¤ÚÐ¼�)�γ1f�U

þ�È¥%£ùÚJ�¤�ål"¥f¯~ï �©EÌ�d¥fÐ¼¤�)γ1f

�Uþ�È��k�m�Ñû½"��é'§:1� �©E�w«3ã4.15(b) §

T:1u1rÝ��u 1.5 MeV�>f"
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ã 4.15: ïº:� �©E'�
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4.1.3.2 UUUþþþïïï

Ø
4�q,ï§Uþï��±{ü/do>ÖØ±²þ1>f����§=

¤¢� total charge�{"ã4.16'�
n«¯~^ total charge�{�ïUþÓý¢

Uþ�'�"�ãw«:¯~3 GdLSq«Ú LS8U«Sç���Uþ�A�~þ

!§Ny
¥%&ÿìþ!e�����^"éu IBD�>f§du γ Uþ�È�m

�Ñ§3 LS8U«ïUþÓý¢Uþ�'�O�"du�Cý9áN�C�§m

ãw«Uþ�A÷»���kér� ��6"
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ã 4.16: total charge �{ï�UþÓý¢��Uþ�'�÷&ÿìç���£�

ã¤Ú»�£mã¤�Cz"
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ã 4.17: MLïUþÓý¢��Uþ�'�÷&ÿìç���Ú»��Cz"
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ML�{�±?�&ÿì»��A� ��6"Xã4.17§é:¯~§&ÿì�

A�»� ��6���?�"nÜc¡J�:¯~�º:ï�Ä�Ã §`²4

�q,[Ü�{ÚÏ�>ÖO��.é:´��·^�"é IBD�>f§&ÿì�

A»� ��6��4�?�§��U?���¶é IBD¥f§�¹aq"ùÓc¡

�?Ø��§:Cq��º:ïk £§lUþï�U��?�»� ��

6"'�ã4.16Úã4.17§ML�{é&ÿìç����A�k��?�"

�ïÄ&ÿì�Uþ©EÇ§3&ÿìqNÈSþ!�) 1 MeV� 8 MeV�üU

�>f§éüU�>f§o1>fÌ�pd©Ù§'�lo1>fÌ���Uþ©EÚ

ï���Uþ©E���>fUþ�¼ê£^ σ/
√

E [Ü¤§Xã4.18" ML{ï

é&ÿì�Uþ©Ek²wUõ"
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ã 4.18: d total charge�{£�ã¤ÚML�{£mã¤���&ÿìUþ©E'�"

4.1.4 111ÆÆÆëëëêêêÄÄÄ������{{{

MLï�{�Ï�>ÖO�I�õ�Ñ\ëê§X�NP~�Ý! PMT�Ý�

A�§ PMT�é�Ç±9þ!e������Ç"Ï~�¹§ù
ëêUÏL��

ÿþ½&ÿì3�ÿþ(½§�3ïÄ�ëêé&ÿì�A�K��§�ëê�m  

LyÑ�r�'é5"þãï�{¥Ï�>ÖO�Äu��1Æ�.§Ù¥��1Æ

ëêÄuÿþ(J§�ØÛ�uÿþ(J"ùp}Á�« Self-Consistent��{£ë�
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gMiniBooNE�ï�{ [70]¤§l�ÝêâÄ� MLï�{¥1Æ�.¤I�

Ñ\ëê§'X��ÇÚP~�Ý"��!0�ù«�{§±9^Monte Carloêâï

Äd�{5U"

ã 4.19: ¥%&ÿì�ÝXÚ«¿ã"

�æ�¥%&ÿìkn|gÄ�ÝC�§ã4.19´¥%&ÿì¿¡ã§gXþn�

�Î/Ü�=�gÄ�Ýü�§�Ýò���3ã¥�Ýü�e�ç��þ�ØÓ 

�§5�Ý&ÿì�A"|^�Ý3GdLSÚ LSS�ØÓ ���Ýêâ§�E χ2

¼êµ

χ2 =
∑

j





192
∑

i=1

(

∑192
i=1 n̄ij

∑192
i=1 µij

µij

n̄ij
− 1

)2


 (4.9)

Ù¥eI iL« PMT?Ò§ jL«ØÓ�Ý �" µij =�ª4.8O��Ï�>Ö§

Ù¥º:!Uþ®�" n̄ij �z��Ý �e�� PMT�²þ>Ö" χ2���L¤k

�Ý �Ï�>Ö©ÙÚ*ÿ>Ö©Ù�ÎÜ§Ý§é µi¥��ëê×£§¦� χ2

����|ëê§�@�´ µ��ZÑ\ëê"

©O^Ø���Ú����&ÿì5ÿÁù«�{§�Ý¯~^ 68Ge�)f�

["éÃ���&ÿì§n��NP~�Ý�¢ÿ�" µ¥Ù¦ëê�½§×£P~�
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Ýëê λa §�� χ2� λa �Cz'XXã 4.20§�� χ2éA�P~�Ý∼ 10 m§ù

�n��N�²þk�P~�Ý��"é����&ÿì§×£ µ¥P~�Ýëê λa

Ú��Ç ε§Ù¦ëê�½§�� χ2 � λa Ú ε�CzXã 4.21§�� χ2 éA� λa ∼
10 m§�Ø����&ÿì��¶éA���Ç ε ∼ 0.95��[Ñ\�ÎÜ"ù�(

JL²§ï�{¥�ï�1Æ�.´Ün�§��âd1Æ�.�n)&ÿì§l�

Ýêâ¥Ä�1Æëê§��ï�{�Ñ\¶,��¡§Ä�Ñ�1Æëê�±Ó

&ÿì3�ÿþ���(Jé'§p���§�Ð�n)&ÿì"

Attenuation Length (m)
4 6 8 10 12 14 16 18 20

2 χ

0

1

2

3

4

5

6

ã 4.20: Ã��&ÿì�¹e§ χ2�P~�Ýëê�Cz"

Attenuation length (m)
4 6 8 10 12 14 16 18 20

2 χ

0.0

0.5

1.0

1.5

2.0

2.5

Reflectivity (%)
84 86 88 90 92 94 96 98 100

2 χ

0.58

0.59

0.60

0.61

0.62

0.63

0.64

0.65

0.66

ã 4.21: k��&ÿì�¹e§ χ2�P~�Ý£�¤Ú�����Ç£m¤�Cz"
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4.1.5 ���mmmqqq,,,¼¼¼êêêïïïÄÄÄ

ISþ�
�.�ð&ÿì|^1fÂ¥PMT��m&E�¯~º:ï§�

æ�¥%&ÿì�é��§þe���¦�m&E�©ÙC�E,"�!ïÄ¥%&ÿ

ì��mq,¼ê§,
�¹e§�m&EE���9ÏÃã§Uõº:ï"

4.1.5.1 PMTÂÂÂ¥¥¥���mmm©©©ÙÙÙ

lðc1��)�cà>fÆXÚÿþ��PMTÂ¥�m§�)
�ðu1P~

�mò´§lu1:� PMT��1�m§ PMTÞ��mÚÞá§>CDÑ�m§>

fÆ�mÿþ���ò´ÚÞá"e¡�g©Û��ã��m©Ùµ

• �ðu1�m©Ù"Ø© [79]ÿþ
 GdLSÚ LS�u1P~�m§�m©Ù�£

ã�¯!úü«¤©�Úµ

i(t) =
ω

τ0
e−t/τ0 +

1 − ω

τ1
e−t/τ1 (4.10)

ÿ�¯¤° τ0 ∼ 4 ns§��� 80%¶ú¤© τ1 ∼ 17 ns"£XL4.2¤

• u1:� PMT��1�m"�1�m´âf ��¼ê"éun�:1§�

1�m�ké�Þá£Â¥ PMT1Ò4ØÓ �¤¶éuγ§Uþ�È��m

�Ñ¬�5�1�m���Þá"

• PMT�Þ��mÚÞá´ PMTé1>f�A��A"lR5912 PMTëêÃþ

þ��Þ��m� 60 ns§Þ��mÞá (Transit Time Spread)� 1 ns"

• >CDÑ�m"�´�mò´§ØÓ>C�ÝÚå��mò´��O§�±ÏL
�m�Ý��?�"

• >fÆ�mÿþ���ò´ÚÞá"ØÓ>fÆÏ��m¬k�O"�æ�¢�
PMTcà>fÆXÚæ^ 640 MHz�¨ªÇÿþ PMTÂ¥�m§�mÿþ°

ÝÐu 800 ps"

3±þ©Û¥§&ÿì�Monte Carlo�[´?1� PMT�)1>fù�?O§

�)cü�¶l1>f�)�m�>fÆÿþ�m§^��o�ò´�mÚÞá5V
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scintillator τ0 (ns) τ1 (ns) w

GdLS 4.37 17.37 0.83

LS 4.04 16.35 0.88

L 4.2: �ðu1P~�mÿþ(J

)�n���zµ tmeasure = tMC + Gaus(∆T delay, σSmear)§Ù¥� ∆T delay ∼ 60.0

ns§ σSmear =
√

1.02 + 0.82 ∼ 1.3 ns"ã 4.22(a)´3&ÿ¥%�[ 1 MeV e− ! 0.01

MeV e+ ! 0.662 MeV γ (137Cs)��� PMTþ�ü1>f�m©Ù" 1 MeV e− Cq

´:§1��¸���1§Uª 4.10�ê5ÆP~§¥mü��¸©O5gþ!e�

����z§�m>�L¸5guõg����z"du γ Uþ�È��m�Ñ§ 0.01

MeV e+ Ú 0.662 MeV γ ��m©Ù' 1MeV e− kÐ°§üö©ÙA�UKÏ�γU

þ�C§Uþ�È�m�Ñ��"ã 4.22(b)´\þ PMT�AÚ>fÆ�ò´ÚÞá

��©Ù"

ns
0 10 20 30 40 50 60

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07
Cs-like)137 (γ0.662 

-1MeV e
Ge-like)68 (+0.01 MeV e

(a) vk\\ PMTÚ>fÆ��mò´ÚÞá

ns
60 70 80 90 100 110 120

0.00

0.01

0.02

0.03

0.04

0.05

0.06 Cs-like)137 (γ0.662 
-1MeV e

Ge-like)68 (+0.01 MeV e

(b) \\ PMTÚ>fÆ��mò´ÚÞá

ã 4.22: PMTþü1>f�m©Ù§©OéA 1 MeV e−! 0.01 MeV e+! 0.662 MeV

γ (137Cs)3&ÿì¥%�¯~"

ã4.22(b)U�Ï·�n) PMTþü1>f�m©Ù§�T©Ù�)
��1Ú�

�1§^§5�Eq,¼ê¬éE,"¢Sþ§XJ,� PMTþºY�) N�1>
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f§ PMTcà>fÆXÚ¤ÿþ�Â¥�m��u´1�Â¥�m"ù�A5¦�·

�UÀJ�
Â¥1fê�õ� PMT§|^§��1�Â¥�m{z�m©Ù§l

�E{ü����mq,¼ê§?1º:[Ü"

'u/ N�1>f�1�Â¥�m0§êÆþ�±�Xe�b�Ú)Ûí�"^ú

ª4.115£ã������!k¯ú¤©�êP~�ü1>f�m©Ù"

f(t) = (ω · 1

τ1
e−t/τ1 + (1 − ω) · 1

τ2
e−t/τ2) · ε · u(t)

+ (ω · 1

τ1
e−(t−T )/τ1 + (1 − ω) · 1

τ2
e−(t−T )/τ2) · (1 − ε) · u(t − T ) (4.11)

Ù¥1��=�úª 4.10§�L��1§k¯ú�m¤©"1���L��1§

VÇ�Ý¼ê/³Ó��1��§�´k���m²£ T Ú1r� ε§�L 4.2¥

GdLS�m~ê§T©Ù¼êXã 4.23" PMTÚ>fÆ�mÿþ��é�mÿþ�ò

´ÚÐ°§�±V)¤��XÚ¼êµ

g(t) =
1√
2πσ

exp(−(t − ∆T decay)2

2σ2
) (4.12)

ns
-5 0 5 10 15 20 25 30 35

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

ã 4.23: b��V�ê�m©Ù

��ü1>f��m©Ù´þãXÚ¼êÓ�©©Ù�òÈµ

F (t) =

∫ +∞

−∞

g(t − x)f(x)dx (4.13)

ek N�1>f§§��mþÕáÓ©Ù§@o1�Â¥�m�©Ù´µ
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H(t,N) = F (t) ·
(

1 −
∫ t

−∞

F (x)dx

)N−1

· C1
N (4.14)

ã4.24(a)=� N�ØÓ��1�Â¥�m�©Ù§ã¥L²�NO�§�m©Ù

¥���1¤©�4�Ø$§©Ù°ÝCÄ§/G�Cpd©Ù"ã4.24(b) K´ØÓ

Ne1�Â¥�m©Ù¥��1�'~§�N O�§T'~¤�ê5Æeü"

ns
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Earliest of two
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(a) PMT1�Â¥�m�©Ù

N s.p.e in a group
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le

ct
ed

 li
gh

t f
ra

ct
io

n 
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 (
%
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-110

1
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(b) PMT1�Â¥©Ù¥��1�'~

ã 4.24: PMT1�Â¥�m�©Ù9Ù¥��1�'~

�þã)Û�.é'§ã4.25w« 68Ge 3 (0, 0, 140 cm) �?��[��¥§l

z N (N=8, 16)�ü1>f¥À��@�1>f��m©Ù§ÙCz5Æ�þã)Û�

.��"� Nv
�§1�Â¥�m�©Ù�C��{ü�pd©Ù§ù´e¡�E

{ü����mq,¼ê�Ä:"

4.1.5.2 ���mmmqqq,,,¼¼¼êêê

ã4.25L²� Nv
�§ PMT�1�Â¥�m©Ù�C�{üpd"À¥ù


PMT�1�Â¥�m ti§ÙéÜ�mq,¼ê�±��

Ltime(T ) ∼
∏

i

1√
2πσi

· exp

(

−(ti − T0 − Ttrans)
2

2σ2
i

)

(4.15)

Ù¥ T0 ´�N�m £?�¶ Ttrans ´�1�m?�§Ù¥=�)
º: �

ëê¶ σi �z� PMT1�Â¥�m�©E§� NO�§ σi �¬C�§ σi Ó N�¼
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ns
60 70 80 90 100 110 120
0

2000

4000

6000

8000

10000

12000 S.P.E timing

Earliest S.P.E of every 8 Events

Earliest S.P.E of every 16 Events

ã 4.25: 68Ge¯~z N (N=8, 16)�ü1>f¥À��@�1>f��m©Ù"

ê'X§�d�Ýêâ��"éeª4�z=��º: ��4�q,�O§duq,

¼ê´pd/ª§Ïd4�q,[ÜÓ χ2[Ü�d"

log L ∼ −2 ·
∑

i

log
1√
2πσi

+
∑

i

(ti − T0 − Ttrans)
2

σ2
i

(4.16)

| (cm)scintCtrR - recR|
0 10 20 30 40 50 60 70 80
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3500

Charge Likelihood

Charge + Time Likelihood

ã 4.26: \\�mq,¼ê�¥fº:ï©E"

¥%&ÿìS� IBD¥f3 GdþÐ¼&ÒUþ� 8 MeV§z� PMTþ²þ1>

fê�� 5�"�¥fÐ¼ ��Cq«>�§�C 10 %� PMT�Â��1>fê

�u 10§�±éùÜ© PMT�E�mq,¼ê§�>Öq,¼ê�\§Uõº:[

Ü"ã4.26´3&ÿìSþ!�)� IBD¥f3jþÐ¼¯~�ïº:�Uþ�È¥

%�ål§þã�mq,¼êéº:ïk��Uõ"
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4.2 ¥¥¥%%%&&&ÿÿÿììì���...���yyyïïï���{{{

�!|^¥%&ÿì�.��[êâÚ 137Cs�Ýêâ5u� MLï�{"¥

%&ÿì�.�AÛ(�§31nÙ¥®kLã"

4.2.1 Monte Carloïïï

Óc!ïÄ�æ�¥%&ÿìï5Uaq§^ü«Monte Carlo���	ML�

{3��.&ÿìþ�5Uµ:1Ú 0.662 MeV γ£�[ 137Cs��¤"ü«¯~

��þ3 LSqNÈSþ!�)§Ù¥:1¯~÷»���Ñò��xh¥"
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ã 4.27: q,¼ê÷��.&ÿìç���Cz«~"�ãÚmãéA 137Cs u (0, 0,

27 cm)��ü�ØÓ¯~"

éü�¯~§r&ÿì÷ç����¡§éz��¡3 X-Y ²¡×£Û�4�

� (− log Lcharge)
localMin §x (− log Lcharge)

localMin �� Z�¼ê§ïÄq,¼ê�1

�§Xã 4.27"�ã´��kéÐ�.� (− log Lcharge)
localMin �§�.¤éA�4

�q,�O�I3ý¢�INC"mãKw«é,
¯~q,¼êé Z Ø¯a§d§

�Ñ�º:4�q,�O§Ø���"

3O�Ï�>Ö�§ 137Cs γ ��Ñ LSq«´vkÔn¿Â�§Ïde¡�ï

Ä¥é 137Cs γ º:�[Ü��3&ÿìq«S§é:1¯~Ø�d��"

º:ï(JXã4.28§Óc!ïÄ�æ�¥%&ÿìï5U�q§éuqNÈ

S�:¯~§»�Úç����ïº: �é�"�:�C&qNÈþe>�§

duq,¼êé ZØ¯a§Ü©¯~�ï����þ§��º: �C�"
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éuqNÈS��Ü© 137Cs γ¯~§ç����º: ����"� 137Cs γ�

CqNÈþe>�§º: ��Czª³�:¯~��"ù´Ï� 137Cs γ º:�

[Ü���3&ÿìq«S§é,
¯~Ùq,¼êé ZØ¯a§¬�ï�qNÈþ

e>.þ" 137Cs γ ¯~3»����º: ���§�´Ï�:Cq"
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ã 4.28: '�:1! 137Cs γ º:ï �§�ã���.&ÿìç����º:

ï �§mã�»����º:ï �"

Ï���.&ÿì¥�þ!e���lq«��§�'u&ÿì¥%Øé¡��§

¤±ã4.29¥ total chargeïUþ�A÷&ÿìç���Øþ!��é¡"Uþ�A

3»���Ó�k�r�6"
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ã 4.29: total chargeïUþÓý¢��Uþ�'�÷&ÿìç���Ú»��Cz"
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ã 4.30: MLï�UþÓý¢��Uþ�'�÷&ÿì�.ç���Ú»��Cz"

MLUþï(JXã4.30"�:1 ��C&ÿìþe>�§ïUþ�ý¢

Uþ�'�O\¶é 137Cs γ §d'�~�"ùÓ§�3ç���ïº: ��

1����"Uþ�A3&ÿì»���� ��6�éÐ�?�§L² 137Cs γ 3»

����º: �¿��Uþ?��5²wK�"

4.2.2 ���ÝÝÝêêêâââïïï

31 3.1.3!¥0�
¥%&ÿì�.¢�§e¡^ 137Cs γ êâu�ï�{"

é��.&ÿì§xhÚÊÏ�ð�P~�Ý´^ 1 m+C�ÿþ¶ PMT�Ý�

Aÿþ(J� [?]¶ PMT�é�Ç�Ý|^ 137Cs3&ÿì¥%��A��¶���

¾����Ç�ã 3.11"ù
ÿþ�ïJø
Ñ\ëê"

3úª 4.2¥§>Ö�A r(Ni, qi)´ PMT�A5§�6u PMT�ü1>f�A"

3 [71]¥§ PMT�n� n1>f�A�£ã� Gaussian§�.�£ã�üÜ©�Úµ

�Ü©� Gaussian/ª���¶,�Ü©�lÑ��Å&Ò§^�ê£ã"XJ�Ñ

PMT>Ö�A§ r(Ni, qi)C� δ(Ni − qi)"3e¡�ïÄ¥§ r(Ni, qi)´ý¢>Ö�

A�´ δ¼ê§(J�Oé�"

lï�1Æ�.�±wÑ§z�¯~�ïº:AéAUþ�È¥%£u1¥

%¤"º:ï�©E5güÜ©��zµâfUþ�È��m�ÑÚ[ÜL§�ÚO

Þá"ü�¯~�Uþ�È¥%�±lMonte Carlo¥��§ØUlý¢êâ��"

Ïd·�é 137Cs��3ç���ØÓ ��ÿþêâ�ï§'�ïº:Ú&ÿ
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ì�[���Uþ�È¥%�©Ù§±u�ï �©E§Xã 4.31"����Cq

«>�§duUþ�³��Uþ�È¥%�©ÙC�Øé¡"éu�C&ÿì¥%�

137Cs§ïº:�©ÙÓUþ�È¥%��m�Ñ�C"Ü©¯~¬�ï�q«�

>.þ§´Ï�Ùq,¼êé ZØ¯a§¿�3[Ü¥��
º:7L3&ÿìS"
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ã 4.31: ØÓ 137Cs �e§êâïº:ÓMonte CarloUþ�È¥%'�"

ØÓ�� �e§Monte Carlo1>fUÌ!¢�êâ>ÖÌ9ï��UÌé

'�ã 4.32§ã¥Ó�IÑ
ý¢��Uþ¸ " Monte CarloÓêâÎÜéÐ">Ö

Ì¸ ����Cq«>�~�§Ï� γ �Uþ�³C�"áN��A3MLï

¥�éÐ�?�§ï��UÌ¸ Ä�Óý¢��Uþ¸ ��"
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ã 4.33: ØÓ 137Cs �e§MLïÚ total chargeï�'�"

ã 4.33´ïUþÚUþ©E� 137Cs�� ��Cz§ã¥é'
 total charge

ÚML�{�(J"duUþ�³Ú&ÿìAÛ�é¡£¤k PMT�éu&ÿì¥%

�þ £ 1.5 cm���� �Øé¡¤§ total chargeUþ3&ÿìç����þ!"

ML�{éÐ/?�
&ÿì3ç����A��þ!5"UþIÝØ�l 4.2%Jp

� 1.1%"ã 4.33(b) Kw«ML�{Ó total charge�{Uþ©E�C"

4.3 ïïï^̂̂���mmmuuu

1���ï^� dywRecon 3 2006 c 12�uÙ§�Ü&ÿì�[^� G4dyb

§?1Monte CarloïïÄ" 2008c 4�§ï^�£��
�æ�l�^�µe

NuWa"

�æ�l�^� NuWaÄuµe^� Gaudimu"ã 4.34´ NuWaµee�êâ

6§ã [72]"ã¥z��µ�L TES (Transient Event Store)¥��«êâ�.§�k

’Per’cM�´éA� ROOT©�¥�êâ�.§ü��ÞL«�{§V��ÞL«

TESêâ�.Ú ROOT©�êâ�.�m�=�ì"lGenEvent� ReadoutEvent§

´�[�ã�êâ6§§²L
&ÿì�[ (DetSim)§>fÆ�[ (ElecSim)§>u

�[ (TrigSim)§ÖÑ�[ (ReadoutSim)" ReadoutEvent´�[êâÚý¢êâ�ú

���§¦�é�[êâÚý¢êâU
¦^�����©Û�{"l ReadoutEvent

� RecEvent ´êâ©Û�ã�êâ6§§�)�Ý (CalibAlg) Úï (ReconAlg) "
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ã 4.34: NuWaµee�êâ6§ã

�ÝÚïL§¥I���Ý~ê§l;���Ý�ê¥©Û��§dDBI (DataBase

Interface)êâ¥+n [73]"

Ø©ó�¥ï^��mu�) ReconAlg �mu§±9½ÂÑ\êâ�.

CalibReadoutEventÚÑÑêâ�. RecEvent"

PerCalibReadoutEvent Ú PerRecEvent KÄ�þ´þãü«êâ�.�{zE

�"

ã 4.35´ ReconAlg�{9Ù�'êâ�.�6§µã§e¡�g0�µ

CalibReadoutEvent ²L�Ý�&ÿìÖÑêâ�." CalibReadoutEvent ´Ï^�

êâ�.§·^u�æ�¢��¤kn«a.&ÿìµ¥%&ÿì!Y�Ô

�Å&ÿì±9 RPC &ÿì"éu¥%&ÿìÚY�Ô�Å&ÿì§Ä�ê

âü�� CalibReadoutPmtChannela§��z� PMT�?Ò±9�Ý��>
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Ö!�m"¤k PMT �êâd CalibReadoutPmtCrate a± map /ª��"

éu RPC &ÿì§Ä�êâü�� CalibReadoutRPCChannel a§��z�

RPC Ï�?Ò9Â¥&E"¤k RPC �êâd CalibReadoutRpcCrate a±

map/ª��" CalibReadoutPmtCrateaÚ CalibReadoutRpcCratea�Äa�

CalibReadouta§��&ÿì?Ò!>u?Ò!>u�m!>ua.�"

ã 4.35: ï^�6§µã"

RecEvent ï(Jêâ�."���O�·^u¤k&ÿì�Ï^êâ�."

RecTrigger a�)ï��Uþ!º:!»,§±9§��G�Ú[Ü`Ý

ëþ¶[Üëê�Ø�Ý
¶ï¤^��@
 PMT ½ RPC �?Ò¶&ÿ

ì?Ò!>u?Ò!>u�m!>ua.¶¿�3
�U�*Ð&E���

RecTrigExt"é,�«&ÿì�ï§ RecTrigger¥Ü©&E¬�s�"

ReconAlg ´ïÌ�{ (Algorithm) §���O¤Ï^�{" ReconAlg ¥½Â


JÄa IReconTool §Bu�[muØÓ�ï�{"z�«ï�{�¤�

� Tool §l IReconTool U«§3 ReconAlg ¥�N^"'X FastQCtrTool ´

{ü�>Ö%{ïº:¶ QMLFTool ´�Ù¤?Ø�4�q,{ï¶

QsumEnergyTool =�Ù?Ø� total charge {Uþï" ReconAlg �±ÏL

setReconStyle(std::map< std::string, std::vector<IReconTool*> >) ��ï�

ª"�±Ó�üÕN^A� Tool§½òA� Tool|ÜN^§¿òz�«�ª�
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ï(JÑÑ�ØÓ� RecTrigger¥§±�ª¶i«©"

d1 3.1!��{0�§ï�{�I��Ñ\ëêkµ

&&&ÿÿÿìììAAAÛÛÛëëëêêê ï�{I�¥%&ÿì� PMT �Ú��� �"3NuWa

¥§&ÿì�AÛ£ãd DetDesc ^��¢y" DetDesc ± XML ©��

ª5£�&ÿìAÛ§òAÛ£ã�¬z§�²1/é&ÿì�fÜ�?

1£ã"&ÿì£ã�Ä�ü��¡� Detector Element § DetDesc 3�

Detector Element�mïá
��õ�¢ÚÅ�§ÏLDetector ElementU

��&ÿì�¤kÄ�&E"�[Úï�ÏL DetDesc��Ó�@AÛ£

ã"

���ÝÝÝëëëêêê ï�{I������ÇÚ�NP~�Ý�1Æ�Ýëê§±9

PMTü1>f�A��Ýëê"ù
�ÝëêdDBI (DataBase Interface)

êâ¥+n"

�æ�l�^� NuWaE3,?mu�ã§þãêâ�.Úï^�(�!�{�

ò?�ÚU?"

4.4 ���ÙÙÙ���!!!

���Jp
¥%&ÿì�1Â8Úç����Aþ!5§��¦&ÿì��m&

E!>Ö©ÙC�E,§O\
¯~ï�(J",����&ÿì´�±ï�"

�ÙïÄ
Äu PMT>Ö©Ù&E�4�q,ï�{"é�æ�¥%&ÿì9Ù�

.&ÿì�Monte CarloïïÄL²§éu:¯~UéÐ�ï§éuUþ�Èk

���m�Ñ� γ ¯~§º:ï�3�½� �§I�?�ÚU?�{"^¥%&ÿ

ì�.¥ 137Cs�¢�êâu�
ï�{§ï�¥%&ÿì�.ç����Uþ

�A�þ!5�?�§ï �©E�Monte Carlo�Ñ�Uþ�È��m�Ñ�C"

�Ù�ïÄ
^Monte Carlou�ï¥O�Ï�>Ö�1Æ�.§?Ø
�â&ÿì

�ÝêâÄ�ï¥1Æ�.�ëê��{§ïÄ
¥%&ÿì��mq,¼ê"��

0�
�æ�l�^�µe NuWa¥ï^��mu"
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�æ�¢�´ISþ�êA�æ^Geant4 [47]�1Æ��[�¥�f¢�"3±c

�¢�¥§�vk¥�f¢�¤õA^Geant41Æ�[�k~"~XMiniBooNEæ

^ Geant3\g1mu�{z1Æ�.§ KamLANDmu
�@Äu Geant41Æ�[

�^�§��3�ªÔn©Û¥æ^"é�æ�ù��p°Ý¢�§I��\O(�1

Æ�["·�Äu Geant4^��mu
�æ�&ÿì��[^�G4dyb [48]"éu�

�1L§§ G4dybÌ�½Â
êÔ�ÅL§!ðc1L§!1fáÂ!1fa|Ñ�

Ú1f�>.L§"éuÙ¥�ðc1L§§é Geant4?1
?�§\\
âf�|

«�A§\\
1f�áÂu�L§" G4dyb£ã�¤k��1L§9ÙI��1

Æëêo¡� G4dyb�1Æ�."Ù¥�NðcN�1fu�!áÂ!u�L§´

G4dyb�1Æ�.�Ø%��"

�æ�¢��ð�n|°§ LAB�MJ§ PPO�1�u1Ô�§ bis-MSB�Å

� £J"3 G4dyb�1Æ�.¥§ò�NðcN�����N5£ã"1Æëê¥

é�NðcNb	Åã�P~�ÝÿþØ
O(§�NðcNþf����O�"�Ù

3 G4dyb�k�oÑ�1Æ�.Ä:þ§ïÄ
�NðcNb	ÅãP~�Ý�O(

ÿþ�{§�â [74]é PPO, bis-MSBþf�Ç�ÐÚÿþ(J§én«|©�m��

áÂ!u�L§k
#�n)"¿ddJÑ#�1Æ�."#1Æ�.¤I��1Æ

ëêX PPO , bis-MSB�F1þf��!��u1P~�m�§�3?�Ú¢�ïÄ

¥"
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5.1 ���NNNðððcccNNNuuu111ÅÅÅ���

5.1.1 ���NNNðððcccNNN{{{000

ðcN´�a��½þ�Ë��§�^�UuÑ�fðc1�Ô��o¡"ðc1

�rÝ���3ðcN¥�Ë�Uþ¤¼ê'X"�rù«Ô���¤M��§ù«Ô

�Ò��ðcM�§M��¡��NðcN"k
�NðcN¹kü«½ü«±þ�M

J§K©O¡�/1�MJ0Ú/1�MJ0��"/1�MJ0¿�X§Ø=´UM

)ðcM�§¿�3�)ðc1�UþD4L§¥åÌ��^"Ó�k
�NðcN¹

kü«ðcM�§Uì§�3UþD4^S¥¤å��^�©O¡�1�M�Ú1�M

�"�Ë�-u�MJ©fò�Ü©Uþ=£�1�M�5�)ðc1§1�M���

^K3uUõðcN�u�1Ì�1>�O+1Ì�A���m���'X§1�M�

Ï~��¡�Å� £J"

ðcN�u1§kü«ØÓ�y�§=F1Ú�1§�O3u

• �Ë�Ê�§F1u�=Ê�§�1�u���±òY�ã�m"

• F1P~�má§� 10−9 ∼ 10−8 ¦þ?¶�1Ï~� 10−6 ∼ 10−3 ¦½��$

��ê��"

• F1�É-©fguPC�)§F1rÝ��mP~5Æ��êP~¶�1´?
uæ��-u©fÉ	ÜK�ò-u�)"

• F13�½§Ý��SA�ØÉ§ÝK�¶�13p§���Or§$§�A
�vk§±Y�m�rÝ¤�'"

¢Sþé�õêkÅðcN§Ì�u�F1§1r��mU�ê5ÆP~"�Ù?Ø�

�NðcN£±e{¡�ð¤�ðc1Ñ´�F1"

5.1.2 uuu111LLL§§§{{{000

>lË�½1Ë���ðNXu)�p�^§ÚåMJ©f�>l½-u">l


�©f4á�mS�>f#(Ü¤É-©f"Uþ�3É-©f�mÏL©f-ED

4"�É-MJ©f�u1Ô�M�©fåléC�§ÏLó4m�p�^òUþD4
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�M�©f"XJM�ßÝ·�§ù«UþD4L§�Ç�Cu1"?u-u��M�

©f§�ÏLË��[Ú�Ë��PCL§[£�Ä�"

ã 5.1: Perrin-Jablonski>fU?�nã"

ã5.1´ Perrin-Jablonski>fU?�nã [75]"§�Ù�w«
ðc1uÐL§¥

����U�ÔnL§§X1fáÂ!S=�!F1u�!Xmu�!�1!ò´F

1±9n�¨n��[�"ã¥>fg^ü��IP� S0 £Ä�>fU?¤!

S1 ! S2 . . . §g^n�IP� T1 ! T2 ! T3 . . . z��>fU�Ñk�X��ÄU

?"ã5.1¥��
�«ò-uL§�;.�m��"�éuÙ¦ÔnL§§Ù¥1�

áÂL§�~¯ (≈ 10−15 s)§F1P~�m3 10−10 ∼ 10−7 ¦þ?§�1P~�m3

10−6 ∼ 1¦þ?"
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ç��þ��ÞL«l S0 ���$�ÄU?m©�1áÂ§Ï�¿§eý�õê

©f?uTU?"©fáÂ��1f��±�-u� S1�§ S2�§½�p-u���

ÄU?þ§��©f±�«�ªò-u"

Ë��[�PCL§´��X1fu��ò-L§"Ù¥ S1 → S0 �¶þL§¥u

��1f�¡�F1§l T1 → S0 �¶þL§¥u��1f�¡��1"I�rN�

´§Ø
�
~	�¹§F1Ñ5gu S1 ��ò-u§Ù¦�[ÃË�§ÏdÙA5

Ø�6u-uÅ�"

0-0>f�[é1�áÂÚu�5`Ï~´���",§du-u���Ä¶þ

£©fòõ{�ÄUþD4�0�£�Ó�>f���$�ÄU?�L§¤¬��Ü

©Uþ§F11Ì�'áÂ1Ì��Å�� £§Xã5.1"�â Stokes5K§F11

f�Å�ATo'áÂ1f�Å���",3�õê�¹e§áÂ1ÌÓF11Ìk

�½�U§=áÂ���Å�1f�±u���áÅ�1f"ù�y�¾wå5k�

uUþÅð§¯¢þù�L§´k/UþÖ�0�"Ï�3¿§e§ÃØ´Ä��´

-u�§ok�Ü©©f upu 0?�ÄU?�Ù¦�ÄU?þ§�U?þ©fê©

Ù�d Boltzmann½Æ£ã"Ä�?u�p�ÄU?�©f¬áÂ���Å�1f�

[� S1 �§,�ò-�¬u�ÑáÅ�1f"§Ý�$�§þã� Stokesy�ò��

~�"

��`5§Ä�Ú-u�kaq��ÄU?©Ù§�lÄ���$�ÄU?�[�

1�>f-u���ÄU?�AÇ�d1�>f-u���$�ÄU?�[�Ä���

ÄU?�AÇ��C§ÏdF1Ì/G~�1�áÂ��áÂ1Ì�q§�´áÂ1Ì

�º�"F11ÌÚáÂ1Ì¸ �m�m�^ÅêL«=� Stokes £"

u���1fAT�áÂ��1f��¯£ ≈ 10−15 ¦¤",§É-©f¬3

u�1f½?1Ù¦ò-L§£XS=�!Xmu��¤�c3 S1 �þÊ3�ã�m

£lA��¦�AzB¦§�ûu©fa.Ú0�¤"Ïd§�ì©fÉ4áóÀ�1

-u�§u��F1rÝ��m¥�êP~§P~�m~ê�N
©fÊ33 S1 -u

�þ�²þÆ·"F11fu�Ï~�£ã���guL§§�3,
�¹e§��É

-u1£'X/�-1ì¤"

�Ë��[�PCL§§Ø�Ä¶þ	§��)S=zÚXmu�"S=z´�Ó

õ��ü�>f��m��Ë��[PCL§£X S1 → T0, T2 → T1 ¤"Xmu�
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´ØÓõ��ü�>f��m��Ë��[L§£X S1 → T1, T1 → S0¤"

5.2 ���æææ���¢¢¢������ððð

5.2.1 ���æææ������ððð|||¤¤¤

�æ�¢�æ^�jþ 0.1%��ð (GdLS)��&ÿìqÔ�§Ø�j�ÊÏ�ð

(LS)��&ÿì8U�Ô�"3Ø© [76]¥§�[?Ø
�æ�¢��j�NðcN�

ï�"�æ�¢�é�j�Nðc��¦µ�Ï½5Ð£¢�$1 3-5c¤¶ß²Ý

Ð§P~�Ý >10 m¶pu1�p§��ó¬N� 50%¶$U,��5Y²¶¹jþ

©Ùþ!¶Ó��1g)�±�y�Ó&ÿì�¦",	§��¦ð:p!$Ó5£/

e¢�¿¦^¤§�kÅÀæ�ÏoN5Ð£�j�ðdkÅÀæNì�C¤"

�æ��ðÀ^ LAB£�5�Ä�¤�ðcNMJ§Ï� LABß²Ýp§1��

p§ð:p��kÅÀæoN5Ð"

�æ��ðé1�u1Ô�£1�M�¤��¦µ�MJ�m�UþD4�Çp¶

u�1ÌÓg��áÂ1ÌU�§gáÂK��¶u�1ÌÓ1>�O+�1Ì�A

��Ä����"~��1�u1Ô�k P-TP! PPO! PBD!¶Ä -PBD�"��

ÀJ PPO���æ��ð1�u1Ô�"ã 5.2(a)´�ð1��� PPOßÝ�Cz§

� PPOßÝ�u 3 g/L�§1��ªu�Ú§��ª(½ PPOßÝ� 3 g/L"

(a) PPOßÝÀJ (b) bis-MSBßÝÀJ

ã 5.2: �æ��ð|©ßÝÀJ
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�æ��ðé1�u1Ô�£1�M�¤��¦µUõ�ðu�1ÌÓ1>�O

+�1Ì�A�����¶~�1�u1Ô��gáÂ�A"~��1�u1Ô�k

POPOP! DMPOPOP! bis-MSB�"��ÀJ bis-MSB���æ��ð1�u1

Ô�"ã 5.2(b)´�ð1��� bis-MSBßÝ�Cz§� bis-MSBßÝ�u 10 mg/L

�§1��ªu�Ú"�ª(½ bis-MSBßÝ� 15 mg/L§3��¯«"

5.2.2 ���ððð555���ëëëêêêÿÿÿþþþ

3Ø© [79]¥§é�ð1Æ5��
�þÿþïÄ"ù
ÿþ��æ�&ÿì�[

^� G4dyb�1Æ�.Jø
�1Æëê"

5.2.2.1 uuu���111ÌÌÌ

�ð�u�1Ì3 Fluorolog-Tau-3F11Ì¤þÿþ§þ§� (200 nm, 800nm)§

ù�´ G4dyb¥¤5½�1Æ�[Å���"

ã 5.3´^ 320 nmb	1-u�«ØÓðcM����F11Ì"�wÑ PPOÚ

bis-MSB�Å� £�^"�ð�u�1ÌØÉ-uÅ�K�"L�Ñ�´§3ù
ÿ

þ¥§�¬d 1 cm1§�IO'Ú®�C§3F11Ì¤þæ^���ªÿþ§Ïd

u�1Ì�/G¬dugáÂ�)ÆC£é'ã 5.27¤"�lb	Åã�P~�Ý�O

gáÂ�K�§�Ù1 1.4!ò?Øb	P~�Ý�ÿþ"

300 350 400 450 500 550
0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
or

m
al

liz
at

io
n

Wavelength (nm)

 LAB
 LAB+PPO
 LAB+bis-MSB
 LAB+PPO+bis-MSB
 LS(LAB)+Gd
 LS(TMB+Oil)

360 400 440 480 520
0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
om

al
iz

at
io

n

Wavelength (nm)

 280nm
 350nm
 320nm

ã 5.3: �ãµ 320 nmb	1-u�«ØÓðcM�u1�F1u�Ì"mãµØÓÅ

��b	1-uÊÏ�NðcNu1�F1u�Ì"
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5.2.2.2 111������ÚÚÚPPP~~~���ÝÝÝ

1��d?½Â�ðcNzáÂ 1 MeVË�U�uÑ�1f��ê"ÿþ1��

��{kü«µ

(1)ÿþýé1��"^®�Uþ�>f��(½Ù§®�Uþ���)ì�ðcN§ÿ

½ðcN�o�1ÑÑ",��âáÂ�Uþí�Ñ1�� [77]"

(2)ÿþ�é1��"r3�Ó^�e-u��ÿðcN�1ÑÑ�ë�Ô��1ÑÑ

?1'�"�~^5��1��'��ë�Ô�´ó¬N"

õê�¹eæ^1�«�{§3¢�¿¥N´��"3�ðýï�ã§Ò´^�ù

��{ÿþØÓ�NðcN�¬��é1�� [78]"�æ��ð�éuIOó¬N�1

���� 0.53"

13á1Ô�¥�P~Ñl�ê©Ù"b�1BL1§�l��N§I0´\�1r

Ý§I´Ñ�1rÝ§Ká1ÝA!ßLÇT!�NP~�Ýλ�m�'X�µ

A = − log10(1 − T ) (5.1)

T =
I

I0
= e−l/λ

3 [78]¥§^71 LED(440 nm)��1§^ç�� 1 mØCgg+���Nð

cN½MJ�¬"ÏLUCg+S��¡pÝ5N!þª¥ l���§��ØÓ l� I

��§^úª 5.1 [Ü I/I0 � l�Cz§��� 440 nm71ì���ÿ�¬�P~�

Ý"�^Ù¦Å�� LED§=�ÿ�Ù¦Å�e�P~�Ý"

|^T 1 m+C��±O(/ÿþ��ÅãA�©áÅ���ðP~�Ý",&

ÿì�1Æ�[§I� (200 nm, 800 nm)SÅ��6�P~�Ýëê"3Ø© [79]¥§

^ 10 cm1§�'Ú®3b	��©11Ì¤£ UV-Vis¤þÿþ�ð�¬á1Ý§�

â 1 m+C�3 440 nme�P~�Ýÿþ��8�z§���Åã�P~�Ý�"

�éu 10 cm�1§'Ú®§b	1�áÂ�r§T�{Ã{��O(�b	P~�

Ý"

5.2.2.3 uuu111PPP~~~���mmm~~~êêê

3 [80]Ú [81]¥§©Oÿþ
�æ�ÊÏ�NðcN�u1P~�m" [80]�ÿþ�
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{´²;�ü1>fOê{[82]Ú^«Åì��P¹F1óÀÅ/"òF1�mÌ£ã

�¯úü«¤©§´ü��ê©Ù�Ú"ÿ�P~�m¯¤©� 4.0 ns§ú¤© 13 ns

" [81]^aq��{§�é�ð�¬�
Ï�?n§~�
�|«§Ïdÿ��P~�

m¯¤©Úú¤©þC�§©O� 4.66 nsÚ 19.1 ns"

5.2.2.4 |||«««ÏÏÏfff

|«�A´âf?\�ð��UþD4L§¬É�,
Ï��K�§�)�1fê

~��y�"|«�A©�>l|«Ú�>l|«">l|«�âf3�ð¥� dE/dx

k'¶�>l|«Kkéõ«§XßÝ|«ÚDº|«!zÆ|«!9|«§��ðM

��ßÝ!�ðS,�£Y½�í¤¹þ!�ð§Ýk'"

>l|«�^ Birks½Æ [83]£ãµ

dS = A
dE

1 + C1δ
, δ =

dE

ρdx
[MeVg−1cm2]. (5.2)

ª¥§dS �ðc1fê§dE =Uþ��§δ ´�>âf3Ô�¥�>l�Ý§C1 ´

Birks~ê§A´~êÏf§�1��k'"úª 5.2� Birks½Æ���?�úª§�

�?�úª�µ

dS = A
dE

1 + C1δ + C2δ2
(5.3)

é���NðcN§��Ú�� Birks ~ê©OCq� C1 ∼ 0.01 gMeV−1cm−2 §

C2 ∼ 0.01 g2MeV−2cm−4 [84]"�Ä
 Birks?��§Uþ� E �âf3�ð¥�ÈU

þ§uÑ�ðc1�µ

dS = A

∫ E

0
dS = A

dE

1 + C1δ + C2δ2
(5.4)

3 [79, 85]¥§^�fU� HI-13 G�\�ìþ� TOF C�ÿþ�NðcN

é�f�Uþ�A"ÏL��[O�(Jé'§[ÜÑÊÏ�ð Birks ~ê�

C1=(8.205±1.231)×10−3 gMeV−1cm−2, C2=(2.951±0.825)×10−6 g2MeV−2cm−4 §�

j�ð Birks ~ê� C1=(6.489±1.058)×10−3 gMeV−1cm−2, C2=(2.095±0.365)×10−6

g2MeV−2cm−4"
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5.3 ���ððð&&&ÿÿÿììì���111ÆÆÆ���[[[

Monte Carlo�[´âfÔnÚpUÔn¢�¥n)&ÿì��Ãã"¥�fÔ

n¢�2�æ^�ð&ÿì§XÛO(£ãðc13�.�ð&ÿìS�DÂ§én)

&ÿì��Ak�¿Â"�!0�ISþÙ¦�
¥�f¢��&ÿì1Æ�[§±

9�æ�¢��[^�G4dyb¥�1Æ�."

5.3.1 ÙÙÙ¦¦¦¥¥¥���fff¢¢¢������&&&ÿÿÿììì111ÆÆÆ���[[[

5.3.1.1 CHOOZ & Palo Verde

Palo Verde ¢� [39]Ú CHOOZ ¢� [38]�&ÿì�[§SþÄu GEANT 3.21

[86]mu"@Ï�æ�¢��¥%&ÿì�[�Äu GEANT 3" GEANT 3U?1Ü

©1ÆL§��["§½Â
 CerenkovL§!1>�A! Cerenkov1f�'�áÂÚ

>.L§§vk½Âðc1L§Ú1Æ1f� RayleighÑ�L§" Palo Verde¢�Ú

CHOOZ¢�±9�æ�¢�@Ï� GEANT 3�[�gmu
ðc1L§��[§

S"Ä��{aq§þ´�ââfJlL§¥z�Ú�Uþ�ÈO��)�ðc1f

ê§3O�¥Ú\>l|«�A (Birks law [83])",�gCmu^��§Jlz�1f

�DÂ!áÂ!3>.þ�ò�Ú���§��1f�PMT&ÿ"3þã GEANT 3

�1Æ�[¥§vk«©ØÓÅ��ðc1f"

5.3.1.2 KamLAND

KamLAND¢� [22]Äu GEANT4mu
 KLG4sim [87]5?1�&ÿì�["

KLG4sim¥§1Æ1f�DÂÌ�k±eL§µ (1)3Ô�>.þ���!ò�!

áÂ¶ (2)1f3Ù�ð (80% dodecane + 20% pseudocumene + 1.52 g/L PPO)¥�

áÂ!u�¶ (3)1f��5Ñ� (Rayleigh scattering)"éuL§ (1)§ GEANT4

U��éÐ�£ã" (2) Ú (3) ´�IO GEANT4L§"3 KLG4sim¥§e1Æ1

f3DÂL§¥��ðu)�p�^§1f½�Ñ�½�áÂ"¦+�ð´n|°§

KLG4simò�ð�����N5�ÄÙ1Æá5£áÂ�Ý!u�AÇ!u�Ì

�¤§Ø«©�|¤¤©��z"1fe��ðáÂ§K±�½VÇu�1f§
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u��1fÅ�Ñlu�1Ì©Ù§��u½�uáÂ�1fÅ�"1fe�Ñ�§K

Å�ØC§DÂ��UC"

3KLG4SimÄ:þmu
GLG4Sim [88]"GLG4Sim¥�þó�´é PMT1Æ

�.�c[£ã [89]"3�� PMTAÛ¥§½Â
��1>¡��(¯&ÿì"1Æ

�.©�{ü�. (luxlevel 0)ÚE,�. (luxlevel 3)"{ü�.e§XJ1fÂ¥1

>¡§K�â PMTþf�Ç�Ú1f�Å�Ä�û½´Ä�)��1>f"E,�

.e§��O�1fÂ¥1>¡����§áÂÚßL�L§"XJ1f�áÂ§KÓ

{ü�.��û½1>f��)§XJßL§UY3 PMTSÜJl1f§1fk�U

2g�£Â¥1>¡" G4dyb¥ PMT1Æ�.�£ã=l GLG4Sim£�L5§¿�

â [67]¥é1Æ�.�u�(J§æ^�êâÎÜ�Ð� luxlevel 0�."

du�[(J�¢�êâ����§KamLAND¢��3�ª©Ù¥æ^T�[

^�"

5.3.1.3 Borexino

Borexino¢� [90]�Äu GEANT 4mu
&ÿì�[^�§?1&ÿì�1Æ�

[ [91]" Borexino&ÿì�» 13.5 m§´ü��¥/&ÿì"S�� 300 tonqÔ�

�ð (PC (Pseudocumen) + 1.5 g/L PPO)§�» 8.5 m"	��X PC�À�§S�

Ú	�dZ9�©�"3 PC�À�S§V\ DMP|«J±Ø$5gu PMT���

53 PC�À�¥�)�F1"Ó�3 PC�À�S§,	k��dZ9���¤�¥

£�» 10.5 m¤5¶-�"

3Ù1Æ�.¥§>l-u��Ððc1fEd�ðu�1Ì£ã"Borexino��

ðäk�Ð�Å/©EUå [92]§ÏdÙ�[^�¥«O β Ú αâfD�ØÓ�u1P

~�m"1f�DÂL§K�)
1fÓ�ð!PC�À�ÚZ9���Ô���p�

^ [93]µ (1)1f3�ðÚ PC�À�S��5Ñ�¶ (2)1f3 PPOÚ PC©fþ�

áÂ!u�¶ (3)1f�|«J DMP�áÂ¶ (4)1f�Z9��áÂ",	§/

Ï GEANT4�½Â
Ù&ÿì¥¤k�1Æ.¡§�[1f�ò�Ú��L§"

þã1Æ�.Ø2ò�ðÀ����N§©m�Ä�ð�¤©�1f��p�

^"3 [94]¥§£ã1f��ð¥ PC½ PPO��p�^�kü«L§µáÂ½�5

Ñ�"�âÙÿ�� PCÚ PPO�P~�Ý�£ã 5.4¤"éu PC§@� 320 nm
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ã 5.4: PPOÚ PC�P~�Ýÿþ£ Borexino¤"

±e1f�P~´Ï�áÂ§ 320 nm±þ´Ï�Ñ�"éu PPO§@� 400 nm±e

�P~´Ï�áÂ§ 400 nm±þ´Ï�Ñ�"z�Å�e1f� PC½´ PPOu)

�p�^�VÇ�d�öP~�ÝO�£��Ù0��{aq¤"1f� PPO½ PC

áÂ�§U�g�þf��u�1f"u�1f��Ó5§u1ò´�mÑl PC

Ú PPO���u1P~�m©Ù£ PPO: τPPO=1.6 ns; PC: τPC=27 ns¤"8c'u

Borexino&ÿì�[ÓÙêâ�ÎÜ§ÝÿÃ�ª©ÙuL"

5.3.2 ���æææ���¢¢¢������[[[^̂̂��� G4dyb¥¥¥���111ÆÆÆ���...

31nÙ¥§0�
G4dyb[48]´Äu Geant4^��Õámu��æ�&ÿì��

[^�"�â�æ�&ÿì�AÏI¦§ G4dyb?U
 Geant4^��g���
IO

�ÔnL§"éu��1L§§ G4dybÌ�½Â
êÔ�ÅL§!ðc1L§!1f

áÂ!1fa|Ñ�Ú1f�>.L§"�
\¯�[��Ý§U?
êÔ�ÅL§Ú

ðc1L§§\\
���Ïf§^5N!�)�1fê�õ�"Xéu µf3Y³

¥�êÔ�ÅË�§¬�)A���1f§Jlù
1f§�[�Ý�~ú§\\�

Ïf��±ÀJ5/Jp§S$1�Ý"1f�>.L§�)3>.þ���Úò�L

§§���)û��Úº¡��§ù
L§�6u0�ò�ÇÚ��¡��Ç±9,o

÷§Ý�½Â"éuðc1L§§é Geant4?1
?�§\\
âf�|«�A§\

\
1f�áÂu�L§£du�NðcN�áÂÌÚu�Ìk�½U§1f��

NðcNáÂ�¬u�1f¤" G4dyb£ã�¤k��1L§9ÙI��1Æ5U

Ñ\ëêo¡� G4dyb�1Æ�."
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G4dyb¥é�NðcN1Æ�.�£ã�é{üµâf3�NðcN¥u)>l

�p�^�ÈUþ§?�|«�A�U1��O�u�1fê§�â�NðcNu�1

ÌÄ�u�1fÅ�§DÂ1Æ1f§e1Æ1f��NðcNáÂ§K�âu�A

Çû½´Äu�1f§u�1fEU�Ðu�1ÌÄ�§2DÂ#�)�1Æ1

f§XdÌ� �§��1f�1>�O+&ÿ�"d1Æ�.¥§I�n«Ñ\ë

êµ�NðcN�u�1Ì!�NðcN�áÂ�!�NðcN�þf��"Ù¥c

ü�5gu1 5.2.2!�ÿþ(J§u�1Ìæ^ LSu�1Ì"þf���b��"

X1 5.2.2!¤ã§ G4dyb¥� LSu�1Ì¢Sþ´ bis-MSB�u�1Ì"lu

1Å�þù§>lk-u PPOu1§,�²LáÂu�=£� bis-MSB�1Ì"þ

ã1Æ�.vk�NÑù�L§",��¡�vkF1þf���¢Sÿþ(J"e¡

�ïÄó��ÄÅ=�
) 1 cmºÝS�áÂu�L§Ú�'F1þf�Ç"

5.4 PPP~~~���ÝÝÝÿÿÿþþþïïïÄÄÄ

31 5.2.2.2!¥0�
±c�P~�Ý��ÿþ�{§ 10 cm1§�'Ú®Ã{

O(ÿÑ�u 2 cm�P~�Ý§Ï�1áÂ�r§¤ìXÚD(!XÚ �éÿþ�

K�é�"�!éü� UV-Vis1Ì¤£ÊÛÏ^ TU-1901Ú�9 Shimadzu-UV2550

¤�¤ì5U�
ïÄ§n)¤ìXÚ �§�Ñ?��{¶?JÑ�«ÿþP~�

Ý����{¶¿^d�{é�ð�¬9Ù�|©�P~�Ý�[�ÿþ"

TU-1901Ú UV-2550Ñ´V1å�©11ÝO§ã 5.5´ UV-2550�1´«¿ã"

ÙÄ�ó��nXe"1 D2 £��¤½ W1 £¾�¤uÑ�1§²]¡��º M1

!M2 à��§BL��1»XÚ£d S1 !W !M3 ! G1 |¤¤§?\üÚ¤£d

d¿ S2! S3§��ºM4!M5§��1» G2|¤¤§üÚ1²��ºM6!M7�

§d^=÷/º£ CH¤N�§�OÝ�3]¡��ºM8 !M9 þ§©O?\�¬Ú

ë'1´§à�u�¬³Úë'³¥%§BL�¬³Úë'³�§2©O²ßºM10

!M11ÚM12®àu1>�O+�L¡�&ÿ"

ÿþ�¬c§I��Ä���§±�Ø1rÝ�Ø½5!ØÓÅ�e1´¥1

Æì��A�OÚ PMTOÃ�O�K�"3ÿþ�ð�¬�á1Ý�§~^�n«�

Ä���ªµ�í£�¬1´¤é�í£ë'1´¤!�'Ú®é�'Ú®±9�C�

é�C�"

120



1ÊÙ �ð1Æ�.ïÄ

ã 5.5: V1åb	��©11Ì¤1´«¿ã

Ó�«�ð�¬3 TU-1901Ú UV-2550þ©Oÿþá1Ý§æ^�í¨�í�Ä

��§ü�¤ì���á1Ý��É²w§Xã5.6(a)¶æ^�C�¨�C��Ä�

�§á1Ý��NÎÜ�Ð§Xã5.6(b)§���*	§3 (430 nm, 550nm)�mE

k
��O§Xã5.6(c)"

Xc¤ã{��n§V1å�UV-VisSÜ1´Ì�^]¡º��1§�¬1´Ú

ë'1´�1Ø´²1�"Xã 5.7¤«§�¬¿¥vk'Ú®�§1®àu�¬¿¥

%§3 PMT�Âà´Ð°�Ý/1�"�����='Ú®�§du9þ��£

1.2 mm¤§1BL�=91´A�Øu)UC"e'Ú®C÷�N§duò�§1

�®à:¬u) £§��PMTL¡�1�/GÚ �u)UC"duPMT1Ò4

ØÓ«��þf�Ç�3�O§Ïd PMT�Âà1��Cz¬K�1rÿþ"¢�

uy§ UV-2550Ú TU-19011´�OØÓ§Ly�vk'Ú®�§�¬¿1Ñ�àÚ

PMT�Âà�1�/GØÓ¶���¬1´��Ck�N�'Ú®�§Ùé1�/

G�UC�Ø��"��æ^�í¨�í�Ä�!½´�³f¨�³f�Ä��§du

ë'1´Ú�¬1´�1�A�Ø��§��UV-2550Ú TU-1901�(JØU��

E"æ^�C�¨�C��Ä��§du�C�Ú¤ÿ�N£�ð!xh¤ò�Ç�

C§1�3ë'1´Ú�¬1´�CzA5�q§�éÿþ�±�Ð/?�1´�K

�§Ïd UV-2550Ú TU-1901�(J�±�Ð�Ü"

?1
�X�¢�5�y�¬1´Czé�Ná1Ýÿþ(J�K�§o(Xe"

k'�
Ó��'Ú®3ü�1Ì¤þ�á1Ý�§þæ^�í¨�í�Ä�§X
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(a) �í¨�í�Ä�e�ð�¬á1Ý

(b) �C�¨�C��Ä�e�ð�¬á1Ý

(c) �C�¨�C��Ä�e�ðá1Ý£ÛÜ��ã¤

ã 5.6: TU-1901Ú UV-2550�ð�¬á1Ýÿþ'�"
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ã 5.7: UV-Vis1�K�«¿ã

ã 5.8: 10 cm�'Ú®á1Ý§�í¨�í�Ä�

ã 5.9: 10 cm'Ú®C�C���á1Ý§�í¨�í�Ä�

ã5.8§UwÑ§��ÿþ(Jk�É¶2'�Ó��'Ú®C�C��§3ü�1Ì

¤þ�á1Ý�§Ó�´^�í¨�í�Ä�§Xã5.9§�±wÑC�N�§ü�
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¤ìÿþ(J��O�²w"

ã 5.10: Ck�C�� 5 cm'Ú®3�¬³ØÓ �ÿþ«¿ã

ã 5.11: Ck�C�� 5 cm'Ú®3�¬³ØÓ ��á1Ýÿþ(J

,�|¢�§´^Ó�� 5 cm1§��='Ú®§�C�C��¬�§©O3ü

�1Ì¤þ§�u�¬³¥ØÓ �§ÿþá1Ý�§Ä�����í¨�í�Ä

�"¢�«¿ãXã5.10"ÿþ(JXã5.11§L²=¦´Ó��1Ì¤§��k�N

�'Ú® uØÓ ��§á1Ý��É²w"'Ú® uÓ� �e§ü�Ì¤�

m��k²w�É"ù�|¢�L²§eæ^�í¨�í�Ä�§3ÿþ�Ná1Ý�

�ÿ§du�¬1´�UC§¬��á1ÝÿþÑy 0.005∼0.01 þ?�XÚ �§ù

¬K���P~�Ý£'X > 10 m¤�ÿþ(J"XJ�¬ý¢á1Ý��u 0.01§

K1´UC�K�Ä�Ø¬P~�Ýÿþ§E�±æ^�í¨�í�Ä��ª"

þã&ÿì1´UC�K�J±?�"e�ÄÙ¦�«¤ìXÚ �!�A§3�
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í¨�í�Ä��§¢ÿ��á1Ý�±�¤µ

Am = −log10

(

I0 · (1 − εreflection) · (1 − εscattering − εrealAbs) + IDC + IF

I0

)

(5.5)

Ù¥IDC´¤ìV>6Y²§Ä��~ê¶IF´áÂu�F1��z¶IrealAbs =

I0 · εrealAbs´ý¢��¬é1�áÂrÝ¶εscattering´du1Ñ���K�1r�'

~¶εreflection´�=¨�í�¡�����1r�'~£�Ñõg��¤"

k�Ä PMTV>6K�"du PMTV>6�3§=¦1f��¬��áÂ§á

1Ý¬3b	Åã¬/¤���Ú²�"éu�ð�¬§k��Ï��I�Ä§=b	

1f�áÂu�"b	1f3�ð¥�P~�Ýéá§3\�:NC=���áÂ§

u�ðc1¬��Âà PMT¤&ÿ�§Xã5.12«¿"�� PMT�Âàu�F

1��érÝ
IF

I0
µ

IF

I0
=

Ω

4π
=

SPMT

4πD2
∼ 3.5 × 10−4 (5.6)

Ì¤V>6Y²
IDC

I0
µ

IDC

I0
∼ 1.0 × 10−4 (5.7)

Kéu LAB�¬§Ù�Úá1Ý� − log10(
IDC

I0
) ∼ 4"éu LS�¬§Ù�Úá1Ý

A� − log10(
IDC + IF

I0
) ∼ 3.3"ù���§Ó¢ÿ(J�ÎÜ§Xã5.13"ã¥ LAB

�b	Åã�Úá1Ý�∼ 4§ LSÚ GdLSb	Åã�Úá1Ý�� 3.5"

ã 5.12: F1éá1ÝÿþK�«¿ã

é&D'JÑ�¦µ
IrealAbs

IDC + IFC
> 102§KCq�Am < 1.3�§ PMTV>6�K

��±�Ñ"

2�Ä1Ñ��K�"��N¥©f½Ù¦�)1Ñ���â�º���u\�1

fÅ��§13�N¥Ñ��d RayleighÑ�5£ã§ RayleighÑ��Ý��µ

LRayleigh =

(

1

6π

(

(n2 − 1)2(n2 + 2)2

3

)2(
2πp

hc

)4

kTKT

)−1

(5.8)
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ã 5.13: F1éá1Ýÿþ�K�«~

ã 5.14´ [95]¥�Ñ�ØÓÔ�� Rayleigh Ñ��Ý§� T = 293.15K §éY�

KT = 4.587 × 10−10Pa−1 ¶é�ð!kÅÀæ!xh�KT = 8.6 × 10−10Pa−1 "��

3�ð¥§b	Åã�Rayleigh Ñ��Ý��uáÂ�Ý§Ùéá1Ýÿþ�K��

±�Ñ§ εscattering → 0"

ã 5.14: RayleighÑ��Ý

�d§����� IrealAbs §úª 5.5¥�e��I���§=�¬1´�=¨�í

L¡���?�"du�'Ú®ko��í¨�=.¡§C�N�kü��í¨�=.

¡§K�Cq/��l�¬á1Ýÿþ(J¥~��'Ú®á1Ý����5?�"

ã5.15´d?��{��y§ÿþ�¬´ LAB + 3g/L PPO§ã¥��æ^�íé�

í�Ä�§7�æ^�íé³f�Ä�"��~�ü��=¡�á1Ý��§�7�\

126



1ÊÙ �ð1Æ�.ïÄ

þü��=¡�á1Ý�Ä�Ü"

ã 5.15: �=¨�í.¡��?�

þ¡?Ø
 UV-Visÿþ¥�U��AÚ?�"��lúª 5.5Ñu�Oÿþ°Ý"

b�'Ú®�1§� d m§P~�Ýÿþ� λm9ÙØ� σλm
O�Xeµ

λm =
0.4343 · d

Am
(5.9)

σλm
=

0.4343 · d · σAm

A2
m

(5.10)

eP~�Ýÿþ°Ý�¦µ
σλm

λm
< 5%§K Am > 0.04"nÜc¡é&D'��

¦§KéØÓ1§�'Ú®§ÀJ 0.04 < Am < 1.3�§ÿþ�P~�Ý����"ÿ

þ��éØ��±Cq^ σλm
=

σAm

Am
· λm5�O"

nþ§é UV-Vis�5UÚÿþ¥�UÚå�XÚ ��
ïÄ"3dÄ:þJÑ

�ÅãP~�Ý�ÿþ�{§

éub	Åãµ

• ^�í¨�í�Ä�§|^ 10 mm/4 mm/ 2 mm½�á1§�'Ú®£ 4 mm/2

mm'Ú®�½�¤5ÿþ�N�¬á1Ý¶

• ?��í¨�=.¡���¶

• éØÓ1§�'Ú®ÀJ Am ÷v 0.04 < Am < 1.3�êâ:§dúª 5.9O�P

~�Ý¶
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• Ü¿ØÓ1§�ÿþ(J§éÅ�Ü�êâ:�²þ"

é��Åãµ

• ^�í¨�í�Ä�§|^ 100 mm1§�'Ú®5ÿþ�N�¬á1Ý¶

• ?��í¨�=.¡���¶

• |^ 1 m+C�ÿþ�P~�Ý(J��I½§é?���á1Ý��²£8

�z"�Z²£þdéeª¦4�z��

χ2 =
∑

i

(λUV −V is
i − λlongTube

i )2

σ2
λlongTube

i

(5.11)

Ù¥ i´^ 1 m+C�3ØÓÅ�eP~�Ý�ÿþ(J"

ùpI��Ñ�´§��o��á1Ý��²£8�z"3c¡é UV-Vis1�Cz

éá1Ýÿþ�K��©Û¥§á1ÝÉK��þ?3 0.005∼ 0.01"éu�ð3�

�1Åã�P~�Ý5`´ 10 m�m§é 10 cm1§�'Ú®§ý¢á1Ý�� 0.004

"d�§1Ì¤g��XÚØ�¬E¤ý¢�ýéá1Ý� £"Äuúª 5.5¤£ã

éê'X§òá1Ý�²£�?�§´Äu��Ün�b�µ=b�3�gÿþ¥Ø

ÓÅ��ß�1rÿþ��XÚ ��'~�Ó"

ã 5.16: �ðP~�Ýÿþ'�

ã 5.16I5
ØÓ'Ú®1§��§=�dþã�{�� (345nm, 800nm)��

S�P~�Ý§ØÓ1§'Ú®�ÿþ(JkU«�§�3U«�SÎÜéÐ"
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G4dyb¥��ðP~�Ý��x3ã¥§�O²w"Ï�3G4dyb¥��ðP~�

Ý�§�,�´ 100 mm1§�'Ú®ÿþá1Ý§�´3éá1Ý��
�í¨

�=.¡���?��§¿Ø´�²£8�z§��Uúª 5.9O�ÑÐ©�P~�

Ý�§,�òT��N¦þ��'~Xê§ò 440 nm?�P~�Ý8�z� 1 m

+C�3 440 nmÅ�e�ÿþ(J"ù«8�z´'�oÑ�§AO´b	Åã�P

~�Ý¬kXÚ �"

2 mm1§�'Ú®®ØUÿÑ�á�P~�Ý"�ã 5.16¥b	P~�Ý�U�

� 345 nm",§e¡ò�?Ø� Lambert-Beer½Æ�A^§KU
ÿÑ�áÅ��

P~�Ý§Ó�U�Ñ�ð|¤¤©��éáÂVÇ"

Xc¤ã§�æ��ð���n|°µMJ� LAB ¶1�u1Ô� PPO §ß

Ý 3 g/L ¶Å� £J bis-MSB §ßÝ 15 mg/L "eò�ðw�n�M�§�±

^Lambert-Beer½Æ£ã�|©é1�áÂ"Lambert-Beer½Æ���{ü£ãµe�

«M�d N|©|¤§�|©é1�áÂp�ØZ6§¿ÃzÆ�AL§§KM�3

,�Å� λe�á1Ý� A(λ)�±��µ

A(λ) =

N
∑

i

ci · εi(λ) · l =

N
∑

i

1

Γi(λ)
=

1

Γ(λ)
(5.12)

Ù¥ ci �1 i�|©���ßÝ§ εi �1i�|©���á1Xê§ l �'Ú®�1

§§Γi(λ) =
1

ci · εi(λ) · l �@�´1 i�|©�P~�Ý§Γ(λ)´o�P~�Ý"?

�±�����1f��ðáÂ�§T1f�1 i�|©áÂ�VÇ�µ

η(λ) =
ci · εi(λ) · l

∑N
i ci · εi(λ) · l

(5.13)

Ïd§�©Oÿþ LAB! LAB+PPO! LAB+bis-MSB!�ð�á1Ý§Ä��

ð�|©���á1Xê§���|©é1áÂ�VÇ"ÿþ�{ÚÚ½µ

• ^�í¨�í�Ä�§|^ 2 mm/4 mm/10 mm/100 mm1§�'Ú®5ÿþ

LAB! LAB + 3g/L PPO! LAB + 15mg/L bis-MSB!�ð (LAB + 3 g/L PPO

+ 15 mg/L bis-MSB)�á1Ý«�¶

• l (LAB + 3 g/L PPO)á1Ý�¥�Ø LABá1Ý�§O� PPO���á1

Xê"duØÓßÝ� PPOò�ÑØÓÅ���S������á1Xê�§K
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�±ÏLÿþp£$¤ßÝ��¬5¦��á1Xê�����£�á¤Å�

*Ð"ùpÿþ
 50 mg/LÚ 7 g/Lü�ßÝ"

• l (LAB + 15 mg/L bis-MSB)á1Ý�¥�Ø LABá1Ý�§O� bis-MSB�

��á1Xê"�þaq§,ÿþ
 500 mg/L�ßÝ"

• þ¡��
�ð¥ LAB ! PPO ! bis-MSB �g���á1Xê§�âúª

5.13O�Ñ3 3 g/L PPO! 15 mg/L bis-MSBßÝe§�|©�1áÂVÇ"

^þã�{���|©� Γi(λ)�£ã 5.17¤Úé1�áÂVÇ£ã 5.18¤"

ã 5.17: �ð (LAB + 3 g/L PPO + 15 mg/L bis-MSB)¥�|©P~�Ý Γi(λ)�"

ã 5.18: �ð (LAB + 3 g/L PPO + 15 mg/L bis-MSB)¥�|©�1áÂVÇ"
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ã 5.19: ØÓßÝ� bis-MSBá1Ý�"

3ã 5.18¥§ bis-MSB3 > 420 nm�Ü©´�â�pßÝ bis-MSB�á1Ý�

	í�(J§lã 5.19¥wÑ§3·�a,��ßÝ��S§ bis-MSB3 > 430 nm�

�áÂ1��Ñ§Ïd	í�3 430 nm��áÂVÇ� 0" PPO3 < 330 nm�Ü

©�´	í�"�lã 5.17¥�±wÑ§ PPOÚ bis-MSB�áÂ�U�3¿�§ùA

ÏL�á1§�ÿþ��"¯¢þ§�±æ^e¡��{�E4á�1§µ^ü¬�=

¡ (1 mmþ )§��íØ�±Y��4���N§��þÝ�O� 10µmþ?"�±^

�C��O LAB�MJ§Ï��C�3b	ÅãáÂé�"

ã 5.22¥�ã´3Y%�=¡�ØÓ �ÿ���C��á1Ý±9ü��=¡�

á1Ý§�±wÑ3 240 nm±þ§�C�A�ØáÂ1¶ 240 nm±e§�C�ká

Â§��=¡þÝØþ���C�á1Ý�¿ØÜ"ã 5.22´¹ 3g/L PPO��C

�M�3Y%�=¡�ØÓ �ÿ��á1Ý�§��=¨�í.¡���?��§

òz^��¸� (303 nm)8�z§��ã 5.21"�±wÑ > 240 nm�Ü©�õgÿ

þÜ5éÐ¶ < 240 nm�Ü©Ü5��§ù´Ï�zgÿþ�NþÝ��§Ã{

�Ø�C��áÂ"Ó�©z [96]¥� PPO���á1Xê�U (303 nm)¸�8�

z��w«3ã¥§�ö�Oé�"

aq�§�±�� LAB! LS(LAB + 3 g/L PPO + 15 mg/L bis-MSB)�áÂ

�§Xã 5.22"A^ Lambert-Beer½Æ§�±O� (190 nm, 330 nm)��S LABé

1f�áÂVÇ§Xã 5.23"
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ã 5.20: �� cyclohexaneá1Ý�£�ã¤Ú�� (cyclohexane + 3g/L PPO)á1

Ý�£mã¤"

ã 5.21: 8�z�� PPOá1Ý�"

5.5 ###111ÆÆÆ���...ïïïÄÄÄ

5.5.1 111ÆÆÆ���...£££ããã

�âc!P~�ÝÚ|©áÂVÇÿþ(J£ã 5.18Úã 5.23¤§e¡©ØÓÅ�

«m?Ø1f3�æ��ð�|©£ LAB! 3g/L PPO! 15 mg/L bis-MSB¤�m�

áÂu�L§"

200 nm< λ <310 nm"lã 5.23¥§1f�u 310 nm�§®?\ LAB�áÂ�§
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ã 5.22: 8�z�� LAB£�ã¤Ú LSmã¤á1Ý�"

ã 5.23: (190 nm, 330 nm)��S LAB1áÂVÇ"

LABÚ PPOé1f�áÂk¿�"�1fÅ�á� 220 nm±e§K1fA���d

LABáÂ"dud«m LABÚ PPOáÂ�Ü§ LABáÂ1f�-u�§ék�U

±�Ë��[��ªòUþD4� PPO§,�d PPOu1"�ïÄù�L§§�
X

e¢�"3��=¡L¡©Oæé���� LAB½ LAB + 3g/L PPO½ LS�¬§�

N��þÝ�O� 101µmþ?"3 300 nm�-uÅ�eÿþu�1Ì§Xã 5.27"d

ã 5.23��3 LAB + 3g/L PPO�¬¥ LAB�áÂ�Ó 5%"'� (a)Ú (b)§\\

PPO�§ LABu�Ì��Ø��§`²É-u� LAB©fÏL�Ë��ªòUþD

4� PPO"�Ë�D4��Ç��§I�ÿþ"'� (b)Ú (c)§ PPO� bis-MSB�

UþD4�Ë�D4§= bis-MSBáÂ PPOuÑ�1f�-u§,�ò-�ÑF1"
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(a)

(b)

(c)

ã 5.24: ���ð�¬�u�1Ì"

310 nm< λ < 340 nm"1f��d PPOáÂ§U PPO�þf��Úu�1Ì

u�1f"

340 nm< λ < 360 nm" PPOÚ bis-MSBé1f�áÂk¿�"UVÇ� PPO½

bis-MSBáÂ�§±�g�þf��Úu�1Ìu�1f"

360 nm< λ < 400 nm"1f��d bis-MSBáÂ§U bis-MSB�þf��Úu�
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1Ìu�1f"

400 nm< λ < 430 nm" bis-MSBé1f�áÂÚ LAB�1f��p�^£áÂ

½Ñ�¤k¿�"e1f� bis-MSBáÂ§U bis-MSB�þf��Úu�1Ìu�

1f" LAB�1f��p�^´áÂ�´Ñ�Ã{lP~�Ýÿþ¥��§P~�Ý

�ÿþ®�)
áÂÚÑ�"3Ø© [79]¥§�[ïÄ
 RayleighÑ�é&ÿì1>f

���K�é�§1Æ�.¥Cq�±^ÿ��P~�Ý���áÂ�"I5¿�

´§1f�Ñ��Ø¬K�o1>f��§�¬UC PMT�>Ö©Ù§1nÙ0�

�ï�{�1Æ�.¥ÿvk�Ä1�Ñ�"Ïd·�EIUYÏéòáÂÚÑ�©

m�¢��{§�&ÿì�[Úï�1Æ�.JøÑ\ëê"

λ > 430 nm"1fÅ��l bis-MSBáÂ�§ bis-MSBØ2áÂ1f"1f�P

~��d LABÚå"

þ¡¤£ã�1fÓ�ð�p�^L§=��!¤JÑ�#1Æ�."Ù`:´

ò�NðcN¥1f��)!DÂ!áÂu�L§£ã����ßO("#1Æ�

.k���~k¿Â�A^µ�âÿ�� PPOÚ bis-MSB���á1Xê�§d

Lambert-Beer½Æ�±í�ÑUØÓ PPO! bis-MSBßÝ�'��NðcN�P~�

ÝÚ�|©é1f�áÂVÇ§dd�±�[ØÓßÝ� PPO! bis-MSBé1���

K�§�ßÝ`z"3�æ�¢��NðcNýï�ã§ PPOÚ bis-MSB�ßÝ`z

´ÏLïÄØÓßÝé�NðcN�1��K�5(½§Xã 5.2(a)Úã 5.2(b)§ÿþ

¥�NðcN�¬�C3 5 cm x 5 cm��=�ÎNìp"ØÓ�&ÿìº�§1�á

ÂØ��§�� PMT�1�Ì/�Ø��"'å��¬¢�§/Ï#1Æ�.§�±

ÏL&ÿì�[3ý¢&ÿìºÝe�Ñ��Ün�ßÝ`z§¦1>fê��z"

Ø
O(�P~�Ý§#1Æ�.��6Xe1Æ5�ëê�ÿþµ

• PPO! bis-MSB�F1þf��"

• PPO! bis-MSB���u1P~�m"

• 200 nm ∼ 310 nmÅã LAB� PPO�Ë��[��Ç"
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5.5.2 ###111ÆÆÆ���...���111ÆÆÆëëëêêêÿÿÿþþþ

5.5.2.1 FFF111þþþfff������

·��C�ó� [74] ïÄ
3�� Fluorolog-Tau-3 F11Ì¤þÿþ PPO !

bis-MSB�F1þf��"

F1Ô��þf��~æ^�é�{ÿþ"|^F11Ì¤ÿþ��þf����

¬�F1rÝ§Óë'IO�¬£®�þf��¤�F1rÝÿþ(J�'�§K�ÿ

�¬�þf���deªO� [97]µ

Φx = Φs
Bs(λex)

Bx(λex)

Dx

Ds

n2
x

n2
s

. (5.14)

Ù¥eI s! x©OL«IO�¬Ú�ÿ�¬§ λex´-uÅ�§ Φ´þf��§

D´F1u�rÝ§ (nx/nr)
2 ´éò��A�?�§ B(λex)´�¬é-uÅ��áÂ

'~"

PPOÚ bis-MSBF1þf�Ç´3F11Ì¤ Fluorolog-Tau-3þÿþ"1Ì¤æ

^���1§1å²L1»üÚ¤�§¤�üÚ-u1ì���¬L¡"Ó�\�ü

Ú1�rÝd��ë�&ÿì¢�uÿ§±?�1�Ø½5"�~��¬�gáÂ

�A§¢�¦^ 2 mm1§��='Ú®§¿æ^c��ª"�¬u�F1²L1»

�d$D(� PMT&ÿ"

�u��{Ú¤ì���5§��
ü«IO�¬§©Oÿþp���"�«IO

�¬´ßÝ� 0.1 N�1�¿wM�"1�¿w´¦^��2��F1ÿþIO�¬

��§©z [98]�ÑÙF1þf�Ç� 0.54"�-uÅ�3 200 nm ∼ 390 nm��S

�§þf�Ç�@�ØC [97]"1�¿w�áÂ1ÌÓu�1ÌÜé�§ÏdgáÂ

�A��Ñ",�«IO�¬´ßÝ� 0.1 N�M�w£ Harmane¤1�M�§©z

[99]�Ñ3 330 nm ∼ 360 nm�m§ÙF1þf��� 0.83"

���O(�F1È©rÝ§I���
?�"1Ì¤g�ë�&ÿì?�\��

�¬L¡�üÚ1�Ø½5¶^PMTþf�Ç�?� PMTéØÓÅ�1f��

A¶�I?�ò�ÇØÓÚå�1r�Ý��O"ã 5.25´?���ü«IO�¬3

ØÓ-uÅ�eF1È©rÝ§p�I��é1r§é1áÂ�
8�"3�gÿþ

Å���S§IO�¬�F1È©rÝÞá�u 5%"ã 5.25¥1�¿wÚM�w�

136



1ÊÙ �ð1Æ�.ïÄ

²þF1È©rÝ©O� 2.51×1010 Ú 3.87×1010 "Ù'�� 1.54§�©z�Ñ�(J

0.83/0.54 = 1.53�¬Ü§�y
¢��{Ú¤ì���5"

ã 5.25: 1�¿wÚM�w£ Harmane¤ü áÂe�F1È©rÝ"

ÿþ¥æ^ 2 mm1§�'Ú®§ØÓ-uÅ�3�¬¥�P~�ÝØÓ§¬Úå

u1¥%��� £"¢�¥uy§duF11Ì¤�AÏ1´�O§T�� £¬é

ÿþ(Jk��K�"���U�)û�{´§ÿþØÓßÝ�IO�¬���Ý§�

ÑF1È©rÝ�éu1áÂ�?��"

ÐÚ��ÝL²§IO�¬1áÂ <0.5�§F1È©rÝÓ1áÂ��5'X�

Ð"3 [74]¥§ÿþ
 cyclohexane£�C�¤ + 125 mg/L PPOÚ LAB + 15 mg/L

bis-MSB�¬�F1þf��§ÐÚÿþ(JXã 5.26"3�½ßÝe§ (300 nm, 340

nm)S PPO�²þþf��� 0.77§ (360 nm, 380 nm)S bis-MSB�²þþf��

�� 0.96"�æ��ð¥ PPOßÝ� 3 g/L§�puþãÿþßÝ§Ùþf��ÿþ

I?�Úc[ïÄ"

I��Ñ�´§#1Æ�.¥§ PPO3 (340 nm, 360 nm)�m! bis-MSB3 (400

nm, 430 nm)�m�þf��´'���§�´�Jÿþ�"Ï�ùü�Åã�g�

l PPOÚ bis-MSB�áÂ�§�¬é1�áÂéf§F1u�rÝ�éf"���U

��Y´æ^�pßÝ PPO½ bis-MSB�¬Jp1áÂ§ÿþþf���ØÓßÝ�

�6'X§,�	í��8IßÝe�þf��",§u1Ô�ßÝ�p�I�Äß

Ý|«�A§T¢��YI�c[ïÄ"
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ã 5.26: PPOÚ bis-MSBF1È©rÝ�1áÂ�'X" PPO�¬ÿþ�-uÅ�

��� (300 nm, 340 nm)§ bis-MSB�¬ÿþ�-uÅ���� (360 nm, 380

nm)"

5.5.3 uuu111PPP~~~���mmm

�â�ð�u1Å�§ PPOÚ bis-MSBk�g���u1P~�m~ê§L�É

-©f31�-u�þ�Æ·"#1Æ�.©m�Ä�ð�|©��z§ég,/�I

�þãëêÑ\"

PPO���Æ·�2�/ïÄ"3 [100]¥§Uü«ØÓnØ�.O� PPO3

cyclohexane¥þf��§©O�Ñ 1.44 nsÚ 1.8 ns" Borexino¢�3 [94]¥�Ñ 1.6

ns§Ù�ðMJ� PC§^1§éá�'Ú®3F11Ì¤þÿþ"3 [101]¥§©O

ïÄ
 PXEÚ LAB�MJ! PPO�u1Ô���ð�F1P~�m§^ 54Mn (864

keV γ)��æ^ü1>f{ÿþ"¢�æ^�´ 10 ml�ÎNì§üà��=I§ý

9�çÚ PTFE£àoÍ¯L¤§�OÙNìºÝ� 2.5 cm"Ùÿ��u1P~�m

£¯¤©¤�£ã�üÜ©�Úµ�´ PPO���u1�m¶�´3É-MJ©fò

Uþ��D� PPO©f�c§MJ©f�m-E�²þ�m§�ßÝ¤�'"éØÓ

PPOßÝe (1g/L, 2g/L, 6g/L, 10g/L)�ÿ��u1P~�m£¯¤©¤�[Ü§é

LABÚ PXEMJ§©O�Ñ PPO���u1�m� 1.19 nsÚ 1.85 ns§ù��O�

)º�MJ�K�"�âÙ[Ü�§�O� LAB + 3g/L PPO�u1P~�m¯¤

°� 3.8 ns"

bis-MSB���Æ·§3 [102]¥�Ñ�� 1.4 ns§Ù�ðMJ� PC§^1§éá
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�'Ú®3F11Ì¤þÿþ"

�C·�^ÿþ
 LAB + 3g/L PPO�u1P~�m [103]"E^²;�ü1>f

{§�^ü«ØÓ�-u§�«´|^ 60Co��-u�ðu1§�«|^¯-1

1 (280 nm, 70 ps)-u�ðu1"�¬^IO 1 cm �='Ú®�C" 280 nm�

1f 80%��d PPOáÂ§Ù{d LABáÂ,���D4� PPO§Ïdæ^-1

1ò���Ñ PPO���u1�m"¢�(JXã 5.27§ã¥ TDCz� 50 ps"

^¯-1ÿ���mÌ¥Ì¸mýk���¸§´du-1�°ÄóÀk���m

 £Úå"��{�Ñ 3.85 ns§� [101]¥O���Î"-1{�Ñ 1.7 ns§�

[100, 94]�Î§� [101]�O��"

decaytime
Entries  4096

Mean     1309

RMS     87.07
 / ndf 2χ  942.1 / 1021

Prob   0.9624

C         318± 9.298e+04 
sigma     0.099± 7.001 

T         0.1±  1252 

t0        0.3±  34.4 

t1        5.4±   156 
w         0.0049± 0.8807 

offset    0.070± 0.975 

scale     0.00068± 0.01851 

shift     0.8± 287.1 

TDC Channel

1200 1300 1400 1500 1600 1700 1800 1900

C
ou

nt
s

1

10

210

310

decaytime
Entries  4096

Mean     1309

RMS     87.07
 / ndf 2χ  942.1 / 1021

Prob   0.9624

C         318± 9.298e+04 
sigma     0.099± 7.001 

T         0.1±  1252 

t0        0.3±  34.4 

t1        5.4±   156 
w         0.0049± 0.8807 

offset    0.070± 0.975 

scale     0.00068± 0.01851 

shift     0.8± 287.1 

(a) ^¯-1-u

decaytime
Entries  4096

Mean      504
RMS     268.6

 / ndf 2χ   4165 / 2647

Prob       0
C         883± 5.306e+05 
sigma     0.23± 17.67 

T         0.1± 343.5 
t0        0.51± 77.33 
t1        2.9± 285.9 
w         0.0040± 0.7264 
offset    0.07±  3.41 

TDC Channel

500 1000 1500 2000 2500

C
ou

nt
s

1

10

210

310

decaytime
Entries  4096

Mean      504
RMS     268.6

 / ndf 2χ   4165 / 2647

Prob       0
C         883± 5.306e+05 
sigma     0.23± 17.67 

T         0.1± 343.5 
t0        0.51± 77.33 
t1        2.9± 285.9 
w         0.0040± 0.7264 
offset    0.07±  3.41 

(b) ^60Co��-u

ã 5.27: LAB + 3g/L PPOu1P~�m[Ü(J"

£�1 5.2.2.3!¥0���æ��ðu1P~�m~ê�ÿþ§n)Ù¢�(J"

T¢�^�» 5 cm!p 5 cm��Î.ßbÀæ����NðcN�¬"�â#1Æ�

.§ γ3�ð¥�)� Compton>fÄk-u�ð¥� LAB©f§ LABÏL��ò

UþD4� PPO©fu1"�âã 5.17§ PPOF1¥ 400 nm±þ�Ü©£�Óu�

1Ì� 17%¤¬BL�=Nì���� PMT§A��m 3.85 ns¶ 400 nm±e�Ü

©¬� bis-MSBáÂ§u�� bis-MSB�F1�� PMT�A��m (3.85 + 1.4) ns

"dd��OT�ð�¬�P~�m¯¤©� 5 ns§�¢ÿ�Ä�ÎÜ"
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