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ABSTRACT

The physics goal of Daya Bay Reactor Neutrino Experiment is to measure sin2 2θ13

to 0.01 or better. The experiment was designed to measure the relative intensity of ν̄e

flux and spectrum with near and far sites to suppress the reactor related errors, with

multiple anti-neutrino detector modules per site to reduce the detector related errors.

The anti-neutrino detector is based on liquid scintillator and PMT with a three-zone

nested cylindrical structure and top and bottom reflectors. The physics goal demands

that the background uncertainty should be less than 0.3% (near site) and 0.2% (far site),

the detector uncertainty per module should be less than 0.38% and the energy resolution

of each module should be better than 15%/
√

E.

In order to verify the design of the Daya Bay anti-neutrino detector and to study the

Gd-loaded liquid scintillator, we constructed a scaled down prototype of anti-neutrino

detector at IHEP which has a two-zone nested cylindrical structure with top and bottom

reflectors. Through the prototype’s construction, debugging and measurements, we got

the valuable experiences for the future Daya Bay experiment: improving the design

of electronics; studying the calibration methods and the response of the detector with

several radioactive sources. The measurements at several locations showed that the

energy resolution of the prototype is about 9%/
√

E with good uniformity of position

response (R or Z direction) to γ. The simulation results based on Geant4 package

and the experiment measurements have good consistent with each other that shows the

detector response has been well understood.

The performance and stability of Gd-loaded liquid scintillator is one of the key

factors of the success of the Daya Bay Experiment. The target of the prototype is the

Gd-loaded liquid scintillator as a preliminary product for the application in the Daya

Bay experiment. With PuC neutron source which give a possibility to calibrate the

detector with e+e− annihilation, ∼ 4.4MeV , 6.13MeV at the same time, we got the

captured neutron spectra and capture time spectra which all are consistent with the

simulation. We also calibrated the intensities of two 252Cf sources with the prototype

detector. The performance monitoring of the prototype detector during ∼ 1 year shows

iii



that the optical property and Gd-loaded percentage have good stability and can reach

the requirements of the future Daya Bay detector.

We preliminarily studied the particle identification of γ and neutron with ROOT

TMVA package in order to reduce the background and to improve the neutron efficiency

at some energy threshold for the prototype or the future Daya Bay detector.

Key words: reactor neutrino oscillation, prototype of anti-neutrino detector, detector

calibration, position response, neutron source of PuC, the stability of liquid scintillator,

particle identification
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�D4f�f g§>^¨f�p�^�D4f1f γ!Z0!W±"IO�.nØ®��


ã��¤õ§��
¢��î�u�§A��¤k®�¢�(J��"�´§IO�

.8c%Ã{ýó¥�f��þ!��·ÜÚ CP »��Ä�ëê§ù
ê�&E7L

�6u¢�ÿþ"

�Ø©�ó��´¥�f��·Üëêÿþ¢���Ü©§Ä�(�Xeµ�ÙÌ

�0�¥�fÔn�uÐ{¤§¥�f����'ÔnnØÚ;.¥�f&ÿì¶1�

Ù´�æ��Aæ¥�f��¢�9�æ�¥�f&ÿì�0�¶1n!o!ÊÙ´Ø

©�ÌN¥�f&ÿì�.Ü©§1nÙÌ�0�
¥�f&ÿì�.�Ôn�OÚ&

ÿìXÚ�ïE¶1oÙ´�.&ÿì�.�N!>fÆ��XÚ�NÁ�ÿþ¶1Ê

Ù´�.&ÿì5U��'ïÄ§Ì��) γ Uþ�A§ ��A§¥f�A§PuC


ïÄ§âf�O§�j�NðcN�­½5�"18Ù´�©�o(9Ð""

1.1 ¥¥¥���fff{{{¤¤¤

1930c§�|£W.Pauli¤[1]�
)º�fØ β PC¢�uy�/UþØÅð0¯

K§JÑ
¥f£neutron¤ß�§@�k�«Ø�&ÿ�¥5âf�r
Ü©Uþ§

ù«âfU
�¤�£E.Fermi¤[2]¡�/¥�f0£neutrino¤"

²L¢�ÚnØÔnÆ[Ô�õc��Óãå§¥�fÔn��
ã��â»

[3]µ�8c��§�uyn«¥�f§1956c Reines Ú Cowanuy�>f¥�f νe

[4]§1962c Lederman!Schwartz Ú Steinbergeruy� µ¥�f νµ [5]§±9 2001c

Kodama�<uy� τ ¥�f ντ [6]"�â�c���¿�»ÆnØ�O§z�«¥�

f3�»¥�ê�Ý�� 300�/cm3§´ 3◦K �»�µË�1fê�Ý�∼ 54% [7]"

�|��â βPCUÌýó¥�f�þ�~� [8]§2\þ8c¤k¥�f¢�Ñv

kuymÃ¥�f£½�Ã�¥�f¤Ú�fê»�§¦�<��&¥�f´Ã�þ�

âf§ù��cIO�.�¥�fÃ�þ�ÎÜ§�´Ù�(5I���¢�yâ��

y"�
u�¥�f�þ´Ä�"§<�JÑ
na¢�5&ÿ¥�f�þ½Ù§k'

�!�ÑIO�.�#Ônµβ PCUÌÿþ¥�f�þ [2]§¥�f�� [9]§9»�

�fêÅð�DkPC£~XÃ¥�fV β PC¤½�A [10]"
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1�Ù ¥�f

¥�f��éuÿþ��¥�f�þ�\¯aµPontecorvo [9]3 1957cÇkJÑ

¥�f���Vg§¦��b��´ νeÚ ν̄e�mu)��¶1962c Sakata [11]�<J

Ñ νeÚ νµ �mu)����U5"

�@�*ÿ��U�3���´��¥�f§Homestake [12] ¢�3 1968 cuy

ÿþ����¥�f νe '��IO�.£SSM¤[13]ýó��§�´��¿Ø��

��¥�f¿��S3Ôn�Ï§¤±ù�y��¡��/��¥�f�l��0§


�ù�y���Y�X�¢�¤(@£ Kamiokande [24]§SAGE [22]§GALLEX

[17]§SuperK [18]Ú GNO [19]¤"2002c SNO [20]¢�ÏL�>6L§!¥56L§

±9�5Ñ�L§ÿþ�
 νµ Ú(½) ντ �Ïþ§¿uyÿþ��n«¥�fÏþ�Ú

�Ð�IO���.�ýó��§�Ò´`(Ü��¥�f�l�¢�(J§SNO ¢

��Ñ
��¥�f νe=z� νµÚ(½) ντ �yâ",
§�,d���¥�f�=z

�±^¥�f��nØ5)º§�´¿vküØÙ§�U�Å�§���Aæ¥�f¢

�KamLAND [21, 22]�ª(½��·Ü)£LMA¤+ Ô��A£MSW¤[23]���

¥�f���ª"

Ø
*ÿ5g���¥�f§·���±*ÿpU�»����í�¥Øf-E�

)� νeÚ νµ5Ïé¥�f���yâ"�@�Kamiokande [24]!IMB [25]!Soudan-2

[26] Ú MACRO [27]��í¥�f¢�*ÿ��¡��/�í¥�f�~y�0µ5

g�í� νµ Ú νe �ê�'�'nØýó���"1998c§SuperK [28]¢�Äk�Ñ


�í¥�f���yâ§uy νµ �"��¥�f�UþÚDÂålkér��6'

X§ù�¥�f���5���¬Ü"SuperK¢�¦<�m©�&¥�f�3��"

d��\�ì¥�f¢�K2K [29]?�Ú\r
�í¥�f���yâ"SuperK¢�

�(J [30, 31]�Ñ
¥�f��Ak�ÅÄ/ª§ù´|±¥�f�����yâ"

1995c§{I��Aæ¥�f¢� LSND [32]Q�Ñ
�31o«¥�f))�5

¥�f��Uyâ§�éõ�Æ[Ñ~¦ù�¢�(J���5¶3 2007c§{I¤

�¢�¿�MiniBooNE [33, 34]¢��ªí�
 LSND¢��(Ø",	ü�­��

�Aæ¥�f¢�µCHOOZ [35]¢�Ú Palo Verde [36]¢�§(Ü�í¥�f�¢�

(J§�Ñ
�f��·Ü����"

¥�f��®²�(@§ù¿�X¥�fk�þ��3��·Ü§
IO�.ýó

¥�f´Ã�þ�âf§ù´8c�ÑIO�.�����Pk(=¢�yâ�Ôny
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Æ¬Ø©µ¥�f&ÿì�.�ïÄ

�§ù¦�¥�fÔn¤��cïÄ��IO�.#Ôn���­�+�"

1.2 ¥¥¥���fff���������¥¥¥���fff&&&ÿÿÿ

1.2.1 ¥¥¥���fffýýý���������

Ï~�±^ü«ØÓ�Ý©O�d£ã¥�fµ�«£ã�ª��þ���§�¥

�f��þ�'§z«¥�féA��(½��þ¶,�«£ã�ª������§�

¥�f��p�^�'§=>f¥�f!µf¥�fÚ τ f¥�f"ü«£ã�ª�±

ÏL(½�·Ü�éXå5"

b��3n�¥�f§IP§���þ���� ν1, ν2 ν3¶f�p�^����=

¥�f������� νe, νµ ντ"¥�f��§=¥�f�f�p�^���Ø��

�u§���þ���§
´�þ�����5|Ü"£ãù«�5|Ü�XêÝ
¡

�Maki − Nakagawa − Sakata − Pontecorvo (MNSP )Ý
 [9, 11]§^�§L«�µ

| να > =
∑

i

U∗

αi | νi > (1.1)

ª¥§α = e, µ, τ ´¥�f���þfê§i = 1, 2, 3´¥�f��þþfê"�

| νi >��m�üz�ÅShrödinger �§"3 νi ·���IX¥§��m� τi§éA

�¥�f�þ�mi§��'Xµ

| νi(τi) > = e−imiτi | νi(0) > (1.2)

3¢�¿�IX¥§éA��m� t§¥�f$Ä�ål� L§�â Lorentz ØC5§

k±e'X¤áµ

e−imiτi = e−i(Eit−PiL) (1.3)

ª¥§Ei Ú Pi ´�3¢�¿�IX¥�f�UþÚÄþ"du¥�f´4à�éØâ

f§÷v'Xµt ≈ L¶¥�f να �)��Äþ� P§�±@�ØÓ�þ����¥

�fþäkù�Äþ�¶,	§�±b�¥�f��þ�éu§��Uþ5`é�§K

e¡�'X¤áµ

Ei =
√

p2 + m2
i ≈ P +

m2
i

2P
(1.4)
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1�Ù ¥�f

�§ 1.23¢�¿�IX¥�éA/ªÒC¤�:

| νi(τi) > ≈ e−i
m2

i
2P

L | νi(0) > (1.5)

E ≈ P§½Â�ØÓ�þ���¥�f�²þUþ§�í�Ñ�§ 1.6µ

| να(L) > ≈
∑

β

∑

i

U∗

αie
−im2

i
L
2E U∗

βi | νβ > (1.6)

ù��§£ã
²Lål L�¥�f��þfê�·Ü"�âþfÔnÆ�Ä��

n§|< νβ | να(L) >|2 L«²Lål L�§¥�f να C¤ νβ �AÇ§�§ 1.7�Ñ


ù�AÇ�êÆL�ª [37]"

P (να → νβ) = δαβ

−4
∑

i>j

Re(U∗

αiUβiUαjU
∗

βj)sin
2

[

1.27 △ m2
ij

(

L

E

)]

+2
∑

i>j

Im(U∗

αiUβiUαjU
∗

βj)sin

[

2.54 △ m2
ij

(

L

E

)]

(1.7)

ª¥§△m2
ij ≡ m2

i − m2
j§ü ´ eV 2§L �ü ´ km§E �ü ´ GeV§~ê

/1.2705guü ����§��[�í��ë�©z [40]"

XJ CPT C�Åð§K¥�f���±e'X¤áµ

P (ν̄α → ν̄β) = P (νβ → να) (1.8)

,��¡§l�§ 1.7¥��µ

P (νβ → να, U) = P (να → νβ, U∗) (1.9)

=XJ CPT C�Åð§nÜ�§ 1.8Ú�§ 1.9�§¥�f��ò�ÅC�'X�§

1.10µ

P (ν̄α → ν̄β, U) = P (να → νβ, U∗) (1.10)

ù�'X`²§3·ÜÝ
 U �ÙE�Ý�§�¥�f���AÇ�¥�f���A

Ç��"XJ·ÜÝ
 U �Ý
�Ø´¢.�§�Ò´`�§ 1.7¥�����ò3�

E�Ý�kØÓ�ÎÒ§���¥�fÚ¥�f���AÇØ��"�é{`Ò´§X

J CPT C�Åð§±þù
��AÇ��Oò¿�X CP C��ØÅð [37]"
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�f�·ÜÝ
£MNSP Ý
¤�±ëêz�Xe/ª [38, 39]£��§ 1.11¤µ

U =





















1 0 0

0 c23 s23

0 −s23 c23









































c13 0 s13e
−iδ

0 1 0

−s13e
iδ 0 c13









































c12 s12 0

−s12 c12 0

0 0 1





















×





















eiφ1 0 0

0 eiφ2 0

0 0 1





















=





















c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13









































eiφ1 0 0

0 eiφ2 0

0 0 1





















(1.11)

ª¥§sij = sin θij, cij = cos θij, (i, j = 1, 2, 3)"Uìëêz��¥�f·ÜÝ
�±

��Xe�'íØµ

1. CP »��Ad JarlskogØCþL« [41]"l U Ý
�o�5�§n«��¥�

f���ª¥§�k��JarlskogØCþ"Uì±þ�ëêz�{§JarlskogØ

Cþ�/ªA�µ

JCP = s12c12s23c23s13c
2
13 sin δ (1.12)

ù�'XL²§¥�f��¢�¥�CP »��A�'u sin δ£�§ 1.11¥� δ

´ CP »���¤§ÏL¥�f��¢��±ÿ½ CP/T »����¶�dúª

�`²§CP ��Ú¥�f·Ü��Óû½ CP »����§��ÿþ(J�3

ëê{¿"
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2. ±+Ø�*:w§�§ 1.11�cn��½Â
��=Ä�§©OéAn�¥�f

m�·Ü�"�§ 1.7�¥�f�þ²��Ú�§ 1.11 �¥�f·Ü��¥�f

��¢��ÿþþ�mkXeéA'Xµ

∆m2
21 = ∆m2

solar,

∆m2
32 = ∆m2

atom,

θ12 = θsolar,

θ23 = θatom,

θ13 = θreactor. (1.13)

ª¥� solar�L��¥�f¢�§atom�L�í¥�f¢�§reactor�L�A

æ¥�f¢�"ù
ëê�ÿþ§én)¥�f�5�k�~­���^"�c

��¥�f¢�ÿþ°Ý�p�(J5gKamLandÚ SNOü�¢�| [42, 43]§

�Z%C�¢�(JXeµ

∆m2
21 = 7.59+0.21

−0.21 × 10−5 eV 2,

tan2(θ12) = 0.47+0.06
−0.05 (1.14)

�c��í¥�f¢��°(�ÿþ(J5gMINOS Ú Super-Kü�¢�|

[44, 45]§�Z%C�¢�(JXeµ

| ∆m2
32 | = (2.43 ± 0.13) × 10−3 eV 2 (68% Confidence Level),

sin2(2θ23) > 0.90 (90% Confidence Level) (1.15)

�c��Aæ¥�f¢�ÿþ°Ý�p�(J5g CHOOZÚ Palo Verdeü�¢

�| [46, 47]§�Z%C�¢�(JXeµ

sin2(2θ13) < 0.13 (90% Confidence Level) (1.16)

n�¥�f§¿�XX�§ 1.17��å^�¤á§�Ò´`¥�f��¢Sþ�

�9�8�ëê ∆m2
12, ∆m2

32, sin2(2θ12), sin2(2θ23), sin2(2θ13), δ§¿�X�§ 1.14§

�§ 1.15 Ú�§ 1.16 ¤«§�c¢�ÿþ®²(½
Ù¥�n�� ∆m2
12, | ∆m2

32 |

7
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, sin2(2θ12), sin2(2θ23)§ÿkü��ëêk�ÿþ∆ m2
32�ÎÒ§sin2(2θ13)Ú δ"nÜ

�§ 1.14§�§ 1.15Ú�§ 1.17�±O����§ 1.18§�Ò´`¥�f���ü�

¥�f�þ²�����ü�êþ?"

∆m2
21 + ∆m2

32 + ∆m2
13 = 0 (1.17)

∆m2
12

| ∆m2
32 | ∼ 10−2,

| ∆m2
32 | ≈ | ∆m2

31 | (1.18)

�¥�f¢���÷vX�§ 1.19¤«�'X�§n�¥�f����§ 1.7�±

Cq{z�ü«¥�f���·Ü§¿�3�§ 1.11¤«�MNSP Ý
ëêz^�

e§��¤X�§ 1.20Ú�§ 1.21¤«�/ª§Ù¥�§ 1.20£ã�´¥�f��)

¢�£appearance¤§�§ 1.21£ã�´¥�f���¢�£disappearance¤§§�

Ñ´¢�¥²~^��ü�úª"

∆m2L

E
= o(1) (1.19)

� β 6= α�§

P (να → νβ) = sin2 2θ sin2[1.27∆m2L/E] (1.20)

� β = α�§

P (να → να) = 1 − sin2 2θ sin2[1.27∆m2L/E] (1.21)

1.2.2 ¥¥¥���fff���������ÔÔÔ������AAA

3ïÄ��¥�f���L§¥§1978c§Wolfensteinuy¥�f3Ô�¥DÂ

���AÇ¬u)Cz¶1984c Mikheev Ú Smirnov?�Úuy3A½Ô��Ý§

A½¥�f��ò¬Or¿Ñy��y�§Q¥�f���Ô��A, ù��AÏd

Mikheyev! SmirnovÚWolfenstein�Óuy§Ïdq�¡�/MSW0�A [23]"

�õê�¹e£~X÷vª 1.19�^�¤§/ªþn«¥�f����±�{z�

ü���±Ï�Oü«¥�f�� [48]§Ïd§3ùp·�ò=�éü�¥�f��?

8
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1Ô��A�?Ø"{ü�`§Ô��Ad¥�f3ëY0�¥��Z�c�5Ñ�Ú

å"νe�±�Ô�¥�>fu)�>6Ú¥56��c�5Ñ�§
 νµ �ντ �Ô�¥

�>f�Uu)¥56�c�5Ñ�§ù��O�)
��/k�>f¥�f³0µ

V CC
e ≡ V =

√
2GF ne (1.22)

Ù¥GF ´¤�~ê§ne´Ô�¥�>fê�Ý"d³U V ò�Ð�M�îþH0?U

� H0 + V§ò�Ð�¥�f�þ��� να Ú νβ U� ναm Ú νβm§=Ô�¥�>fU

C
¥�f���1�"Ô��A�{ü�(ØÒ´0�¦¥�f��þ���u)²

£§��¥�f30�¥DÂ����AÇu)Czµ

� β 6= α�§

P (να → νβ) = (sin2 2θ/W 2) sin2(1.27W∆m2L/E), (1.23)

� β = α�§

P (να → να) = 1 − (sin2 2θ/W 2) sin2(1.27W∆m2L/E) (1.24)

Ù¥§W 2 = sin2 2θ + (
√

2GF ne(2E/∆m2) − cos 2θ)2"

� α = e, β = µ�¹e,�§ 1.23üz�µ

P (νe → νµ) = (sin2 2θ/W 2) sin2(1.27W∆m2L/E) (1.25)

�§ 1.25`²§XJÔ�¥�>fê�Ý·�§¥�f���AÇò��O\§Ñy

/��0"��SÜ�>fê�Ý3é���SCz§��¥�f3��SÜ�Ô��

AéE,: XJÙ>fê�Ýép�Czé�ú§@o¥�f3��SDÂ�§3,�

�þ���S��������'~¬u)Cz"ù�AÏ�A3��¥�f¢�¥�

¡�/�·Ü�MSW )0"

1.2.3 ¥¥¥���fff���&&&ÿÿÿ

3âfÔnIO�.¥§¥�f´·��þ�"§>¥5§g^� 1/2§�ë

�f�p�^�âf"¥�f�Ô�m��p�^§lD4f��Ýw�±©�

ü«µ�� Z0 �¥56£NC¤L§§��W± ��>6£CC¤L§¶l-E5

9
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�w§�©�o«L§£Xã 1.2¤µ�5Ñ�£Elastic Scattering¤!O�5Ñ�

£Quasi − elasticscattering¤!π0 �)£single pion production¤Ú�Ý��5Ñ�

£DIS¤"

ν µ

n p

ν ν

e e

Elastic QuasiElastic

ν ν

n n

ν µ

n hadrons

Resonance

π
0

DIS

ã 1.2: ¥�f�Ô��o«�p�^L§Þ~"

ã 1.3�Ñ�´�c¢�ÿþ��� 1− 100GeV Uþ��S¥�f�>6��A�

¡ [49]§ÏLùÜã�±w�§�UþpuA� GeV ±�§�XUþ,p§¤k�>

6�Aþ�u)§d�o��>6�A�¡�Uþ¤�'",
§ùÜãw«��­�

&E´§=¦¥�fUþ®²ép§§�o�A�¡E,é�"100GeV � νµ �>f

�^��¡´∼ 10−40cm2§�Øf�^��¡´∼ 10−36cm2§'r�p�^��¡�


�A�þ?¶²þgd§k∼ 3 × 109m§ù¿�X¥�f�±BL/¥
A�Øu

)?Û�p�^ [53]"

�A�¡�°(ÿþ´°(ÿþ¥�fÙ§5��cJ^�§MiniBooNE

[50]!SciBooNE [51] Ú MINERvA [52] ÑOy3�5AcS?�ÚJp 1 − 100GeV

Uþ��S��¡°Ý"�dÓ�§¥�f4���A�¡�¦¥�f¢�7Läk·

�Uþ!v
�Ïþ�¥�f
Ú�þv
��¥�f&ÿì§±B¢yÿþ8I"

¥¥¥���fff




/¥þ�*ÿ�¥�f
Ì��)µ��¥�f§�í¥�f§�Aæ¥�fÚ

\�ìå6¥�f"3MeV Uþ��Skü��r�¥�f
µ��SØàC�)

�X νe ¥�f§ã 1.4���¥�fUÌ [17, 22, 54, 55]¶�Aæ�C�)�X ν̄e ¥

�f§�Ø-�Ó �� β PC§ã 1.5 ��Aæ¥�fUÌ [56]§Uþ¸���3

3 ∼ 7MeV"�AæØ�)��>f¥�f6r��Aæ9õÇ¤�'§´?1¥�f

��ÿþ��k��ª��§8c�3ïÄÓ ��\�ìEâ§±B|^ β å6�)

10
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ã 1.3: νµ3 1 − 100GeV ��S��>6�A�¡"

XÀ� νe½ ν̄eå6 [58]"

8c§�pUþ¥�f¢��ïÄé�´�í½\�ìå6¥�f§Ì�´0fP

C��Ô"�í¥�f´�»��3B��í��÷B�´»u)rfq�§q�¥�

0fPC�)�¥�f¶
DÚ�\�ì¥�få6´ÏL�fñÂ�q½%q�)�

g?0fPC���µ�>0f3��>^C�£horn¤¥ =à�§ÏL^|���

N!ÀJ0f�>Öl
ÀJå6�¥�f�´�¥�f§��¢��å�Ñk���

�0fPC+�§��¡�k¶-C�½&ÿì�Ø¥�f	�Ù§âf"

�íÚ\�ì¥�f�Uþ��3 100MeV − 10GeV"�í¥�f�6r�Uþ

,pU�êeü§Ì�8¥3 1 − 10GeV ��"\�ìå6�Uþ�N§�p��

500GeV"�,lÚO��Ý5w§Uþ�p¥�f�A�¡��§�8c\�ì¥�

f¢�ÀJ�Uþ��3 1 ∼ 10GeV"ù´Ï�d��S¯~õ­Ý$§�±�Ù/�

O�f"1GeV å6�y�p�^¯~Ì�´�>6O�5Ñ�£CCQE¤Úü� π0

�)"8���r¥�f
k"^¥�fó�£Neutrino Factory¤¥� µfPC¼

�"
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ã 1.4: ��IO�.ýO�¥�fÏþ"

ã 1.5: �Aæ¥�fUÌ [57]"J�(ùÚ)��Aæ�Ñ��>f¥�fUÌ§:y

�(7Ú)�� β PC��A�¡§¢�(çÚ)�¥�f&ÿì*ÿ���>f¥

�fUÌ"

12
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;;;...¥¥¥���fff&&&ÿÿÿììì

8cÊH¦^�A«¥�f&ÿìa.k [53]µðcN&ÿì!êÕ�Å&ÿì!

ðcN-cþUìÚðcN»,&ÿì§±9Homestake¢� [15] !GALLEX¢� [17]

Ú SAGE¢� [22]¤^�Ë�zÆEâ&ÿì§§���ÓA:Ä�þÑ´µ��þ!

�º�"

ðcN&ÿì��´|^� β PC&ÿ$U�>f¥�f�¢�§� β PC£�§

1.26¤§¥�f6r!�A�¡9�ª¢�ÿþUÌXã 1.6¤«§�A�UþK�d

�f!¥fÚ�>f��þ�û½ [59]µ

ν̃e + p → e+ + n (1.26)

Ethr
ν̃e

=
(Mn + me)

2 − M2
p

2Mp
= 1.806MeV (1.27)

�*ÿ�Uþ�µ

Evis ≈ Eν̃e − 0.8MeV (1.28)

'X ReinesÚ Cowan�¢�|£Xã 1.7¤[4]! CHOOZ£Xã 1.8¤[60]!Palo Verde

ã 1.6: �Aæ¥�f6r!�A�¡9�ª�UÌ"

13



Æ¬Ø©µ¥�f&ÿì�.�ïÄ

[36]! KamLAND [22] ! LSND [32]! Borexino [61]Ú SNO+ [62]¢�§Ì�d�¡È

1>�O+���NÈ��NðcN�¤µ 1>�O+E3¶Ôh¥±~�l�¸Ú

ã 1.7: ReinesÚ Cowan¢�&ÿì£�¤Ú�>f¥�f&ÿ�n£m¤"

veto

acrylic
vessel

neutrino
target

optical
barrier

low activity gravel shielding

containment
region

steel
tank

ã 1.8: CHOOZ¢�&ÿì�(�{ã [60]"

1>�O+ÀæuÑ�U,��5�.¶�NðcN¥���fØJø�¥�f�^�

qØ¶�>f�«�Ñ� γ 1f¦ðcNu1§¡�¯&Ò¶¥f��3�fþÐ¼�

) 2.2MeV γ 1fÚåðcNu1§¡�ú&Ò"¯ú&ÒUþ��m�n­ÎÜ�¤

�>f¥�f�¯~"ðcN&ÿì´$U>f¥�fÿþ�k�!íd�&ÿì"

êÕ�Å&ÿìÌ�´|^¥�f�Ô�¥�>f½�fØu)Ñ�&ÿ¥�f§

14



1�Ù ¥�f

Ì�¢��) MiniBooNE£Xã 1.9¤[63]§ SuperK£Xã 1.10¤[64]§ SNO [65] Ú

AMANDA [66]"&ÿìqÔ���NÈ�XÀ0�(XY!¶Ôh!X�)§±�´�1

>¡�1>�O+"&ÿ�{´¦^1>�O+Â8�>âf3qÔ�¥�)�êÕ�

Å1"n«¥�fþ�±�>fu)Ñ�§ØL§νµÚ ντ �>fÑ���¡�u νe�

Ñ��¡§§��'X�µσ(νµ,τe) ≈ 0.16σ(νee)" �>6�A νe + d → e− + p + p§

ã 1.9: MiniBooNE&ÿì [63]"

ã 1.10: SuperK&ÿì [64]"

�·Ü>f¥�f�&ÿ§d�A¥>fUþ�>f¥�f�Uþkér'é§�±°

(�Ñ>f¥�fUÌ¶¥56�A νx + d → e− + p + n§·Üu¤k�¥�f§U

þK�� 2.2MeV"Ó�âf30�¥uÑ�êÕ�Å1�ÝK�1>�O+þ��±

15
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�^�âf�O"'X νeÚ νµ � CCQE �^�"�âf>fÚ µfµ>fdu�þ

��§30�¥u)õgÑ�Ú>�Ë�§ù¦�1>�O+w��>f�êÕ�Å1

��>�é�
¶
 µf�þ­�õ§�p�^gê�§31>�O+þ�1�>�K

kb�ß�õ"

ðcN-cþUì�&ÿ 1GeV ½�pUþ� νµ �p�^¯~§'XMINOS [67]

Ú NuTeV [68]¢�"3ù«&ÿìp§c¬��&ÿì�q§ðcNJøâf�Uþ�

È&E§ù�Ò�±ò�>6�^L§¥� µf»,ÚQu)3�>6qu)3¥56

�^L§¥�rfq�©m"XJðcN�©�¤^¬G½ö�\¤£¿§&ÿì��

±ÿþâf�îÄþ"îÄþ�&E�?�Ú©E>^q�Úrfq�"c¬�^zK

Jø�f� =��&E±�O\�âf´¥�f�´�¥�f"

�±þn«&ÿìÑØ·Ü­ïkõ­Ý�¯~µðcN&ÿì¥ØU&ÿ»,§

êÕ�Å&ÿì���U?nü�õ­Ý§ðcN-cþUìdurfq��?n�



 µf�»,&E"K2K¢�¥^� SciBar&ÿì�^ðcN^§ÄKðcN-cþ

Uì¥�c¬§ù�&ÿì�±w��ß�$U»,§�CCQE Úü π0 ¯~ÑU�

�­ï"SciBar&ÿì���^� FermiLab� SciBooNE¢��&ÿì"òðcN[

�©���OVg��é¯A^uÙ§¢�§XMINERvA§NOvA [69]�"�kuÐ

cµ�p©E»,­ï&ÿEâ´���mÝK¿£Time Projection Chamber§{¡

TPC¤"TPC ^¤£¿�lâf X Ú Y ���»,Ú�m§�� Z ���&E"Ï

L��u1(½¤£�m�å©��§ÏL»,�ÐAf�� dE/dX «©>fÚ=z

5�1f§8c�� TPC �>^q�©EÇ� 3%/
√

E"
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111���ÙÙÙ ���æææ������AAAæææ¥¥¥���fff¢¢¢���999ÙÙÙ¥¥¥

���fff&&&ÿÿÿììì

�ÙÄk0�
¥�f��ëê θ13 �ÿþ¢�yG§±9�æ��Aæ¥�f¢

��Ôn8I�¢��O§���[0�
«ú�Aæ ν̄e ¯~&ÿ­�?Ö��æ�

¢�Ø%ü�µ¥�f&ÿì§�ã
�æ�¢�é¥�f&ÿì��¦§9Ôn�O

�"

2.1 ���æææ������AAAæææ¥¥¥���fff¢¢¢���

2.1.1 θ13 ÿÿÿþþþ���¿¿¿ÂÂÂ999yyyGGG

¥¥¥���fff������ÿÿÿþþþ¢¢¢���

¥�f��¢���kü«ÿþ�ª§�«´ÿþ¥�f
uÑ�,«��¥�f

���£disappearance§X�§ 1.21¤«¤§,�«´ÿþØÓu¥�f
�,�«

���¥�f��)£appearance§X�§ 1.20¤«¤"

b�¥�f
�Ñ�¥�f��� x§@o/disappearance0¢�ÿþ�´ νx U

ÌOê�"�Ú/G�Cz"ù«ÿþ�ª�¦¢�°(Ýº¤^¥�f
�UÌ&

E§
ù�:  éJ��"¤±y3�/disappearance0¢���Ñæ^C!�:

&ÿì�éÿþ��{µC:&ÿìl¥�f
v
C§ÿþ¥�f
�UÌ§¿±d

ýOvk����:&ÿì&ÿ��¥�fUÌ¶,�ò�:&ÿìÿþ��UÌ�C

:&ÿì�ýOUÌ�'�§=���¥�f
uÑ�¥�f´Ä��"

/appearance0¢�Ïé να → νβ �=�§��&ÿ νβ �p�^¯~§P¹ νβ �

17
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UÌ"3ù«¢��ªe§XJ&ÿ�� νβ UÌ���AÇúª�Ñ�5Æ��§K

��y²
¥�f���u)"

ÃØ=«¢��ªe§¢��(¯ÝÌ�d L/E ÚÚOþ���û½§�X

ÚØ�Ú�.Ñ¬E¤¢�(¯Ý£sensitivity¤�ü$§Ïd���âêâ[Ü

�Ñ�ª�¢�(¯ÝÚëê��§Ì�L§�µ3nØO�¥§H{��ëê

����m§'�nØÏ"��¢�êâ§��Ï"��¢�êâ3 90% �&«

mÎÜ��ëê�«m"[Ü�{Ì�kn«§ü> raster scan!global scan 9

frequentist(Feldman − Cousins) [70]n«�{"

X1 1.1!¤ã§�c¥�f���8�ëê¥Ek ∆m2
32 �ÎÒ§sin2(2θ13)Ú δ

I�?�Úÿþ§AO´ CP »��� δk�U)û�»¥��Ô��Øé¡��"�

Kþ§�±ÏL 0νββ ¢�ÿþ CP »��� δ§�Ù¢S�*ÿþ�¥�f�þ!·

Ü��;��'§
ù
þk����§k�Ø��é���§¢yå5��(J"

Diracâf� CP »��� δ �k�UÏL�Ä�¥�f��¢�ÿþ��"¢�

ÔnÆ[Oy^\�ì�) νµ Ú ν̄µ å6��Ä�¥�f��¢�§ÏL'� νµ → νe

Ú ν̄µ → ν̄e���AÇÿþ CP »�"�´dÿþ�{��3ëêo¿£X�§ 1.12¤

«¤§=�
lÿþ����AÇ¥��CP »���§I�k(½ü���ëê θ13

Ú ∆m2
32 �ÎÒ"�,¢��±ÏL~�Ä��Ý~�Ô��A�K�=~� ∆m2

32

ÎÒ�K�§Ó�ÏLN!å6Uþ5�± L/E ØC§l
�y¢�é ∆m2
32 �(¯

Ý¶�´%Ã{�Ø θ13 �K�§¿� sin2 2θ13 ��§¢��J�� δµXJ sin2 2θ13

3 90%�&«mS�u 0.01§@oda¢�Òé8c�\�ìEâÚ&ÿì5UJÑ


�p�¦§I�?�ÚïÄ"

d	���AÇ�'�ëê�k sin2 2θ23 Ú ∆m2
32§éÿþ δ 5ù§ùü�ëê�

ÿþØ��E,��§8c�\�ì¢�Oy^ off − axis�å6Eâ~�¢��.§

F"3Jp CCQE �A�¡°Ý!�.°ÝÚ&ÿìUþ©EÇ�Ä:þ?�Ú°(

(½ sin2 2θ23Ú ∆m2
32��§�?�Ú CP »��ÿþ�O�"

�´ÃØXÛ§Õá!°(�ÿþ sin2 2θ13 Ñ´ CP »�ÿþ¢��1�Ú§ùû

½X�5¥�f¢���O��"XJ sin2 2θ13 > 0.01§�Ä���¥�f¢��°Ý

�Uÿþ� δ§ÄK§·�I�^�r¥�f
Ú�$�.�¢�X β å6Ú¥�fó

�5ÿþ CP »��� [71]"
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

θ13 êêê���©©©ÛÛÛ

CHOOZ¢��Ñ
�c sin2 2θ13 ��þ���Ð(J£��§ 1.16¤§ù���

L²§θ13 < θC ≈ 13◦§Ù¥§θC ´§���·Ü� Cabibbo�"¥�f��·Ü�·

Ü� θ12!θ23Ñ´��Ý§
 θ13é�§�§�·ÜÝ
ëê�3é��O"

3n�¥�f���cJe§©z [72]Ú [73]ÏLé®k¢�êâ©Û§�Ñ


θ13 ���£�ã 2.1¤§�ö�©Û�¹Ê�ëê£θ12 , θ23, θ13,∆m2
21∆m2

32¤§¿b

��í¥�f¢�¥ ∆m2
21 ��^�±�Ñ§2ÏL²þ���{?n��¥�f¢�

¥ ∆m2
23 �A§l
3[Ü¥�K CP ���K�"¤�(ØXeµ��� ∆χ2 éA

� sin2 θ13 = 0.009£BGP¤½sin2 θ13 = 0.006£MSTV¤"L� 2.1�Ñ3 2σ*3σm

�§�Z[Ü�ùÊ�·Üëê��"lBGP ÚMSTV ©Û(JL��±wÑüö

(ØÄ�´���§θ13�þ�33σ �IOe´ θC"Uì BGP ÚMSTV ��Z[Ü

�§��U� θ13 ��� 4◦½ 5◦"�Ò´`§sin2 2θ13 ∼ (2 − 3)%§ùL²XJ¢��

(¯Ý�±�� 1%�êþ?§Òé�UÏL�Aæ¥�f¢���ÿþ(½ θ13 [38]"
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ã 2.1: ∆χ2� sin2 θ13�Cz­�§d BGP [72]£�¤ÚMSTV [73]£m¤�Ñ"

l±þ©Û� θ13 �Ué�§
�CHOOZ¢��(¯ÝÃ{÷v§�ÿþ�¦"

\�ì¥�f¢�Úe����Aæ¥�f¢�òäk�p�(¯Ý§k"�Ñ θ13 �

°(ÿþ�"
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L 2.1: n�¥�f·Ü^�e§2σ (95% C.L.) *3σ (99.7% C.L.)§¥�f��ëê�

�Z[Ü�[38]"

Parameter (BGP [72]) Best fit 2σ interval 3σ interval

∆m2
21 (10−5 eV2) 7.1 6.2–8.2 5.5–9.7

∆m2
32 (10−3 eV2) 2.6 1.8–3.3 1.4–3.7

tan2 θ12 0.42 0.34–0.54 0.30–0.63

tan2 θ23 1.0 0.61–1.7 0.45–2.3

sin2 θ13 (sin2 2θ13) 0.009 (0.036) ≤ 0.036 ≤ 0.053

Parameter (MSTV [73]) Best fit 2σ interval 3σ interval

∆m2
21 (10−5 eV2) 6.9 6.0–8.4 5.4–9.5

∆m2
31 (10−3 eV2) 2.6 1.8–3.3 1.4–3.7

sin2 θ12 0.30 0.25–0.36 0.23–0.39

sin2 θ23 0.52 0.36–0.67 0.31–0.72

sin2 θ13 (sin2 2θ13) 0.006 (0.024) ≤ 0.035 ≤ 0.054

\�ìÿþ θ13 �¢��OÌ�´µ��&ÿìÿþ�½ål�<ó νµ å6¥ νe

½ö ντ ��)AÇ§�Ò´ÏL¥�f�)¢�ÿþ�� θ13"3Ø�ÄÔ��AÚ

CP ���¹e§ù
�)AÇ�±CqL«� [74]µ

P (νµ → ντ ) = sin2 2θ23 cos4 θ13 sin2[1.27∆m2
32L/E]

P (νµ → νe) = sin2 2θ13 sin2 θ12 sin2[1.27∆m2
32L/E] (2.1)

du θ13 é�§éu νµ → ντ �¥�f�)¢�§�±ÿþ��«¥�f·Ü��A¶


νµ → νe���L§�±ÿþ θ13Ú CP��§�����AÇ�µ

P (νµ → νe) = sin2 2θ13 sin2 θ23 sin2[1.27∆m2
32L/E]

+ sin2 2θ13 cos2 θ23 sin2[1.27∆m2
21L/E]

−(+)J sin(δ) sin[1.27∆m2
32L/E]

+J cos(δ) cos[1.27∆m2
32L/E] (2.2)

ª¥� J � JarlskogØCþ§éu¥�f���1n��K§éu�¥�f���1

n��� [74]"
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

¦+\�ì¢��.���éN´§�±��ép�ÿþ°Ý¶�´lúª 2.2�

±wÑ§\�ì¥�f¢�ÿþ θ13 �§¡����(J�,´ëê�{¿¯K"d3

�n«ëê{¿´ [75]: £1¤£δ, θ13¤Ø(½¶£2¤¥�f�þ�?Ø(½£∆ m2
32

�ÎÒØ(½¤¶£3¤£θ23, π/ 2 − θ23¤Ø(½"ù
Ï���d\�ì¢���

ÿþ�� δCP Ú θ13 ´é(J�"

l 1953c�8§|^�Aæÿþ¥�f��´¥�f¢�ÿþ�Ì��{��"

�Aæ¥�f¢�òÏL disappearnce�ªÿþ ν̄e�ÏþÚUÌ§é¥�f���Ñ

��"�Aæ¥�f¢�¥�>f¥�f���AÇL�ª [74]�µ

P (ν̄e → ν̄e) ≃ 1 − cos4 θ13 sin2 2θ12 sin2 ∆m2
21L

4Eν
− sin2 2θ13 sin2 ∆m2

31L

4Eν
(2.3)

�¢�:��Aæmål�L�§¥�f��¹AÇX�§ 2.3¤«§�âdúªO�

����Aæ ν̄e ��AÇ�Ä��Ý�Cz'XXã 2.2¤«"l�§ 2.39ã 2.2�

±wÑ§�À�Ü·�Ä��Ý£&ÿìÚ�Aæ�ål L < 5km¤�§�§ 2.3¥�

1���±�ÑØO§¿{z�ü�¥�f����ª§=� θ13 Ú ∆ m2
31 k'"Ï

d§|^�Aæ�Ñ��>f¥�fÿþ θ13 òØ�3ëê{¿�¯K§�Ò´`��

¢�°Ýv
p§Ò�±��!��(½ θ13��"

ã 2.2: �Aæ ν̄e ��AÇ�Ä��Ý�Cz'X"ã¥ù��å1����¸d 2.3

ª¥ θ13 �Úå§1����¸d θ12�Úå"
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®k��Aæ¥�f¢�Ä��Ýª�
 10 �� 100 úp�þ?(ã 2.1.1 [59,

76]¤§�´?1���¢�§�Aæ9õÇ�¥�f&ÿìk�q�þ�ÈÒ��"

�´§�
?�ÚJp¢�°Ý§AO´�
 θ13 ��ÿþ§�Aæ¥�f¢�E,I

��O�Z�Ä��ÝÚ��k�q�þ�&ÿì§¿ÀJp9õÇ��Aæ"
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ã 2.3: ®k�Aæ¥�f¢��Ä��Ý©Ùµ¥�f��ëê∆m2 �ÿþ°ÝÚ�

Aæ9õÇ!¥�f&ÿìk�q�þ±9¢��Ä��Ým'X£�¤¶Ä

��Ý��>f¥�f���£m¤"mã¥�ÒKÜ©L«�&Y²� 95%

�§¥�f��Ý·Ü(LMA)�«m [77]¶:­�L«�´��AÇ�Ä��Ý

�Cz'X§Ñl�§ 1.21§���¥�f��(J�µ∆m2 = 5.5×10−5 eV 2

Ú sin22θ = 0.833¶áJ�L«�´vk����/"ã¥�Ø���:�L

���Aæ¥�f¢�3ã¥¤?� � [78]"

l®k��Aæ¥�f¢�©Û§�Aæ¥�f¢��XÚØ�Ì�5gun�Ø

Ó��¡µ£1¤�Aæ�'�XÚØ�§Ù��� 2-3%§�)�Aæ�9õÇ!zg

�C�Uþ�O�E¤�XÚØ�¶£2¤�.�'�XÚØ�§�� 3%±S¶£3¤

&ÿì�'�XÚØ�§�� 1-3%§�)� β PC��A�¡!o�fê!&ÿ�Ç
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

�E¤�XÚØ�"ù
(J�8���Aæ¥�f¢��OJø
U?���§Ó�

�`²�k?�Úü$¢��XÚØ�§âU
���°(� sin2(2θ13)�ÿþ"

2.1.2 ���æææ������AAAæææ¥¥¥���fff¢¢¢���

�æ�Ø>Õ u·I2À��e½NC��+��§T�Aæ+�áu°T§¡

��°§�­pì§°o 707�����pì¸ålØ>Õ� 3úp"8c�3$1�

�æ�Ú*eü?�ü�� 4��Aæ§o9õÇ∼ 11.6GW§�3ï�¥�*e�Ï

Ø>Õkü��Aæ9õÇ�∼ 5.8GW§ýO� 2010cÝ\$1§3��æ�Ø>Õ

ò¤�­.1��Ø>Õ�Aæ+"�æ�Ø>Õ�9õÇÚ±��ìNCX��Aæ

¥�f¢�ÿþ θ13Jø
�UÕþ�^�"

�æ��Aæ¥�f¢� [38, 56, 79] �Ì�Ôn8I´°(ÿþ sin2(2θ13)§3

90%��&«mSÿþ°Ý��½Ðu 0.01§Ì�&ÿ�ª�ÏL ν̄e 3�NðcN¥

�� β PCÿþ ν̄e�ÏþÚUÌ"

�æ�¢��Ôn8I'®k¢��Ñ�ÿþþ� sin2 2θ13 < 0.13�
��þ?§

ù¿�X�æ�¢��°Ý��pÑ��þ?§Ø
|^�æ�Ø>Õ9õÇ�5�Ú

Oþ`³ÚU,ñ�CX¶-�»�Ø$�»��'�.�	§¢�EI�î���X

ÚØ�§âk�U¢yýÏÔn8I"Ïd�æ�¢�òæ^�C¢�:�éÿþ��

Y§±k�-��Aæ!&ÿì�'éØ�±9�Ø¥�f�A�¡�5�Ø�µ3å

l�AæéC�/���&ÿì5iÿ�Aæ¥�f�ÏþÚUÌ§3¥�f��AÇ

����:NC���C:���Ó�&ÿì§ÿþC�:=ØÓål?�¥�f�¹

AÇ"�Ä�æ��Aæ+�AÏÙÛ§ëìC�:�éÿþ�Ä�g�§¢��äN

�OÌ�kXeA�ÕAA:µ

1. æ^ü�C:§���:�éÿþ��O�Y§Ó�3z�¢�:��õ��Ó

�¥�f&ÿì§¢�ÙÛXã 2.4¤«§4�ü$
�AæÚ&ÿì�'éØ

�§±9¥�f�A�¡�5�Ø�"�æ�Ú*eC:©O��ü�¥�f&

ÿì�¬§�:��o�¥�f&ÿì�¬"õ�¬�O�±�Ð/é&ÿìX

ÚØ�?1õ­��§¿�|u��¬�m��pu�"
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2 2.9 GW

2 2.9 GW

( ) 
2 2.9 GW in 2010

ã 2.4: �æ�¢�ÙÛµY²��ë��C:¢�e

2. n�Ó%�Î/¥�f&ÿì�O§3k�ü$U,��5�.�Ó�§î�½

Â
q�þ9AÛ/G§Ó��� γ Ð¼�!þe���k�Jp
Uþ©E

Ç! ��Aþ!5§ü$
&ÿìÿþØ�"

3. /e¢�¿§v
�ìNCXÚY¶-"v
þ�ìNCX�U
k�~��»

� µf6r§v
�Y¶-��±é�§Ý/~��¸ñ�¥�U,��5�.

Ú�»� µf3�¸ñ�¥�)�¥f�."

4. ¦^õ�!õ«!Õá��»� µf&ÿìp�ÇIP�»� µf¯~"�O�

¦ µf�ÎÜ&ÿì�o&ÿ�ÇIÐu 99.5%"S	Y³3��Y¶-��Ó

�§��¤ü�Õá�êÕ�Å&ÿì§2\þY³ºà� RPC íN&ÿì§

�±�y�Ð� µf&ÿ�Ç¶
��Õá&ÿìXÚm�?1�pÿþ§u�

�&ÿì�Ø(½5"

�æ�¢��&ÿìÌ�düÜ©�¤µ�´&ÿ�Aæ�>f¥�f¯~�¥�

f&ÿì§=/¥�f&ÿì0§�[SN�ë�1 2.2!¶,��´�»� µf&ÿ

ì§=/�ÎÜ&ÿìXÚ0§Ì�küÜ©!n�Õá&ÿì�¤§�)dS	�X
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

YY³�1>�O+�¤�ü�£�¤êÕ�Å&ÿì§±9Y³ºÜ�RPC íN&

ÿì"

�æ�¥�f¢���.Ì�5
u�»���)� µf§~�ùa�.�Ì��

{´ò&ÿì��3/e¿¦�U/O�&ÿì�ñ�CXþÝ",
§¢�e±��

ñ�º�Ñ��þ γ 1f§±9 µfBL¢�e±��ñ�E¤Ø�C�)�¥f§Ñ

´�.�­�5
"�d§�â�æ�¢���O§¥�f&ÿì	�I���v
�

Y¶-�£passive shielding¤§¦�¥�f&ÿì�¬��E�3Y³¥§¿3��

��þäkv
Y¶-þÝ§þÝ��3 2�±þ"²LO���§Uþ3 1 − 2MeV

�m� γ 1fBL 50cm�Y�§Ù6rP~��c� 1/20§�Ò´`§�æ� 2.5m

þ�Y¶-�§�±¦ñ�¥º�Ñ� γ 1f6rP~��5�nz�©��"

�»�3Y¥�)�¯¥f'é&Ò�±/¤¥�f�¯~§�´¢�Ì��d3

�.��"Ïd§�æ�¢�Ø|^Y¶-��ÄáÂY³S!	�)�¥f!γ�

	§�ò|^S	Y³�ïS	ü�Õá�YêÕ�Å&ÿì±ÌÄp�ÇIP µf§

Ó�3Y³þ�À^{5�&ÿì£RPC¤��,�« µf&ÿìéÜ&ÿ!IPB

LY¶-�� µf¯~§±Jpç��� µf�&ÿ�Ç"�âIP���.¯~UÌ

ÚéÜ&ÿXÚ�&ÿ�Ç§�±í�Ñ��éÜ&ÿìIP���.¿òÙ�Ø"d

	§Y¶-��ò¥�f&ÿì��í�ým5§ü$�í¥�í�5��.§¿��

��í¥���?\&ÿì
Ú\U,��5�."

ÏLù«�Ä!ÌÄ�(Ü� µf¶-�ª§�±k�ü$¥�f&ÿì��.r

Ý!Ø�§Jp¢�ÿþ°Ý"

�æ�¢�:�ª�O�Ì�A:´µC:Y³�OÝ/�l�Y³§º�´

16m × 10m × 10m¶�:Y³�O��/�l�Y³§º�´ 16m × 16m × 10m£�

æ��:¢��e��N(�Xã 2.5¤«¤§ ¥�f&ÿì�¬å³9���ål

� 2.5m"Y¶-��ØCgge(�þ� Tyvek���©��S	Y³§�ge(�

þU�m �þ!SC
·�êþ�1>�O+£1>¡CXÇ 0.8%¤§�¤
S!

	ü�Õá�YêÕ�Å&ÿì"Y³�	�Yþþ 1m"S!	ü�YêÕ�Å&ÿ

ìéÜ&ÿBLY³� µf"�â SuperKÚ KamLAND¢��²�±9 Geant4��

[O�§z��&ÿ�ÇÑ��� 95%"Y³ºÜ��o� RPC &ÿì£ �©E

∼ 25cm¤§&ÿ�Ç�� 95% ±þ§
� RPC &ÿì3����þÑ'Y³õ�	
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Fig. 1.14. Layout of the baseline design of the Daya Bay detector at the far site. Four

ã 2.5: �æ�¢�e«¿ã£�:¢�e¤"o�¥�f&ÿì�¬Ñ�uY³¥§þ

e�o±þ�� 2.5m±þ�Y��±¶-�."3Y³¥�\1>�O+�Y

êÕ�Å&ÿì§Y³ºÜ´ RPC &ÿì"YêÕ�Å&ÿìÚ RPC &ÿì

�¤����ÎÜXÚ"

ò� 1m±~�Y³>��ý�CX�Y§Ó�U
©Û µf�±>ñ��p�^�)

��."ü�YêÕ�Å&ÿì� RPC &ÿì?¿ü�&ÿì|Ü§&ÿì�ÇÑ�

�� 99.5%±þ§Ø��u 0.25%"n«Õá��ÎÜ&ÿì��±p�u�§(½�

g�&ÿ�Ç"�æ�¢�é µf¶-��ÎÜ&ÿìXÚ��¦XeL 2.2¤«"

�æ�¢�Ø
¥�f&ÿì!µf�ÎÜ&ÿì�	§�Ì��)cà>fÆ

£FEE¤!RPC cà>fÆ�£FEC)!>u!êâ¼�£DAQ¤!�Ý!l�©Û

^��fXÚ§±9YÌ�Àz!Ïº/�N!>å/S�!�ä�9ÏXÚ"Ù¥>u

XÚÌ�^u¥�f&ÿì� µf�ÎÜ&ÿì�¯�>u"¥�f&ÿìÚYêÕ�

Å&ÿì�Ä�>ua.´õ­ê>u£=�½�mI�S1>�O+�LK�ê¤§

ÙéA�UþK��¦�� 0.7MeV ½�$§=��Ä 3σUþ©EÇ��>fUþ«

m��"d>u^��y
¥�f¯~UþÌ/���9¢�ÿþ(¯Ý"Ó�Øõ­

ê>u	§¥�f&ÿì�JøoUþ>u§�¢^uÕá>u½ØÓ>u�ª��p

u�§�y>u�Ç"

du°(Ì©Û�¦>u�Ç�UþÃ'§Ïd§�æ�>uXÚ��O�K´3

OêÇ#NÚØÚ\k�m�cJe§ÃØ´P¹&Ò�´�.§>u�ÇÑ¦�U
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

L 2.2: �æ�¢�é�ÎÜXÚ��¦

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� 0.5-1m

YêÕ�ÅÚRPC&ÿì��m©EÇ©O�µ±2ns§25ns

Y¶-��þÝØ�u 2m

p"Ø
¥�f¯~�>u§¥�f&ÿì>uXÚ�I�¢y�ÝÚiÿ�Ù§A«

a.>uµ

1.�Ý>uµ(a)u1�?+(LED)óÀXÚ�)�>u§iÿ1>�O+OÃ�

�m�A"(b)±Ï5/ò1
x\�&ÿìS§iÿ&ÿì1P~�&ÿì�A��

mA5"(c)��
�Ý�)�A½Uþ�õ­ê>u§I½&ÿì��A"

2.iÿ¥�f&ÿì9>fÆXÚ­½5�ïÄ�Å�.�±Ï/�Å>u"

3.�ÎÜ&ÿìé¥�f&ÿì�¬Úå�ò´>u£¦^�°t�K�½õ­ê

��¤§üÕ�)Uþ>u½õ­ê>u"^uïÄ�»� µf¤Úu��.¯~"

4. RPC &ÿìz��¬Ñko�Õá� RPC§z� RPC �¬�>u�ª´oÀ

��ÎÜ§d FEC üÕ¢y"

�æ�¢�C!�¢�:Ä��Ý9&ÿì�äN �´3nÜ�ÄìNþÝ!(

¯Ý����¡�§���'��[ÚO�§ÏL χ2 ©Û{�ª`z(½�"3¤k

K�Ï�¥§�­��´��AÇ�Ä��Ý�Cz§Ù§��)äNì/�'��»

���.rÝ!�AæØ��-�§Ý!&ÿìØ�9ÚOØ��"�ª§`z��

�æ�C: uå�æ�ü��Aæ¥% 363�?§ìNþÝ� 98�¶*eC: u

å*eü��Aæ¥% 481�?£å*e�Ïü��Aæ¥% 526�¤§ìNþÝ�

112�¶�: uå�æ�ü��Aæ¥% 1985�!å*eÚ*e�Ïo��Aæ¥%

1615�?§ìNþÝ�� 350�"L 2.3�Ñ3�`z �e§�æ�¥�f¢��¢

�:�Ä��Ý!�.rÝÚýO�¥�f¯~Ç"
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L 2.3: �¢�:�¥�f&ÿì�¬�¯~êÚ&D'

�æ�C: *eC: �:

Ä��Ý 363m å*e�Aæ 481m å�æ��Aæ 1985m

å*e-II�Aæ 526m å*e�Aæ+ 1615m

ñ�CX(m) 98 112 350

U,��5(Hz) < 50 < 50 < 50

µfOêÇ(Hz) 36 22 1.2

�¥�f¯~ê(�/U) 930 760 90

ó,ÎÜ�¥�f¯~�&D'(%) < 0.2 < 0.2 < 0.1

¯¥f�.�¥�f¯~�&D'(%) 0.1 0.1 0.1
8HeÚ9Li�.�¥�f¯~�&D'(%) 0.3 0.2 0.2

L 2.4: �æ�¢��XÚØ�ÚÚOØ�

Ø�a. �AæØ� &ÿìØ�(/�¬) ÚOØ�

Ø��� 0.087%(4�æ) 0.38%(ýÏ) 0.2%

0.13%(6�æ) 0.18%(�Z)

ò��¢��O�ÚOØ�ÚXÚØ�(L 2.4)�\ χ2 − pull �{?1Ì©Û§

¿U8��Aæ!nc�ê�m£2010-2013¤ÚOþO�§�±��¢��ÿþ°

Ý9(¯Ý­�§Xã2.6�Ú2.6 m¤«§=�æ�¢� sin2 2θ13 ÿþ�(¯Ý��

0.008§�é ∆m2
31Ø¯a"

2.2 ���æææ���¥¥¥���fff&&&ÿÿÿììì

2.2.1 ���æææ���¥¥¥���fff&&&ÿÿÿììì���ÔÔÔnnn���OOO

�æ�¢��Ôn8I´°(ÿþ sin2 2θ13§ÿþ(¯Ý�� 0.01½�Ð§ùé�

�¢��ÚOØ�!XÚØ�9�.Ø����JÑ
ép�¦§AO´�.Ø�I�

�kc¢�$���êþ?§âU�y¢�°Ý§XL 2.5¤«§1 2.1!®²l¢�

�O!ÙÛ��Ýéd?1
?Ø§�!òÌ��é¥�f&ÿì£AD¤��?1�

'?Ø"
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

ã 2.6: 90%�&«me§sin2 2θ13 �(¯ÝÏ"�9Ù��ê�m�Cz'Xµ�ã�

90%�&«me§�æ�¢�ÿþ sin2 2θ13 �(¯ÝÏ"�(ç�);ù�´�c

CHOOZ¢��(¯Ý­�¶mã�� ∆m2
31 = 2.5 × 10−3eV 2�§�æ�¢�

sin2 2θ13 (¯Ý��ê�m�Cz'X"

L 2.5: 3 90%��&«mS�� sin2 2θ13 < 0.01(¯Ý�Ø��¦

ÚOØ� �Aæ�'Ø� &ÿì�'Ø� �.Ø�

C: 0.05% 0.13% 0.38%/�¬ 0.3%

�: 0.16% 0.13% 0.38%/�¬ 0.2%

�æ�¢�´/Ï�NðcN¥�� β PC£ª 1.26¤ÿþ ν̄e �§ÏLéÜ e+

¯&Ò!¥fÐ¼ú&Ò�UþÚ¥fÐ¼�mn­ÎÜA��k�üØ�.(½¥

�f¯~"
�§3�NðcN¥\\�½þÐ¼�¡��u�£H¤�j£Gd¤�

�§¥fÐ¼��±��oUþ� ∼ 8MeV � γ 1f§�pu�U��¸���.U

þ(< 3.5MeV )§�Ð¼�A��m'ØØj� áòC 7�=� ∼ 30µs§¦�d��

UþÚ�mA��±�4��ü$ó,ÎÜ�.§Jp¢�ÿþ°Ý"

�=BXd§¥�f&ÿì�(�E,7L?17�U?!ÕA�OâU�y�æ

�¢�Ôn8I�¢y§�æ�¢�é¥�f&ÿì5U��'�¦��L 2.6 [56]"

·�r�æ�¥�f&ÿì�O�Ì�A:{0Xeµ

1. �æ�¥�f&ÿì£Anti− neutrinoDetector§AD¤òæ^n�Ó%�Î(�

£Xã 2.7¤§n��m^ßb�kÅÀæ-©�"�S�^�j�NðcN�
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�&ÿì�qÔ�§�j�NðcN�NÈ=¯~u)�k�NÈ"��qÔ�

�¥m��Ø�j�ÊÏ�NðcN§^5�ÈlqÔ�¥<ºÑ5� γ 1f�

Uþ"�	�´¶Ôh§¶-5g1>�O+ÀæÚ&ÿì	Ü�U,��5�

."�Î/&ÿì§ïEJÝ�§Ed�é$í§3�Óê81>�O+�^�

e§5U�¥/&ÿì�C§3��&ÿìNÈSäkûÐ�þ!5"Ó�§k

ÅÀæ-k�½Â¿©�
q«§;�
�6uº:­ï��>f¥�f¯~�

çÀ"�	��¶Ôh¶-�§^5¶-	ÜU,��5�.?\&ÿì�k�

NÈS§k�/ü$
&ÿìüOêÇ§#N&ÿìUþK�$u 1.0MeV , ¿�

�±ü$>��A!Or1>�O+1Â8!&ÿì�A�þ!5"

ã 2.7: �æ�¥�f&ÿì�O¿¡ã

2. �1>�O+�CX�&ÿì���'§3�±A��Ó1Ò4CX¡È��¹

e§þe����A^!�
C���1>�O+Ï�ê¶=31>�O+�ê

�½�^�e§þe���¦�&ÿìS1fÂ8�Ç��z§Jp
Uþ©E

Ç§~�
>��A!Uõ
&ÿì ��A�þ!5"

3. �âÿþ sin2 2θ13 éÚOØ���¦§�æ��:¢�eoq�þØ�$u

80õ100 ë§âU�y 3 c$1�mS ν̄e ¯~êÚOØ����O�¦§�u
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1�Ù �æ��Aæ¥�f¢�9Ù¥�f&ÿì

0.2%"3`z&ÿì�Oæ^õ�¬ÿþ§¿�Ä¢���î�¡º��Ed�

�''X�§z�¥�f&ÿì�¬�º��ªÀJXeµqÔ��» 1.55m§

p 3.1m§� 20ë�j�NðcN¶γ Ó¼�þ 0.425m§� 20ëÊÏ�Nðc

N¶¶-�þ 0.488m§� 40ë¶Ôh¶NB��&ÿìÔ��ØCg-��»

5m§p 5m"&ÿìo­ 100ë"

4. 3�C¢�:þ¤é��¥�f&ÿì§±B&ÿìm��u�§~�&ÿì�

5�'éØ�µ�æ�¢��:��o��Ó�¥�f&ÿì§z�C:���

ü�¥�f&ÿì"

5. °((½&ÿìq�þ!�fê±9 C/H '§¿(��C:�¥�f&ÿì�ð

|©��§¿3SC��yz�é¥�f&ÿìS�ÊÏ�NðcNÚ1>�O

+A5���©Ùþ!§¿��j�NðcN�5U���§~�&ÿì�5�

'éØ�"

6. ©E¥�f¯~u)�mÚBu�.ïÄ§I�¥�f&ÿì>u��m©EÇ

�u 25ns"

7. �
~�Uþÿþ�'�XÚØ�§'Xü$¥fÐ¼&Ò 6MeV Uþ�ä�5

�Ø�§I&ÿìkv
Ð�Uþ©EÇ¶ïÄ¥�f��Úå�UÌÆC�I

�kÐ�Uþ©EÇ"ïÄL²§¥�f&ÿì�Uþ©EÇI�u 15%/
√

E 9

ûÐ� ��Aþ!5"

8. ¶Ôh¶-��k�/~��ÅD(�.§¦&Ò>uK���3 1MeV ±e§

�y e+ ¯&Ò�&ÿì�Ç��� 100%"

�æ�¥�f&ÿì�¬��ª�Oæ^ 8�� 192�1>�O+§3þ!e��

���^eok�1>¡CXÇ�� 12%"�[(Jw«§¥�f&ÿì�Uþ�A�

∼ 105p.e./MeV§¥f� GdÐ¼�º��∼ 8MeV oUþ�Uþ©EÇ�∼ 6.9%§

­ï(J� ∼ 5.7%¶3&ÿìqÔ�¥þ!�)��>f¯~­ï���Uþ©EÇ

� 11.6%/
√

E"d	§ 8MeV >f��q,{­ï��� �©EÇ� 12cm"

�æ�¥�f&ÿìXÚÌ��)�NðcN!1>�O+!���!�Ý!i

ÿ!pØ!>fÆ!êâ¼�(DAQ)!l�©Û�Ôn�'�fXÚ§kÅ-!g-!
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L 2.6: �æ�¥�f&ÿì�Ôn5U�¦

�I 5U�¦

q�þ/�¬ ≥ 20T

q�þ°Ý ≤ 0.2% �°(¼� C/H '

Uþ©EÇ 15%/
√

E

&ÿ�ÇØ� < 0.2%

UþK� ≤ 1MeV§CX¤kUþ�� e+ &Ò

��5�.OêÇ ≤ 100Hz

�m©EÇ ≤ 25ns

|e!Ä6-!>C!LCìä�9ÏfXÚ§±9SC6§!�þ���ó§�

O§ùp·�ò=�éXeSN?1�[0�µ£1¤�NðcN¶£2¤>fÆXÚ¶

£3¤1>�O+¶£4¤êâ¼�XÚ"

2.2.2 ���NNNðððcccNNN

�j�NðcN£GdLS¤´&ÿ� β PC£IBD¤¯~n���>f¥�fq§

´�æ�¥�f&ÿì�'�|¤Ü©"CHOOZ [60]Ú Palo Verde [36]Q²A^ 0.1%

j¹þ£�þ©ê¤��NðcN¦�¥fÐ¼�m á�∼ 28µs"

�
p°Ýÿþ�Aæ¥�f§�j�NðcNI÷vXeA:µ(1)P~�Ýv


�§��ê�þ?¶(2)1��v
p¶(3)4$�,�¹þ§AO´U,��5¤©~

Xf£U¤,o£Th¤,Y£Ra¤,a£K¤Ú�£Rn¤¶(4)��m�zÆ­½5§êc

SÃ²wCz§;�?ÛzÆ©)!Y)§�Nvà½ö(¬§ÄKò��ðcNA5

��m�)Cz§K�¢�ÿþ°Ý"�d§�æ�¢�é�j�NðcNJÑ
XL

2.7¤«�5U�¦.

{IÙ°�°©I[¢�¿£BNL¤§¥I�pUÔnïÄ¤£IHEP¤±9�

ÛdÚÅBéÜØfïÄ¤£JINR¤®²?1
�Ï��j�NðcNïÄï�ó

�§äk´L²�§�c�3Ü�ï��æ�¥�f&ÿìðcN"

�j�NðcN�ï�ó���X­±eA��¡µ£1¤ÀJÜ·�kÅðcN

���j�NðcN�1N¶uÐÑ���zÆó²Ü¤j�zÜÔ±B3�NðcN
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L 2.7: �æ�¥�f&ÿì�ð5U�¦ [38, 56, 79]"

�8 �¦ �5

zÆ­½5 > 5 years êâ¼�ÏmÃ²wUC

oil!LS Ú GdLS P~�Ý > 10m (�ûÐ1ÆÂ85U

±9Uþ©E

�ð1�� >100 p.e./MeV ÷vUþ©EÇ

��5¹þ < 10#12 g/g ~�ó,ÎÜ�.

LS¥ Gd�M) �y GdM)�þ!5 �±&ÿ�Ç

C/H'°Ý < 0.1%

�1þ)��ð1g�¦ z1(LS,Gd − LS, oil)Ã�É z1g¤é/C¥�f&ÿì

±�y&ÿì5�Ã�É

1N¥M)¿�±­½5"Nõ¥�xzÜÔÑ�±^5���NðcN§'X n

`�(PC)�ÊH�A^uÙ¦¥�f¢�§�§�":´ð: $£48◦C¤¶�Ä�

C�(PCH)' n`�äk�$/�NKU§�´1��' n`�$��¶Double

Chooz [81]À^��ÉZÄÈ(DIN)Ú1-�Ä-1-�`�Ä¯�(PXE)§�´§k�c·

��XzEâÃ{üØ��� 450nm±eb	ÅãáÂ�¶�ó�Ä�(LAB) [82]´

�«4Ð��NðcNMJ§§dNX3��þ� ∼ 10.13�� C �fó|¤§äk 

n`��q�1��§±9pð:£ 130◦C¤§A^2�!d��$¶¶Ôh£MO¤

Ú���(DD)3b	ÅãÑäk�~Ð�1Æß²5§ØI�Xz§�´k��`¶

ÔhÚ n`��·ÜÔ¬��kÅÀæ��"PC Ú LAB§PC Ú DD±9 LABÚ

PC Ñ´�æ�¢��ÿÀé�"£2¤Xz�j�NðcN�|©§±ü$U,��

5�.§Jp1Æ5U¶£3¤uÐÑÜ·�©Û�{5iÿ�j�NðcN'�5U

��m�Czµ�NðcN��Ï­½5´ÏL�þ��£qualitycontrol§QC¤½Ï

ÿþÙP~�ÝÚ1��iÿ�"pUÔnïÄ¤®²uÐÑ�@�NðcN�Ï­½

5�þ��ÿÁXÚ [83]§1��ÿþ1§�±°(ÿþP~�Ý��� 20m (± 1m)"
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2.2.3 >>>fffÆÆÆXXXÚÚÚ

�æ�¥�f¢��>fÆXÚÌ��)¥�f&ÿì�Y³YêÕ�Å&ÿì�

càÖÑ>fÆ£FEE¤!RPC cà>fÆ£FEC¤!�¨XÚ±9>uXÚ£�

/>u� LTB§õ«�éÜ>u�MTB¤§Ôn�OµãXã 2.8¤«[38, 56, 79]"

23

Readout 

Board 16

(VME)

Energy sum
Readout 

Board 1

(VME)

Trigger Board

(VME)

Energy sum

Clock, 

Trigger

Fast hit info

Fast hit info

1:16 

Fan-out 

Clock,

Trigger

Clock, 

Trigger

GPS

Receiver

Buffer-full,Rdrqst 

TPD0, TPD1, 

Check

PMT1

PMT16

PMT256

Buffer-full,Rdrqst 

Flash ADC 

Boards

PMT241

ã 2.8: �æ�¢�>fÆXÚµã

cà>fÆÖÑXÚ£FEE¤��O^5;�?n1>�O+�ÑÑ&Ò§Ì�

õU�)µ£1¤�>uXÚJø¯&E§�)µÂ¥ê£NHIT¤Ú�C 16Ï�1

>�O+��[¦Ú&Ò£ASUM¤¶£2¤éz�´1>�O+�ÑÑóÀ�>ÖÈ

©!�ê=�¿ÏLÏ¸�Ñ>Ö�¶£3¤Ó��>ue§°(��Ñ1>�O+�

�éÂ¥�m"

�AkÛ£MC¤�[w«�æ�¥�f&ÿìS�>f¥�f¯~3z�1>�

O+þ�Uþ�È�� 0∼ 501>f£p.e.¤§2nÜ�Ä�«Ï��òT���O�

0∼ 200p.e.¶�A�§�»� µf3¥�f&ÿìSz�1>�O+þ�Uþ�È��

�� 0∼ 1000p.e."Ïdcà>fÆ>Öÿþ7L¢yVÄ���ÿþ§±�y$U¥
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L 2.8: �æ�¢�é FEE >fÆ����5U�¦

�8 �¦ �5

>Ö�5�� 0∼ 200p.e. °(ÿþ� β ¯~

>Ö÷þ§ 0∼ 1000p.e. �»� µfÿþ

>Öÿþ°Ý <0.1p.e. @ 1p.e. ÃÆCÿþü1>fÌ

D(Y² <10% @ 1p.e. >fÆD(éÿþÃK�

Â¥�mÿþ�� 0∼ 500ns ÷v>uò´91fDÂI¦

Â¥�mÿþ°Ý <1ns ¯~º:­ï

���¨ªÇ ≥40MHz °(�� PMT óÀ/G

ADC  ê/Ï� ≥12 (� 1� AD�� V ME Å�

V ME IO V ME64xp − 340mm DAQµeI�

�f&Ò�©EÇ±9��UþÄ���ïÄ�»��'��."

�ü1>fÑÑ�§1>�O+�S3©EÇ�� 30% ∼ 40%¶duVD(Oê

���§1>�O+ü�K���� 1/3õ1/4p.e.§ù�Òû½
cà>fÆÚ\�>

fÆD(�$uù�Y²§ØK�>Öÿþ�©EÇ"Ïd§�¦cà>fÆD(�

RMS ��u 0.1p.e.§©EÇ`u 20% @ 1p.e."

�uü1>fÑÑ�§1>�O+�Þ��m!þ,�mÚþOì��m¤£§�

�ÑÑ&Òo��m�Ä�� 1 ∼ 2ns§Ïd>fÆÏ�ÿþ�Ñ�1>�O+�éÂ

¥�m°ÝL`u 1.0ns§ÿþ�Ä���7LCX>uò´�m±9�@!��Â¥

�mm�§�Ò´�¦Â¥�mÿþ�Ä����� 0 − 500ns"�æ�¢�¢�éc

à>fÆ�����¦���L 2.8"

càÖÑ>fÆ��Üó�3 9U V MEÅ�þ§z¬cà>fÆ��Jø 16´Ñ

\Ï�¿¢y>Ö�Â¥�mÿþ§Ó�rz¬cà>fÆ�þLKÏ�ê� 16´�

[¦Ú&Ò=o>Ö��"��/>u�£LTB¤">u�ò�âëê��¢��)

>u&Ò¿©u�z¬cà>fÆ���>ÖÏ¸m©&Ò§9z� TDC Ï���O

�Ê�&Ò§Ó�>ucà>fÆ�Ö� ADC Ú TDC êâ?\�À«"

cà>fÆ�>´�OXã 2.9¤«§ Ñ\�1>�O+&Ò²LÌÝ �§�

¢��A^un«ÿþ>´µ>Ö¦Ú>´£�[¦Ú§x��/>u�^uUþ

>u¤§óÀÈ©¤/!>Öÿþ>´£ã 2.10 �¤ÚÂ¥�mÿþ>´£ã 2.10
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ã 2.9: FEE >fÆ�>´�Oµã

m¤§ù�´�æ�càÖÑ>fÆ�O�Ä��n�ÿþ(�"

>Öÿþ>´¥� CR − (RC)4 ��óÀ&Ò¤/>´§Jø
��²w�>Ö

È©Å/§�ª�>ÖÈ©Å/o°Ý� 325ns">Öÿþ�Ï¸�OXã 2.11 ¤

«§��1>�O+>ÖÈ©Å/Ñy3Ï�Â¥��� 200ns±�§
¸�Ñy3

300nsNC§ù��mò´Ì�dM�>´�È©¤/�mÚå"È©¤/��Å/d

12− bit DAC ¢y�ê=�§��dÏ¸§S�¤&Ò>Öþ�z�"Ï¸m©��d

�Â���/>u�£LTB¤>u&Òû½§��3Ï�Â¥�� 200ns�mm©"

�æ�¢�� áÿþk�m!Jpõ1fëYÂ¥��OUå§Ï¸�mI�°Ý�

325ns">ÖÏ¸°Ý�¦Å/���¨Ø��u 40MHz"Ï�Â¥�m TDC O�¤

^�Oê�¨� 320MHz§bin°� 1.563ns§RMS �� 0.5ns§O�m©&ÒdüÕ

�ÌÝþOì��§14 DAC ��K�"

cà>fÆ�ÏLIO V ME A24 : D32��� V ME Å�¢yÏ&¿ÏL V ME

��ÖÑ¢�êâ§�æ�¢��Oæ^MV ME5500"
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PMT1

CR-(RC)^4

Shaping

ADC

10 bit /40M

High speed

Ampifier

Peak Value ~ PMT output charge

FPGA threshold

Disc.

~20 ns width

Amp.

PMT 1

¼ p.e.

TDC

high performance 

FPGA

hit

L1 trigger

start

stop

delay line (640 MHz )  

ã 2.10: FEE >Ö�Â¥�mÿþµãµ�ã�>Öÿþ£d��.��O

ã§10bits ADC§üÄ���ÿþ¤§mã�Â¥�mÿþ"

2000 250 t(ns)

ADC Pipeline 

latency 8 CLK cycle 

Sampled Signal

PMT hit

Peak Finding 

Time Window

Signal 

Peak

200

325

tr=100

300 350 400 500

ã 2.11: FEE Ï¸�S�O
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�æ�¥�f¢���/>uXÚ£LTB¤£(�Xã 2.12¤«¤�Ì��^´

ÏL·�>u^��&ÿìXÚAO´¥�f&ÿìJø�«¯~>u£¥�f¯ú!

�.!�»� µf¤"�æ�¢�¥�f&ÿì�Ä�>u�ª�õ­ê>u§Ó�J

øoUþ>u�ª§ÏLg�ØÓ>u�ª��pu�§�y¥�f&ÿì�Uþ>

uK�$u 0.7MeV§(�¥�f¯~¯&Ò�>u�Ç�� 100%" ØÄ�>u�ª

AD Crate #4

AD Crate #3

AD Crate #2

AD Crate #1

FEEs

PMT

Input

Multiplicity

Energy Sum

Local

Trigger

Module

Multiplicity

Energy Sum

Correlation

Triggers

MVME

5500Readout

Timing Info

Trigger Info/Type

Outer Water Shield Crate

Inner Water Shield Crate

FEEs

PMT

Input

Multiplicity

Energy Sum

Local

Trigger

Module

Multiplicity

Energy Sum

Triggers

MVME

5500Readout

Timing Info

Trigger Info/Type

FECs

2/4 or 3/4

Self Trigger

RPC

Input

Timing Info

to ReadOut Module

ROT Triggers

ReadOut

Transceiver

(ROT)

Self Trigger + Data

Timing Info

RPC System

Master Trigger Board

Look Back Trigger

Cross Trigger

Random Trigger

Calibration Trigger

Trigger Info/Type

Calibration Trigger

ã 2.12: �æ�¢�¥�f&ÿì>uXÚ�O

	§�æ�>uXÚ,	�kA«>u�ª^5?1&ÿì�Ý�iÿ§'XLED>

u¶��
>u¶±Ï5>u�"¢�é>uXÚ�Ä��¦���L 2.9" Ù¥§U

þK��>u�Ç��O8I´�y¯&Ò£��Uþ 1.02 MeV¤�&ÿ�Ç¶p°

ÝÌ©Û�¦3��&ÒUþ«m£0.7MeV ∼ 12MeV¤äkUþÃ'�>u�Ç"

¢�@Ï3¯~Ç!k�m#N�^�e§é&Ò��.òæ^p�Ç>u§3��°
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L 2.9: �æ�>uXÚ���5U�¦

�8 �¦ �5

>u�Ç >99% p�Ç~�XÚØ�

>u�m 13ns ÿþ¥fÐ¼�m

UþK� ∼ 0.7MeV p�Ç&ÿ¯&Ò

·A5 Ä��{ �«^��¼ê|Ü

�­E5 êns AD&ÿìm��

XÚ{þ �u1«�{ �±ÿþ>u�Ç

(�.ÿþ��§�±N�>u�Ç±BüØ�.�±¥�f¯~�p�Ç"

>u�m´Ôn©Û�'�ëê��"du¥�f¯~´ÏLl�©Û¯ú&Ò�

m�Uþ!�m'é2�ï���§Ïd�z�ÖÑÅ�!z�>uV\���O(�

�¨I\ò´É~­��§ùòÏL GPS XÚ!>uXÚ!cà>fÆXÚ��p�

Ü�±¢y£Xã 2.13¤«¤"Ó�§>uXÚ7LU
|^�Ó�>u��O¢y

{ü��«>uÅ��A^§'XØÓ�>uK�§#NØÓa.>u�ª?1Ü6

/½0$�±B��u�½���ÝØÓ>u�ª§��p�>u�Ç",	§du�

æ�¢��z�f&ÿì�>uÚêâ¼�Ñ´Õá�fXÚ§ù«�O�Ye§ØÓ

>uêâ6�ÓÚ�ÒC�É~­�§AO´�
IP�n)�»� µf�'��."

Ïd§�æ�¢���mXÚ7LJø����¢�Ú���mI\���fXÚ&ÿ

ìXÚ§�)�¢�e>u!êâ¼�!cà>fÆ�§
�§ØÓ¢�:XJäkÓ

Ú�¨��±4·��O,
Ôny�~X�#(�u!�»��íq��"�æ��

mXÚ£Xã 2.13¤Ì��) GPS§¥
�¨�)ì§�/�¨÷Ñ�"

2.2.4 111>>>���OOO+++

Ev3¶Ôh¥� 192�1>�O+£PMT¤´¥�f&ÿìS�ðc1(¯&

ÿì§�l�lþ�e©Ù3¥�f&ÿì�kÅ-±�§z� 24��²þÙ�3�

�Y²| �þ§1Ò4��&ÿì¥¶�"�>f¥�f¯~ÏLù�1>�O+


�â�±&ÿ¿­ï§Ï
1>�O+�5Ué��¥�f&ÿì�5UåX���û

½5�^"�>f¥�f¢�äk$Ïþ§$Uþ&Ò�A:§nÜ�Ä¥�f&ÿì
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Daya Bay
Near Hall

Ling Ao
Near Hall

Far Hall

Control Room

2 km

2 km

2 km

Clock
Distribution

GPS

Rubidium
Oscillator
(40 MHz)

Central Clock
Generator

PPS
IRIG

GPS Driver

Clock

Fanout
Board

Front
End
Electronics

Clock

Fanout
Board

Front
End
Electronics

Clock

Fanout
Board

Front
End
Electronics

ã 2.13: �æ��¨XÚ�O

S1>�O+�1>¡CXÇ§1>�O+�Ï�ê§d�9�.�Ï��§�æ�¢

��ªÀ^�» 8′′ �Hamamastu R5912 PMT���ª1&ÿì [38, 56, 79]"

�
¢y�æ�¢��Ôn8I§I�é¢�^1>�O+��¡�5U�Ñ�

�§e¡ò©O�±?Ø£�ªëê�¦�L 2.10¤µ

1. 1>¡�¡È: > 330cm2¶\�IÀæ9Ù§Ü©o���5µ 40K ≤
2.7Bq/PMT§232Th ≤0.5Bq/PMT§238U ≤ 0.7Bq/PMT¶

2. þf�ÇµÏL�>f¯&ÒÚ¥fÐ¼ú&Ò3�mþ�ÎÜ·��±&ÿ!

£O�>f¥�f¯~, �
��z¢�(¯Ý,I�p�Ç&ÿ¯&Ò§=¯

&Ò�&ÿK�I$u 1MeV§
éu�½1>�O+1Ò4CX¡È�&ÿ

ì§�`z�1>�O+þf�ÇâU�Ñ�p��Ç"é�NðcN&ÿì5

ù§Ò´�¦1>�O+1Ò4�Ç­���ð�u�1Ì���"Ïd�â�

æ��NðcN�u�1ÌA5�¦¢�^1>�O+�þf�Çµ > 25% @

420nm§> 1% @ 600nm§> 12% @ 320nm§> 8% @ 300nm¶1>¡þ�:þ

f�ÇCz <15%¶
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3. OÃµé�æ�¥�f&ÿì¥�¯ú&Ò5`§�õêX»1>�O+=U

�Â���½A�ü1>f(s.p.e.)§Ïd��yü1>f&Ò��Ç§1>�O

+I�ó�3�p�pØG�Jø�pOÃ"�¦PMTOÃU
�� ≥3×107 @

2000V§��;.ó�OÃ1×107¶äkûÐ�ü1>f©E�Ç§��¸�'§

ü1>f�A¸�' >2.5 @ 1×107 OÃ"Ó�§�¦ 450mGî�^|�^e§

�Çü$Ø�u 15%"

4. Uþ©EÇµ¥�f���UÌ©Û�¦¥�f&ÿì¯&ÒÿþäkûÐ�U

þ©EÇ"§�6u&ÿì��O§��6u1>�O+�1Ò4CXÇÚ5

U§Ù¥1>f�ÚOÞá´K�Uþ©E�Ì�Ï�§Ïd�¦1Ò4ØÓ 

���Ç�ÉI�u 15%¶/^|K�eCz�u 15%"

5. 1>�O+�AäkûÐ�5µÿþ��oUþ�'uo1>fê§Ïd1>�

O+�ûÐ�5k|u�yUþÿþ°Ý"ÑÑ>Ö 0 - 1nC Ä���S��5�

u 5%¶1×107 OÃ^�e§�4>6óÀ¸� 0 - 60mA��S§��5 <2% §

�4>6óÀ¸� 0 - 80mA��S§��5 <5%"

6. cóÀ!�óÀ±9VD(Ñ¬ü$&ÿì�Uþ©EÇµ�¦ 1×107 OÃe§

�\�óÀrÝ�� 501>f�£Ì&ÒÈ©�m 80ns¤�¦cóÀ <5%§(È

©�mµÌ&Òc 100ns)§�óÀ <5%§(È©�mµÌ&Ò� 0.1-20µs)"

7. �mA5µ1×107 OÃ^�e§þ,�m ≤ 5ns§eü�m≤ 10ns§Þ��

mτtyp−5ns < τ < τtyp+5ns§Þ��mÐ°≤ 3ns (ü1>f&Ò§1/41>fK

�)"

8. VD(ªÇµ8′′ 1>�O+ó�3 0.3-3×107 OÃ§¿§§1/31>fK��§

VD(ªÇ <10KHz"

9. ^|(¯Ýµ�	Üî�^|l 0O\� 450mG�§ü1>f�A�CzØ�u

20%¶Þ��mÐ°Ø�u 15%"

10. U,��5µ�u&ÿì¥1>�O+��ð�m�ål�~C§Ïd1>�O

+g�¤���U,��5,�( 40K§ 232ThÚ 238U)�¹þ7Lé�§7L¦

^$��5Àæ§�ª�üOêÇ∼ 10Hz/PMT"
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11. �Ï­½5µ1×107 OÃe§�±SOÃ¤£<5%§�cSOÃ¤£ <10%§1

>�O+>6óÀÑÑ�§ÝCz ≤ 1%/◦C"�¥�f&ÿì�¬¤^1>�O

+5Uvk²w�É"

12. ûÐ�Å�rÝ§±;�$Ñ!?nÚSCL§¥Ï\�Ý½Éå
�5��

�"
�¥�f&ÿì!YêÕ�Å&ÿì¥1>�O+Ñ¬«É�½�Øå§

Ïd�¦1>�O+1Ò4Àæ��U
«É 300kPa�·�Øå"AT¦þ~

�Àæ¥�í�"

L 2.10: �æ�¥�f&ÿì PMT 5U�¦ [38, 56, 79]"

�8 �¦& �5

Ì(¯Ý PMT þf�Ç¸�I�u:

25%@420nm, 8%@300nm, 12%@320nm, 1%@600nm

OÃ ≥ 107(;^ base)

PMTOÃ7L�� 3 × 107 @HV[2kV :

ü1>f©EÇ ¸�' ≥2.5@ 107OÃ

^|(¯Ý ü1>f�A(OÃ,©EÇ,�m)Cz ≤20%,

�4�ÇCz ≤15% @î�^|rÝ 450mG

1Ò4 �þ!5 1Ò4ØÓ ����O ≤15%

ÑÑ�5 �4óÀ�5`u 5%

@ 0∼ 1nCÄ��� @OÃ 107

VD(¯~Ç 25Hz/cm2 @20◦C

1.0 × 107 → 3.0 × 107 VD(O\'~ ≤30%§

≤ 0.3 × 107 → 1.0 × 107 �¯~ÇO\

c!�óÀ �4&Ò�c�óÀ'~ ≤1.5%

OÃ­½5 ¤£ ≤5%/±§≤10%/c,§Ý�65 ≤1%/◦C

þ,!eü�m þ,�m ≤6.5ns,eü�m ≤10ns@ ü1>f

Ý��m(TTS)(FWHM) ≤*3ns @ 107@ü1>f

U,��5 z�'ÀæPMT��5≤µ
40K: 2.7Bq¶232Th: 0.5Bq; 238U : 0.7Bq

Å�rÝ �«ÉØå 300kPa

�«É 1.34mmÌÝ 15Hz �u�� 30s(2G\�Ý)
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2.2.5 êêêâââ¼¼¼���XXXÚÚÚ

�æ�¢�êâ¼�XÚ£DAQ§[38, 56, 79]¤�Ì�?Ö´Jø^r�&ÿì�

�p.¡¿P¹¥�f&ÿì��¥�fÿÀ¯~§±9�n)�.¤P¹�Ù¦a.

¯~§�)�»� µf§$UU,��5�.�"Ó��â>fÆXÚ?Ø�SN§ê

â¼�XÚI�°(/P¹�m&E§±�l�©ÛA^"

�æ�êâ¼�XÚ�Ì��^´µÖ�cà>fÆ�êâ¶�¤cà>fÆêâ

�¯~|C¶5K�;¢�êâ¶$1��9G�iÿ"Ïd§�æ�¢�éêâ¼�

XÚ�Ì��¦�)µ

£1¤��I¦§z�f&ÿìXÚ£µ§AD¤PkgCÕá�DAQXÚ§±~

�ØÓ&ÿìm�'é§�#N�Û½Û���$1"Ó�´u��>fÆ!DAQ �

$1ëê"

£2¤¯~Ç§�æ��:¥�f&ÿì�¯~ÇÌ�´U,��5�.E¤�§


ü�C:Ø
U,��5�.�	�k�»���z"nÜ�«Ï����¢�:z

�¥�f&ÿì�¯~Ç3 100Hz �m§n� µf&ÿìÜ6/½0�o¯~Ç��

1kHz �m§Ïd�æ�DAQXÚ��O�z�¢�:¯~Ç?nUå� 1kHz£�

L 2.11¤§êâþ ∼ 1.5MB/s¶��
>u�'�¥�f!¯¥f&Ò§I�U
«

©�mm� ≥ 300ns�>u¯~"

£3¤�°§êâ¼�XÚ��°�¯~Ç!¯~�¤Ú¯~���'"�â�æ

��©êâ�ª�½Â§z�¢�:�êâþ�� 1.5MB/s @ 1kHz§Ó�XÚI�J

øv
��°{þ§n�¢�:�oêâ�°�� 3MB/s§�ù��ò�X�Å/ê

izÖÑ½öN\>u�O\
O\"

£4¤k�m§ÏDAQXÚÚ\�XÚk�m��Ñ£<0.5%¤"

�æ�êâ¼�XÚ´3BESIII DAQÚ ATLAS TDAQ^��µe(�Ä:

þuÐ
5�§Ì�©�üÜ©µêâ6^�Ú3�^�§cö�Ì�ó�´KI�Â

&ÿìêâ¿DÑ�°þ�;��"�öK�9�¢�ÚDAQ���¡¡§KIêâ

¼�!ÿÁ!�ÝÏm���"�æ�êâ¼�XÚ�A��Ì�düÜ©|¤§cà

Úþ Å^�"cà^�´Äu V ME o��Æ�¢�ö�XÚ§´þ Å^��c

à>fÆ!>u���p��§ÙÌ�?Ö´cà>fÆ�ëê��!êâÖÑ!Å

�S¯~|CÚpé�êâDÑ¶M�1N� V ME Å���ì£i\ªü¡Å¤§
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L 2.11: �æ�¢�¯~Ç!êâþ�O(NNear,C:;FFar§�:)

¯~Ç(Hz) êâþ

&ÿì ¯~a. DB LA Far '~ Ï�ê (kB/s)

ν̄e&ÿì �»�µf 36@2 22@2 1.2@4 100% 192 1408

��5�. 50@2 50@2 50@4

SY³ ��5�.�DÑ 50 50 50 10% 123(N) 31

�»�µf 250 160 15 70% 169(F) 526

	Y³ ��5�.�DÑ 50 50 50 10% 168(N) 41

�»�µf 250 160 15 30% 212(F) 309

RPC ��5�.�DÑ 2000 2000 3000 10% 32/�¬ 217

�»�µf 186 117 11 11

oêâþ kB/s 1042 788 714 2544

^5Â8!?nÚDÑêâ§.ÒÀ½�Äu 1GHz PowerPC CPU MPC7455 Ú

UniverseII �¡|�MV ME5500§��êâÏþ� 80MB/s/Å�"cà¢�^�X

ÚÀ½�û��i\ª¢� Linux§SØ��Ò� 2.6.9"Ó�¢�e�¤k DAQÖÑ

Å�ÏL¯ÉÚ±��ó���/Ó��¯~|C>M"ÏL¯~|C(��&ÿìm

M�½^���pÕá§¿üÕ�;z�&ÿì�êâ6"¯~|C��êâòÏL¯

1në�DÑ��/^�
�§ù�^�
���^´�§êâ�Y���ì±9��

3�êâ?n�¯���§zU�êâþ�� 0.3TB"DAQ��êâ¥K�^�$1

Jø�«ëê��§ÑÑÚ���«$1ëê§�)^M�|¤§$1�ª�"
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111nnnÙÙÙ ¥¥¥���fff&&&ÿÿÿììì���...������OOOÚÚÚïïïEEE

�
¢y sin2(2θ13) ∼ 1%�ÿþ°Ý§7L��¢�o�XÚØ��u 0.5%§


&ÿì��O�ïEò´¤õ�'�"pUÔn¤ï�ïE��æ�¥�f&ÿì�.

��æ�¢��NÈ�NðcN&ÿì�ïE!©ÛJø
1�Ã²��êâ"�.¢

��Ì��^�)µ£1¤�y�æ�¥�f&ÿì�Ôn�O§Uþ�A!©EÇ!

�����^! ��A�¶£2¤��NðcN½�j�NðcN�ï�Ú�5�)

�Jø²�¶£3¤È\�5��NðcN&ÿìS1>�O+A^�²�¶£4¤Jø

�.�NðcN&ÿìïE�²�¶£5¤ÿÁ�æ�>fÆXÚ§¿�&ÿìXÚN

ÁÈ\²�¶£6¤&ÿì�5U�Ý�iÿ�{ïÄµγ!¥f�A§�mA5�¶

£7¤NÁ Geant4�[§S!1Æëê"

�ÙÌ�´�épUÔnïÄ¤¥�f&ÿì�.��O9ïEL§��[�?

Ø"

3.1 ¥¥¥���fff&&&ÿÿÿììì���...���ÔÔÔnnn���OOO���XXXÚÚÚ���¤¤¤

�æ�¢�¥�f&ÿì«OuÙ¦®k¥�f¢�&ÿì�Ì�A5´µ£1¤

n�Ó%Ó¶�Î/�O¶£2¤þe����O1>�O+ 4πáN�CX"pU¤¥

�f&ÿì�.�Ä�?Ö´�y�æ�¥�f&ÿìÔn�O��15"�.&ÿ

ìÌ��)�.&ÿì�N!�»� V etoXÚ!pØ>
XÚ!>fÆÚêâ¼�X

Ú§±9&ÿìiÿ�ÝXÚ§e¡ò©O�±?Ø"
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3.1.1 ���...&&&ÿÿÿììì���NNN

�.&ÿì´�æ�¥�f&ÿì�O�{z/ª§�ü�Ó%Ó¶��Î/

(�£Xã 3.1 ¤«¤µ S��ðcNqÔ�§	��¶Ôh¶-�¶�	��S

ã 3.1: ¥�f&ÿì�.�(�«¿ã

p 208.5cm!S» 198.0cm �ØCg-£Xã 3.2¤¶S	ü�d	p 98.5cm!S»

93cm�ßbkÅÀæ-©�§kÅ-.àåØCg-.¡ 50.0cm§¿dþ 10mm!p

50.0cm�kÅÀæ��.�| ¶þ!e���©Oþ 5mm§�» 130cm§�e��

�;bØCg-�.¡§þ����eL¡åkÅÀæ-þàL¡ 45.0cm§�Ò´`

þe����ékÅÀæ-¥%3ç���þ�3 5cm�Øé¡"Ó�§3kÅÀæ

-þL¡kü�ç��kÅÀæ+�þò��ØCg-�ºX§¿�ºX�éAm��

Ï§���NðcN�5\Ï�½��
��ÝÏ�§©O¡�¥%Ú>��Ý+"¥

%�Ý+�kÅÀæ-Ó¶§>��Ý+¥%åkÅÀæ-¥% 42.5cm"

ØCg-ºX�m�òSC��
�ÝC�£Xã 3.3¤§^u½ �����


3&ÿìS� �"�ÝC��	-´Y¶-�§^u��5�o¶��Ý�=�§±

�� 40cm§^u½ ��
 �¶��
�=�ÏL�7u=�þ�Z9�ë�¶�

ª��
ò²wÓXÚ÷�Ý+x\&ÿì"
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ã 3.2: ¥�f&ÿì�.�ØCg-Å�ã"

ã 3.3: ¥�f&ÿì�.¦^��ÝC�
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kÅÀæ×S��NðcN�âf&ÿ¯a«�§\�âfUþd�NðcN=z

�F1§²1ÆDÂ��&ÿì�1¯a��1>�O+Â8¿=z�1>f/¤>&

ÒÑÑ§2²d�'>fÆÚêâ¼�XÚ¼��©êâ"1>�O+!>fÆ>ÖÑ

Ñ�Ä����O� 0 ∼ 200p.e.§��XÚ�UþÿþÄ���� 0 ∼ 10MeV"

�.&ÿì8c�?1
ü��ã�¢�µ1��ã�qÔ��Ø�j�ÊÏ�N

ðcN§MJ� 30%�þn`�Ú 70% �¶Ôh§M�� 5g/L� PPOÚ 10mg/L�

bisMSB"1��ã�qÔ�´ 0.1%�j�NðcN§MJ��5�Ä� LAB§M�

� 3g/L� PPOÚ 10mg/L� bisMSB"

3.1.2 111>>>���OOO+++|||   (((���

�.&ÿì¦^ 45�5gMACRO¢�� 8” EMI93501>�O+��1&ÿì

�Â8ðcNF1"¤k1>�O+1>¡þ��&ÿì¥¶���SC3ØCg-

SL¡¿Ev3¶Ôh¥§z�Ê��¤��§¿÷�¡�±þ!©Ù(Xã 3.4�ã

¤«)"��O1>�O+cà�1Ò4¥¡ºà�kÅÀæ-�ål� 22.5cm§¥m

�1>�O+� ��kÅÀæ-�¥%Óp§���ü�1>�O+�m�ål�

40cm"1>�O+�þe����ok�1>¡CXÇ� ∼ 14%"

1>�O+�| d�GØCg| (�£1>�O+| �¤þþ!©Ù��Ê

ég5÷�¢y"zé÷�©O^u�½1>�O+�1>¡Ú�Ü(Xã 3.4mã¤

«)"�
��1Ò4\�IÚg5÷����>6Ï1>�O+&Ò§31>�O+

Ú÷��mI\\=�§Ó���1>�O+¦÷¶�£ÄE¤wø"�ü$&ÿìS

�1ÆE,Ý§{z&ÿì�A�ª9�[§S§ØCg-SL¡91>�O+| �

�¤kg(�þæ¤çÚ§±¦ì��ØCg-S9ÚÙ¦g(�þ�1Æ1f���

áÂ"

3.1.3 ���»»»������ÎÎÎÜÜÜXXXÚÚÚ

¥�f&ÿì�.¢�´3/²¡þ?1�§�»�6ré�§7L�Ä�»��

)� µfé�.&ÿìÿþ�K�"

�âk'êâw« [87]§°²¡§�»��)�Uþpu 1GeV � µf�6r��

1�/(cm2 · min)§²þz� µf�Uþ�� 4GeV"ÏL{üO��O§BL�.&ÿ

48



1nÙ ¥�f&ÿì�.��OÚïE

ã 3.4: ¥�f&ÿì�.� PMT | (��Oãµ�ã� PMT | �§mã�ü

PMT �| (�"

ì�NðcN�Uþpu 1GeV� µ fOêÇ�� 400Hz"�NðcN¥zf�», µ

f���� 2MeV Uþ[88]§=z� µf3�.&ÿì�ðSò�È²þ 200MeVUþ

£1��ðºÝ¤§
�O��.¢�UþÿþÄ����u 10MeV§�Ò´`§�

»� µfBL&ÿìqÔ��ò¦&ÿìÑÑî­�Ú§
�Ï1>�O+ÑÑ&ÒL

���&ÿìXÚI��½��m5¡EÄ�§E¤XÚó�Ø�~"Ïd§�
þO

¿üØ¢�ÿþ¥��»��.§I�ò�.&ÿì��u�»��ÎÜ&ÿì��o

�e§±�ÎÜ�»� µf¯~§�¦�Ç�u 90%"

�.¢���»� µ&ÿì�O�{üCXª�ÎÜXÚ§ÏL3 3m × 3m × 3m

�á�Ng�eþ£ºÜ!Ø.¡	�±�o¡¤CX��ðcN���.�N���

»�þO��ÎÜ�8�"geo±Oyd 35¬ L3+C¢� [89]¦^L�ðcN&ÿ

ì�¬�¤µT�¬SÜd�8¬ 25 × 25 × 2cm3 ��¬��ðcNü¤�N§ÏL1

nÂ8ÑÑ1&Ò§¤k�1n�©¤ü|§z| 64�å¤8�Ý��÷/¶z��

¬^¾Ü7�¤�	µ�C§	�º�´ 1.25 × 1.02m2§k�¡È� 1 × 1m2¶z��

n��¬�^��1>�O+£Hamamatsu R2490¤ÖÑ§� 12´¶ºÜOyd 20
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¬k��Ý� 2.8m§°� 15cm§þ 5cm��^G��ðcN&ÿì£BES¢� TOF

&ÿì¤�¤§�d1>�O+£HAMAMASTU R2490¤3ðcN�àÏL1�Í

ÜüàÖÑ1ÆÂ¥&Ò§� 20´"

3.1.4 pppØØØ>>>


XXXÚÚÚ

¥�f&ÿì�.¢�Ì��&ÒÑÑ5gu1>�O+§pØ>
��1>�

O+ó��°Ä
§ó�­½5��û½X&ÿì�A�­½5"�.¢�¥�.�

N�k 45´&ÒÑÑ§2\þ�»��ÎÜXÚ� 32´§� 77´1>�O+Ï�§

þ�KpØ§ó�>Ø��Ì�8¥3 -1300V ∼ -2500V§V>6���u 300nA"Ï

d§�À�pØ>
XÚ�pØÑÑ!õÇ��I÷v�¦§Ó��¦ÑÑpØ­½5

±2V§äkûÐ�§!�Ý­½5§´u¡�½�§��!´�ÑÑ"ùp·�òÀ^

¿�| CAENúi� SY 127pØÅ�XÚ§¿|¤ÚsódCAENet�ä¢ypØ

XÚ�Ú���"

3.1.5 >>>fffÆÆÆXXXÚÚÚ

���æ�¢�>fÆXÚ��.�§�.¢��cà>fÆÖÑ� FEE!>u

� LTB§ò¢y¿ÿÁ1 2.2.3!¤ã��æ�>fÆXÚ�Ì�õU§����5�

�æ�¢�^��3Ü©Ü©«O§Ì��)µ

£1¤�.¢��k�� V ME Å�§Ø�3�Å��mÓÚ�¯K§�ÒØ�)

�mXÚ�ÿÁ¶� V ME Å���ì��MV ME5100¶

£2¤�.¢��1����¢y
oUþK�>u��ª¶

£3¤�.>u��>u�m´ÏL>u�g� 40MHz �¨¢y��é¯~�

m§°Ý� 200ns§Ì�±Ï� ∼ 0.86s§vkýé�I¶

£4¤cà>fÆ�.�>Öÿþ¤^�´ 10 − bit>Ö�ê=� ADC§��kü

Ä���>ÖÿþØä�ü>uõgÂ¥�P¹Uå§>ÖÈ©Å/°Ý�� 500ns


Ø´ 325ns¶

£5¤cà>fÆ�.��>ÖÏ¸°Ý� 1us
Ø´ 325ns¶

£6¤cà>fÆ�.��¯~���ê�O� 256�§�=¢y
 128�"
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3.1.6 êêêâââ¼¼¼���XXXÚÚÚ

�.¢�����I¦ØÓuò5�æ�¢�§Ïd¤^êâ¼�XÚ�cà�þ

 Å^�XÚ�ØÓu�æ�¢���O§��¹
1 2.2.5!¤ã��5�æ�¢�

êâ¼�XÚ��«A:§ÿÁ
êâ¼�XÚ�Ä�(��5U"�.¢�êâ¼�

XÚ«Ou�æ�¢��Ì�A:´µ

£1¤�.¢��I�|CÓ�� V ME Å�/ADS�êâ§ØI�Å�m|C¶

Ó��.��»� µf&ÿì����ÎÜA^§ØI�êâ¼�§>u�ª�=�)

oUþ>u�ª§�Ý!ÿÁ>udM�¢y, 
�Õá¢y
l�êâw«�¬"ã

3.5`²
�.DAQ�Ì�µe"

DAQ Software

VME Crate

Main Detector

S
ig

n
a
l

R
a
w

 D
a
ta

P
a
rs

 C
o

n
fig

&
 C

o
n

tl

N
e
tw

o
rk

Online display

File Convert

&Display

Online Display

L
e
m

o

lin
e

Raw Data File in 

Binary

Histo

Display

1.Charge in Channel

3.Single Event

N
e
tw
o
r
k

4.Sum Charge

Event Frequency

Anti

Coincidence

Sub Trigger

Trigger

V
e

to
 T

rig
g

e
r

Veto Detector

2.Time in Channel

Computer

Serial com

ã 3.5: AD�.DAQXÚµe

£2¤�.¤^cà^�� V xWorks¢�ö�XÚ¶Ì�ó�6§�O�ã 3.6

[96, 97, 98]§£�u BESIII êâ¼�cà^�§¿�â�æ�>fÆ����¦!ê

âÖÑA:?1
�'�U"
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waiting

Initialized

Loaded

Configed

Ready
PreRunning

Running Paused

PostRunning

Client Connect

UNLD

UNLD
LOAD

LOAD

CONF

CONF/S
TOP

UNCF

PREP

PREP
STAR

SATR

PAUS

RESU

SPTR

EXIT

STOP

PAUS

SATR

TakingData

Active

SPTR

STAR

P
re-d

ata tak
in

g

ã 3.6: AD�.DAQXÚcà^�6§

£3¤�. DAQþ Å^���£�u BESIII êâ¼�XÚ§U«
 BESIII

¯~©?©ã|C�µe(�§�´�â�.¢��k 45´1>�O+�>Ö��m

&E§é¯~SN9¯~|C�ª?1
?U¶�.¢��>fÆXÚ!DAQ $1�

�ëê�é{ü§Ì��)oUþ>uK�!ü�>uK�!êâ��8¹�§Ñ´Ï

L gdml �óêâ¥¢y�, DAQ�^r.¡ë�ã 3.7 �ã"DAQ^�����©

êâ�ª��?��ª§²L;���.¢�?���Ý^�!�?�êâ� root�

ª=z§S§���ª¢�êâ§2ÏLl�w«^��±©Ow« 45´1>�O+

©Ï�>Ö!�m&E!o>Ö&E�"l�w«^�^r.¡ë�ã 3.7mã"

£4¤�.¢�ÿþ�Uþ«m�$£UþK�∼ 0.1MeV¤§U,��5�.!�

»�!��
rÝÑ��§��o¯~Ç�pu�æ�¢�§ù?�Ú��3¯~��

�u�æ�¢���¹e§êâ6þ�u�æ�¢�"

£5¤�.¢��¯~�é�m¿vkïáüÕ�êâ�ª�m§
´/^z¬c

à>fÆ��1 16´Ï�§��ÊÏÏ�êâ|C!D4§2²Lêâ)Û���"

z�¯~êâ��Ý�½� 108i!"

£6¤êâ©��) runÒ!©�?Ò§z�©�¯~ê�½� 10000�"
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ã 3.7: �.¢� DAQ�êâw«^r.¡µ�ã� DAQ.¡§mã�êâw«.

¡"

3.1.7 &&&ÿÿÿììì���ÝÝÝ���iiiÿÿÿ

�æ�¥�f¢�Ôn8I�¢yI�·�é&ÿì5Uk4Ù°(/
)§Ó�

U
°(iÿ&ÿì�A±9ó�G�"¢��æ�¢��ÿþ8��Ò´�ÿþ�C

:&ÿì¥�f�é6r°Ý`u 1%§ù�¦ØÓ AD&ÿìm��O½öé�On

)�O(Ýpu ∼ 0.1%"ù
8I�¢yI�E,�&ÿì�Ý�iÿ§S5�¤"

�.&ÿì¢��­�8���Ò´&¢�¢�&ÿì�Ý�iÿ�k��ª"

&ÿìïE�°Ý��´'��!��§�)SC �°Ý§�ð�þ§�ð5�

�É§C/H '�iÿ�"�C:&ÿì�A�O¬��¢�ÿþ���¥�fUÌÑ

yÆC§Ïd§êâÿþ±c7LO(�Ý&ÿì§¿3êâÿþL§¥iÿ&ÿì�

A§ùò´û½&ÿìØ���ªÏ�"&ÿì��Ý�iÿÌ��)µ

£1¤1>�O+�m!OÃ!þf�Ç��Ý¶ÏLLEDXÚ�Ý�m�� 1ns

°Ý¶±9 LEDì�eÏL1>�O+ü1>fÿþ�ÝOÃ¶b�Ó��1>�O

+��éÓ��¥%¶:áN�é¡§@oÏL��
ÿþ�±�Ý1>�O+��é

þf�Ç"

£2¤1Æ1f��)!DÂÚ��§=¥�f&ÿìXÚ��ð1��§�ð!

xh!kÅ-�P~�Ý§þe���!g-��Ç��Ý"ÏL�½3ØÓ ��

LED!1>�O+XÚ�ÝP~�Ý¶ÏL«© LEDu1�1>�O+�Â����

1���15ÿþþe������Ç¶ÏL�½ ����
iÿðcN��é1�

�9ØÓ&ÿì��OÚÓ�&ÿì�j�Ø�j�NðcN�1��'~"
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£3¤��
´�Ý&ÿìUþ�A�k�Ãã§�) γ �A§¥f�A§¥fÐ

¼�m§ ��A�"

£4¤�»� µf����áÆ·��5Ó �½ö�C¥f!���>f�´k

��iÿÃã§§�þ!©Ù3&ÿìS§��u:
Jø
´L�&ÿì�A&E§

�±��&ÿì5U�Ý½ö�Ï5Uiÿ�k�Ãã"

&ÿì��XÚ£DCS¤��X¢���«¤ì§�)pØXÚ!�ÝXÚ±9�

¸iÿëê!&ÿìG�§�)>
>Ø!§�Ý!íØ!��5�§ù�XÚ��)


Ü©S�XÚ§X�e�o!¯�p£XÚ�"

�.¢�XÚ�����&ÿìXÚ§ò3&ÿìïEL§¥&¢�.�ð&ÿì

�ïE6§§°Ý���§±9&¢¿¢� LEDé1>�O+OÃ��Ý�{!��


�Ý�{§êâ©Û�{¶±9&ÿì�'��«�¸Cþ�i��iÿ"

3.2 ���...&&&ÿÿÿììì���ïïïEEE

&ÿì��Oû½
&ÿUå�4�§
&ÿì�¢S�EY²Kû½
�ª�&

ÿUå"&ÿìïEL§�Nõ¢S¯K�´&ÿì�O�N´�Ñ½ö��Ã{ý�

�§Ïd§¥�f&ÿì�.�ïE�·�?�Ú�õ!ïE�5��æ�&ÿìJø


�B�¢�²�"

3.2.1 111>>>���OOO+++555UUUÿÿÿþþþ

Xc¤ã§�.¢�À^ MACRO¢�¦^L� 8′′ 1>�O+£.Òµ EMI

9350KA¤���.&ÿì�1Æ(¯&ÿì�"ÏLkÏïÄ§·�'�Ð�
)


d.Ò1>�O+��AA5§'Xü1>f�AÌ [90]§c/�óÀA5!�éþf

�Ç!�Ý�A­�!OÃ!V>6!�5 [91]§±9ÙKpØ©�ì£base¤�"

·�ÏL9D(��{ÿþ
¤k1>�O+�9D(u�Ì!pØ�OÃ�'

X§¿�âÿþ(JÀJ^u�.¢��1>�O+§Ì�5U�I�9D(¯~Ç

±99D(u�Ì�¸�'§Ó�§�¦1>�O+1Ò4Àæ!¶��!���Ü

©Ã²wÅ�"�¶pØ©�ì£base¤�ì�Å�!ó��~"dgÿÁ���1>

�O+ó�G��1�gu�"ã 3.8´ÿþ���;.9D(u�Ì§��d>Ø
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L 3.1: �.^ 48 �1>�O+�9D(¯~Ç�¸�', 9D(´ò1>�O+

�\ç� 1 ����ÿþ(J§K�� 1/3p.e.§OÃ� 3× 107§§Ý���

15∼ 18◦C,�Ý�� 35%∼ 39%"

9D(¯~Ç ¸�'

< 5kHz 5kHz ∼ 10kHz 10kHz ∼ 39kHz 1.5∼2.0 ≥ 2.0

PMT�ê 35 3 10 26 22

ed1>�O+�OÃ�� 3× 107"�â�æ�¢�é1>�O+��¦±9�.¢

��I�§·��ª]À
 48�1>�O+§ó�u ∼ 3 × 107OÃe�ó�>Øþ

3-1400V ∼ -2000V ��S§§��9D(¯~Ç9¸�'©Ù�L 3.1"

ã 3.8: ;. EMI 9350KA9D(u�Ìµî¶� ADC �ê£0.25pc/bin¤¶p¶�

Oê¶

3.2.2 ÅÅÅ������EEE

Å��E�°Ý��û½&ÿìïE�AÛ°Ý§K�&ÿìSC§$�òØ¢�

?Ý"�.&ÿìXÚ�9�Ì�Å�(��)µ2��» 2�p�g-§g-þX§

kÅÀæ-§1>�O+| �§���§�»��ÎÜXÚg�e"

du�.&ÿìvkr��$�.�¦§Ïdg-�ïE�I��Ä�¶Ôh�o

N5§¤Àá��ÊÏ 304ØCg¶g-�O)��Ì�EâJ:�)µ£1¤�º�
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g(��Å�rÝ9$Ñ¶£2¤�µ§AO´g-QI�í�µ§��¦��ûÐ�

1¶-¶g-þX�g-ÌN��µ§þX�Ý+Ï���µ§� O���µ¶�ª

æ^@Ø PV C �µ=��µ�ª"·�ÏLiÿ�µ�g-S1>�O+VD(Oê

Ç��{§uÿ
g-�1¶-9�µ5U"£3¤g-S9æç§�â�.&ÿì�

�O§g-S9Iæç±�Ø��1!{zº:­ï9&ÿì�A�.§�ÏI�Ä�

¶Ôh�oN5§
�g-º���§J±|^ØCguçó²§�Uæ^Ø�)p§

ó�L§�Í%Ö�æ��ª�g-S9æç"�
��Í%ÖZH�%®'ÑÀ/¶

Ôhü$Ù1Æ5U§3Í%Ö�æ��§qO\��ß²������o�"ã 3.9

´ïE�¤��g-	*£�S¤!g-þX£mã¤±9�»��ÎÜXÚg�e

£�	¤"�ÎÜXÚg�e�O��wÓ!�£Ä!�
���.g(�§�´��

m���§Ïg�­å��C/î­§�
��ý�
!C(J"�Ò´`§�.g(

�N��O¦^7L¿©�Ä�(�g��C/�Å�SC�5��U(J"

ã 3.9: ïE�¤��.g-!�ÎÜ&ÿì�e!PMT | �µ�ãS�g-§�ã

	��ÎÜ&ÿì�e§mãe�g-þX§mãþ� PMT | (�"

kÅÀæ-×Ü��E�{Ì�kü«µ�á¤/Ê�Ú���5¤/¶��ö�

��º�kÅÀæNìé(J"�.¢�©O|^ü«�{���
��kÅÀæN

ì§�'�e§�áÊ��{�N´�yÄá�1Æ5U9\ó°Ý"ã 3.10�ã´

|^�áÊ��{��.¢����kÅÀæ-"kÅÀæ-���¤�§��­�ó
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�´u�Nì��µ5U!«ØUå§·�Qæ^��{�)�íØu�{!XÀYu

�{£Xã 3.10mã¤"ÁY¢�`²§�áÊ���.kÅ-3«É 45cmYØ�¹

eE,S�",	§�.¢��²�`²µkÅÀæ-×Ü��Ý+Ê�?´yfÜ

 §I�AÏ�O��o§'Xæ^^ë�"

33

ã 3.10: �.¢�kÅ-9�45ÿÁµ�ãkÅ-¶mãkÅ-�45YÿÁ"

�.¢�1>�O+| (�dg5Å�
¤£Xã 3.9mãþ¤§Ì�¯K´Ø

N´�y�E°Ý§ ���§��1>�O+SC(J½öÉåL�§´u�1>�

O+E¤Å��ú§»�ý�§SC�1Ò4��k �"�.¢�����´3kÅ

Àæ�Äáþ�Ê¾�£�Ï¤½öESR£�Ï§Xã 3.11¤�E�§Ì�¯K´¤

^Ê�J�¶Ôh�oN5¯K!���²�Ý�¯K§±9g-þà���SC�§

Ï­å��ÆCeR"²¢�u�§�.¤^Ê�J�¶ÔhoN§¿�Ø¬�¶Ôh

@¡"

3.2.3 ���NNNðððcccNNN������������)))���

�j�NðcN���æ�¥�f&ÿì�Ø%Ü©§Ù5U9­½5l��þû

½X��¢���ª°Ý"�,Ü�|Sé�1þ�j�NðcN�ï�!)�äk´

L²�§�´®k�cÏýï(JÑØ´AOn�"pU¤�´I��.¢�u�ðc
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ã 3.11: �.¢� ESR���

N���9��)�6§"

�j�NðcN�)�Ì�©�nÚ [92]µ£1¤j�NäÜÔ������¶

£2¤ÊÏ�NðcN�)�¶£3¤jäÜÔ3 LAB¥�M)§)¤pßÝ�j LAB

M�¶£4¤pßÝ�j LAB M�Dº¿�ÊÏðcN�'�� 0.1%jßÝ"Ù¥§

jäÜÔ������´'�Ú½§§Ý� pH �û½X�ªäÜÔ��þ"pU¤�

.¢�j�NäÜÔ����ã 3.12¶

�.�ÏØ�jÊÏ�NðcN���£MJ� 30%�þn`�Ú 70% �¶Ô

h§M�� 5g/L � PPO Ú 10mg/L � bisMSB¤®²�1�ÏÊÏ�NðcN�

��Jø
´L²�£MJ��5�Ä� LAB§M�� 3g/L� PPO Ú 10mg/L�

bisMSB¤§Ä��¦´µ��NìÚ���¸�'À¶MJ!M���ûÐ�1Æ5

U§ÄKI�LÈ±�K,�¶�âkcChooz [84, 85, 86]Ú Palo Verde [86]¢��

�!¦^�NðcN�²�§�NðcN��L§¥�¦þ;��7áá��ÔN�

>§Ïd§��L§¥·�Ì�æ^àoÍ¯L!kÅÀæ½ö�þ7���LÈ!�

�!/C�L§óä�á�"

jäÜÔ3 LAB ¥�M)��pßÝj� LAB M��§I�òjäÜÔ� LAB

U'~¿©��!M)§¿�L§¥I�Ï Arí±üØ�N¥��í§��ûÐ�1

Æ5U§Ó�dujäÜÔM)�ºÑ(¬Y§XJæ^·���ª¦(¬Y�ðc

N©l��I� 2� 3±�m"M)L§�ë�ã 3.13"��ÏL LAB òpßÝj�

LABM�?�ÚDº§¿�pßÝÊÏðcNM��'�� 0.1%jßÝ�¤�j�N
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Platform 

Scale

Vacuum

Filter

Gd3+ L-

Vacuum

Pump

ã 3.12: �.¢�j�NäÜÔ���µ�ã���y|¶mã���6§ã"

ðcN�)�§dL§¥��¦Ï Arü�"

pU¤�.¢�����j�NðcN� 900L§Ù¥�.¢�¦^� 750L§�{

� 150L�^5?1l��Ï­½5iÿ9Ù¦ÿþ¢�"

3.2.4 ���...���NNNSSSCCC

�NÈ�NðcN&ÿìÏLÂ8�ðF1��âf&ÿÃã§é�«0�£¶Ô

h!kÅ-!�NðcN¤�1Æ5UAO´1P~�Ýk�p�¦"���¶Ôh�

�gÀ/§ÄkI��éE\!�>¶Ôh��«��!(�?1�'§¿(�SCL

§ÃÀ/"�'´&ÿìïE�1��'�óS§�9�
&ÿì���|¤Ü©§´

�Ñ�!"£�ó��ã§�.¢�æ��Ì����)µ�ï��'Àm§�W��

SC!uÿ����!þ3'ÀmS�¤¶ò&ÿì�Ü©
)���ü�Å�?1�

'§Ø3k�µ¦^�õÇ�(Å�N�W�ì�§¿^kÅMJ�'haÀ/Ô§�

�^XÀYÀW"ÏLù
��§k��y
ö��¸!&ÿì�ì�!�5&ÿì�

��'À"
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ã 3.13: j�NäÜÔ� LAB�M)

¥�f&ÿì�.�N�|¤Ü©�)g-!g-þX!1>�O+!1>�O+

|e!kÅ-!���!�NðcN!�ÝC�!pØ�&Ò��§�¤�'�§§�

�|C´3�½�óSe�¤�§e¡òUìSC�k�^S�[0�"

£££1¤¤¤111>>>���OOO+++���|||   eee���|||CCC

1>�O+I�Å�SC�|eþ§Xã 3.14¤«§Ì�EâJ:�)µ|e�g

5(���SC(J!°ÝØ���")�J±�y�O°Ý�^�e§I�·�N!

|eþ1>�O+c��½��t;§Ý§N�1>�O+Éå�����§;�Ï1

>�O+ÉåLuØþ!��1>�O+SCc�!±9SC�&ÿìS�ÏØå/2

å�5M5�ú¶
�1>�O+|ec��½c�Ó%Ý��§¦�Ü©+fSC�

�Ø�§��1>�O+g�¶��| e R��kY�¶1>�O+| (��Ú

jë��Lõ���'!SC(J",	§du�.¢�¤^1>�O+þæ^KpØ

base§��1>�O+1Ò4�kép�KpØ§XJ1Ò4�Ù¦0��>§ò¬Ú

år·>��1>�O+VD(OêwÍO�§AO´31>�O+|e�| �=�

Ü §�ÏÌ�´=��0>~ê±9���>"²L¢�uy§�¶ÔhoN�Z

9!PV C!Teflonn«á�=����1>�O+VD(OêCz�L 3.2§3nÜ

�Ä�«Ï��§ÀJ Tefloná��=�O�
�k�O�Z9=�"SC�¤�§

�1>�O+1��<4�|e¥%Ú1>�O+¥%ë�¤3ç�¡�Y�Ä��
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L 3.2: ØÓá�=�é PMT VD(Oê�K�

á� àPMT NyLon PV C Teflon

VD(Oê(kHz) 2.8 103.5 2.5 3.1

�"

ã 3.14: PMT SC�|eþµ�ã�ü PMT¶mã�Ó�� PMT SC�¤�"

�.¢�1>�O+ó�æ^KpØ!V>C�ó��ª§pØ>C£.

ÒµRG58 + BNC¤!&Ò>C£.ÒµRG316D + Lemo¤��Ýþ� 17�§é&

ÒP~� 6.4%"�1>�O+�å¤éSC�½3|eþ¿?Ò§þ¥en�©O

�µIU(innerup)§IM(innermid)Ú ID(innerdown)"1>�O+|eSC�§g�

 O �÷�±_�����g?Ò�µ1§2§· · ·§15 £Xã 3.16¤«¤§¿3pØ

�!&Ò�üà©OÊb?ÒI\"

du�.¢�¤À^�pØ�&Ò>C�ÊÏ>C£���N�¶-�m�3��

¿Y¤§3���à£1>�O+à¤E\¶Ôh�§,�à]��&ÿì	ý¿�

ç�pÝ$u¶Ôh§²��mó��§¶Ôh�±ÏLôá�^²>C'ß�&ÿ

ì	§Ïd7Lé>CE\¶Ôh��àà?17�?n§�.¢�æ����´|

^��ä�µ4E\¶Ôh�>Cà"�¢�y²§ù«��¿vk��ý��J§

3�¤&ÿìïE��c�§pØ!&Ò>C]�àm©k¶Ôh'Ñ"Ïd§�æ

�¢��
;�Ñyaq�¹§òæ^1>�O+base!&Ò��N�µ�ó��ª
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Xã 3.15 [93, 94]" ,	§�
1>�O+OÃ�Ý±9Ù§ÿþ�I�§·��.

ã 3.15: �æ�¢� PMT �µ�Oµ�ã���©Cã¶mã�|C�"

&ÿìSSC
8��½ ��71LED£¥%Å� 465nm¤µ¥m�£ IM�¤o

�§1�� u1>�O+ IM01?§��÷_��m� 90Ý�g©Ù§?Ò©O�

AA01!AA02!AA03!AA04, �ÑY²��|e¥%§�;��1>�O+1Ò4À

æ�ål�� 18cm¶þ�ü�§1�� u1>�O+ IU03?§1�� u1>�

O+ IU07?§?Ò©O� IM16§AA05§�1ì��ç��e§�;��1>�O+

1Ò4Àæ�ål�� 18cm"LEDV��°Ä>
��Ó�1>�O+>C�½"

1>�O+SC�|e�§I2gu�ó�G�§±u����1>�O+�ë�

G�9�'!SCL§¥kÃ��§Xk¯KBu9�?n½��1>�O+",
d

u1>�O+SC�|e�§��(�NÈL�§ØU2�EV¿�n��¸���V

D(ÿÁ§Ïdò3���V¿!é$�1>�O+ó�>Ø -800V ∼ -1200V£��u

1>�O+��~ó�>Ø¤�^�e§=uÿ1>�O+kÃ�~9D(&ÒÑÑ5

L�1>�O+SC�ó�G�!�Cë�"ÏLu�n� 45�1>�O+�ó�G

��uyµ��pØ>C��¿��¶��pØ base��¿��¶��1>�O+ó

�Ø�~¿��§k��y
���SC�þ"

£££2¤¤¤���������!!!kkkÅÅÅ---!!!111>>>���OOO+++|||eee������������|||CCC

kÅÀæ-�E�¤�§ÙSÜ��.�'´�~(J�"�âÓ5�½��K§

ZÑ�MJékÅÀæ¬�)@¡�^§��
�^�k��'��¶Ùg´kÅÀæ

-=ké���Ý+m��	.�Ï§��ØUH9kÅ-SÜ¤k�m?1�'§Ó
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ã 3.16: �.&ÿìS PMT SC�¤�?Òµ�ã� PMT >C�½�¤¶mã��

.&ÿìS PMT ?Ò"

����'��ZH�mL�§Ïd§kÅ-��'7L3)��ãÒ�¤¿3ïE$

ÑL§¥�oÐ"

kÅ-!���!kÅ-.�!g-�'!1>�O+|C�¤��§ò?1§�

�|C"�dug-S�mºÝ���§�.¢�æ��SC^SXeµÄkòe�

���\g-.Ü§¿½ ¥¶��g-¥¶�­Ü§°Ý�±1cm¶ÙgS�kÅ-

.�±9kÅÀæ-§¿�½ Ù¥¶��g-¥¶�­Ü§°Ý�±1cm"���

gLCn�1>�O+e?\g-§¿òz�1>�O+�>C©n|©OÏL�A

g-�>CÑ�ÚÑg-"SC��AÛÿþw«§1>�O+1Ò4Àæºà�g

-¥¶��ål�O <1cm¶n�1>�O+| �¥%�ê�ål� 40cm§°Ý�

< ±0.5cm"dukÅ-�Ý+I�gþ����Am�?BÑ§SC�I��úN�

 �§±B�Ý+�m�­Ü§;�Ï�Ý+Éå��kÅ-��"��òþ����

�.\SC�½3g-þà" &ÿì��|C����Ú�g-þX��µ§±9g

-1>�O+>CÑ���µ"g-þX��µ´ÏLÚS(�@ØþX�g-ÌNm

� PV C =¡¢y�§
>CÑ���µ´ÏL6�7�¿©W¿��z¢y�"

�.&ÿì��|C�¤±�£Xã 3.17¤«¤§·�é1>�O+?1
1ng

uÿ5ÿÁ§8�´uÿ1>�O+�ó�´Ä�~!g-í�!1�µ´Ä���
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ã 3.17: �.&ÿì��|CÄ��¤ãµ�ã� PMT |eSC�¤¶mã�þ��

�SC�¤"

¦"ÏLùguÿ(@&ÿì�Ü©SCþ���¦"

£££3¤¤¤���...&&&ÿÿÿììì���NNNðððcccNNNÚÚÚ¶¶¶ÔÔÔhhh���///CCC

�.&ÿì��SC�¤±�§=ò?1�´µ¶Ôh±9�NðcN�/C§I

�3kÅ-¥5÷�NðcN§Ó�3g-S5÷¶Ôh"/CL§Ì��5¿¯��

)µ£1¤ü«�N�� µ/5L§¥§I;�Ï2å��kÅ- �2Ä¶�Nð

cN£�)�ÏÚ�Ï¤��Ý ∼ 0.85g/cm3§�¶Ôh��ÝÄ���¶kÅÀæ�

�Ý� 1.2g/cm3§Ïd��kÅ-¥�ð� ©ªpu¶Ôh��¡=�"�´kÅ

-S� �ØUpu¶Ôh�¡Lõ£�L 20cm¤§±�Ï-SØåL���kÅ-

C/��"£2¤/56�µ6�ØAL�±�ékÅ- �E¤ÀÂ§½ö1>�O

+ÏÀÂ
��"£3¤du�NðcNI���§Ïd/5cATékÅ-S¯k¿

÷ Arí±üØ�íAO´�í"£4¤�NðcN�ÐØ�>7á§±�K��Ï­

½5§Ïdæ^UÄ"�Ü7�+!àoÍ¯L+!àoÍLÈ©Ä�¿LÈ�N"

£5¤du²w�N�9äe 9kÅ-ÉØC/��A§¢S/C�N�§AO´k

Å-SðcN§ØUL÷§±ý39äe �m"

¢S/C���ã 3.18�ã´UÄ"9LÈ©C�§UÄ" 350=/©¨�§ÃL

È©xh6þ�� 1×/30 ©¨£ 150Kg/30 ©¨¤"�¶Ôh�¡�CkÅ-.à

�§�â�ð�¡©ªpuxh�¡∼10cm��K§m©�O/5�NðcN�¶Ô

h"/5L§¥ÏLxh!�ðëÏ�g-	ý�� Oiÿ�¡pÝ£Xã 3.19¤
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«¤"�ª-�¶Ôh�¡�puþ���§Ó��NðcN�¡Ä��¶Ôh�¡±

²"ã 3.18mý��NðcN/5�¤�§�.&ÿìSÜ/�ã§���NðcN

3ð1�eu�f 7ÚF1"

ã 3.18: �.�N�ð/C���/C�&ÿìµ�ã��NðcN/C��UÄ"!

LÈ©¶mã��ð/C�¤�&ÿì�	*"

ã 3.19: �ð/C� iÿµ�ã�g-	ý¶Ôh��ð�Ï�� O¶mã��ð

/5�¥m� "

/5�¤�§·�é&ÿìS1>�O+?1
1oguÿµÑÑ&ÒG�u�§

XJk�~&ÒÑÑ=��~"uÿÿ(Juy§duU,��5�.!�»�!¶Ô

hE���Ï§¤k1>�O+óÀ¯~Ç£V>6¤wÍO\§Ó�uyk�´1>
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�O+Ê�ó�"&ÿì�Nó��~"

�d§�.&ÿì�N®²ïE�.§¿�²L©�ã�oguÿ,w«1>�O

+!�NðcN!&ÿìó��~"

3.2.5 ���»»»������ÎÎÎÜÜÜXXXÚÚÚÿÿÿÁÁÁ���SSSCCC

�»� µf�ÎÜ&ÿì�Ì�5U�I´µ£1¤CXÇ¶£2¤µ f&ÿ�Ç¶

£3¤k�m§=&ÿì�o¯~Ç"Xc¤ã§�ÎÜ&ÿì�áu�.�N&ÿì

�	�§�Ê¡£Ø.¡¤§é�»�6r�CXÇ�±�� 97%±þ"�
ü$o

��ÎÜ¯~Ç!k�m§ÄkI�uÿz�ðcN�¬�1¶-�¹§;�Ï¦1E

¤�¬¯~ÇLp!ó�Ø�~¶Ùg´ÏL�»�UÌ�ÿþ§��·�1>�O+

ó�>Ø£OÃ¤!ÌÝþOK�§��zz��¬� µf&ÿ�Ç§Ó� cutK�Ü

©VD(Oê"ðcN�¬ µf&ÿ�Ç�ÿþ�ª�µü¬Óa.!�~ó��ðc

N���U��§¿�r§��ÑÑ&Ò�Ü6/�0$�§ÙÎÜ&Ò���»�>

uÿþ1n¬ðcN�&ÿ�Ç£Xã 3.20¤«¤" Ù¥ðcN1>�O+ó�>Ø

ã 3.20: �.�»�&ÿìðcN�¬�Çÿþ��µþeü¬ðcN�Ü6/�0

ÎÜ&Ò��¥m��¬�>u&Ò§ÿÁ¥m�� µ f&ÿ�Ç§�°

100ns"

��½IO´µ1>�O+ó�3#NpØ��S§3ý�K�£��� 20mV¤e§

�yðcOêìó�3pØ V s.�Ç¯­��¯«§¿�ÑÑ>ÖÌ¥§VD(� µf

UÌ�«²w¶þOK��½IO�µ3À½ðcN1>�O+ó�>Øe§K�A�

½3ÑÑ>ÖÌVD(� µfUÌ�:§Xã 3.21©O��ÎÜ&ÿìo±!ºÜð
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cNÿþ��;.>ÖÌ"duo±ðcNþÝ�§�Ó^�e&ÒÑÑÌÝ��§�

ªó�>Ø -2100V ∼ -2500V§K��½� -20mV§�Ç3 95.7%; ºÜðcNó�>

Ø� -1850 ∼ -2400V§K��½� -40mV§²þ�Ç� 96.4%"

ã 3.21: �.¢��ÎÜ&ÿìðcN�¬ÿþ�� µfUÌ£X¶� ADC �ê§Y

¶�Oê¤µ�ã�o± L3 + C ðcNÑÑ¶mã� BESIII TOF ðcN

ÑÑ"

�.�»��ÎÜ&ÿìðcN�ÜSC�¤�£Xã 3.22¤§z¬ðcN�ÑÑ

&Ò²þOìþO�2ÏLÜ6/½0$�§�Ñ�ÎÜ&ÿì�ª��»� µf>u

&Ò§o�&ÿ�Çpu 95%§o�¯~Ç 72kHz£�~¿Sì²§1¶-jZ��

Ù¥� ∼ 10%¯~Ç¤,XJ�����ÎÜ� µf>u&Ò§3�ÎÜ�°� 1us�

^�e§ò��.�N&ÿìXÚÚ\�∼ 7%�k�m"

3.2.6 pppØØØ!!!>>>fffÆÆÆ!!!êêêâââ¼¼¼���XXXÚÚÚSSSCCC

�.¢�1>�O+Ï�ê� 77´§d CAEN úi�ü� SY 127pØÅ�|¤

�ÚsópØXÚJøó�pØ"Ù¦��9XÚpé�ª [95]�±O\XÚ�¢�

1!­½5!S�5¶�´Û�uM�§�ª�.¢�ÏLG1R232��� terminal

±9 LEMOÞÓ¶&Ò>C|¤�CAENnet�ä¢ypØXÚ����iÿ"¢y

�Ì�õU�)µ1>�O+pØ�gÄ\1§Ì�5UëêÃÄiÿ"pØXÚ�Ì

�iÿëþ�)µ>Ø§V>6¶´�&ÒÌ��)µL6ä>g�o"
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ã 3.22: �.¢��ÎÜ&ÿì	*µ�ã�&ÿìSÜ¶mã�&ÿì	Ü§�ý�

�.�N"gem��ýò#N�ÎÜ&ÿì£Ä �¿ò�.�NCX§�

�2ò"�¡��=����ÎÜ&ÿì

�.&ÿì�>fÆXÚÌ��)�.�N>fÆ±9�»��ÎÜ�»���Î

ÜXÚ"Ù¥§�»��ÎÜ>fÆXÚ´ÏLIO NIM þOì!Ü6/�0/½0

���¤�§¢y�õU´µ�â�½K�gÄþO�ÎÜ&ÿìz��¬�ÑÑ§¿

r¤k�¬�Ü6ÑÑ�Ü6/½0$�§���ª��ÎÜ&ÿì�Ñ��»�>

u"�ÎÜ&ÿì>fÆXÚ�Ü6'XXã 3.23¤«"

���æ�>fÆXÚ�.���.>fÆXÚ�)µn¬cà>fÆ�§�¬>

u�§÷\÷Ñ��§�¬ LV DS� NIM >²=����§þ� 9U V ME IO"

�.�Nkþ¥en�� 45´1>�O+Ï�§
z¬cà>fÆ�k 16´§·

�æ�z�1>�O+Ó^�¬cà>fÆ��>Cë��ª§±Bucà>fÆ�Ï

��?Ò±9êân)"z¬cà>fÆ�Ø
 15´1>�O+&ÒÚ\�	§��

)>u�Ñ\�£1¤�´�¨&Ò!£2¤�´>u&Ò§±9£3¤ÑÑ�>u�^

uUþ>u��´ 16´£1 16´]�¤1>�O+&Ò��¦Ú��[&Ò">u�

¡��&ÒÑ\ÑÑ�)µ16´ü�¦Ú�[&ÒÑ\£�.�=¦^Ù¥3´¤^5

JøUþK�>u§�´>u&ÒÑÑ§�´�¨&ÒÑÑ">u��ÑÑ&Òþ²L

�¬÷\÷Ñ>´�©u2� 3¬cà>fÆ�£Xã 2.8¤"

,	§�
�ÑXÀ�»� µf¯~>u&Ò§Ó�ü$�»� µf�ÎÜ��X

Ú�5�k�m§·�I�?�ÚçÀ�»��ÎÜ&ÿì�Ñ� µf>u&Ò§�{

´µò�ÎÜ&ÿì��.�N�>u&Ò�Ü6/�0ö�§=Ó�3�ÎÜ&ÿ
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12

ã 3.23: �.�»��ÎÜ&ÿì>fÆÜ6ã

ì!�.�N¥kÂ¥�¯~â@�´�»� µf>u§±B�ØüÕ�»�&ÿì�

�Ü©D(§��2x\�.�N>fÆXÚ§?1 µf�ÎÜö�½ö µf¯~�>

u"�ª µf�>u¯~Ç ∼ 1kHz§�Üö��ò��.�N�>u&Ò�5� 70ns

��mò´§�é>Öÿþ°ÝvkK�">Cë�!SC�Ü�¤��>fÆXÚX

ã 3.24¤«"

�.¢��êâ¼�XÚ�)µcà V xWorks^�§þ Å^�"�.¢�SC

����ÚÒ´�¤DAQXÚ�M�ë�!^�SC"�.¢��>fÆXÚó�3

V ME Å�þ§VME��ì�Motorola MV ME 5100 £PowerPC 750 CPU¤§

ÄkI�� V ME ��ì!$1þ Å^��þ ÅëÏ�ä§¿�� V ME �ó

��ª�gÄ\1�ª§mÏþ Å� ftp ÑÖ¿#NÃ�� ssh �¹"V ME �

�ì�±ÏLü«�ª�þ Å�pµR232G�!±��"V ME �éÄ6§�

[96, 97, 98]µV MEÅ�\>XÚguÏL�§�âýk�½�þ Å£ÑÖì¤IP /

�!^r¶§ÏL�äd SSH gÄ�¹�þ Å� FTP ÑÖì§¿e1SØ!A^

§S� V ME �/Å"\1¤õ�§V ME Å�Ò�±ó�
"��L§�±ÏL�þ

 Å�ë� R232G�?1i�!Zý§$�ÃÄ�1^r§S"þ Å^��SC�

¸� Scientific Linux CERN§ýk�� V ME SØ�A^§S"þ Å3�^��

V ME ¢�XÚ$1å5��§V ME òæ^�Î�ª£60Hz/s¤�Î>fÆ�À«
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ã 3.24: �ÜSC�¤���.>fÆXÚµ�eà�pØÅ�§¥m��>fÆ�!

>C� V ME Å�§�þà� NIM Å�9��"

�Ö¯~ê§XJ÷vêâÖ��¦§K?1êâÖ�!��§¿ÏL�äþD�þ 

ÅÑÖì^�?1êâ�;"
XÚ�$1��!´w!�Ø&ED4Ñ´ÏLþ Å

�3�^��¤�§SC�¤�Xã 3.7"

�8c��§·�®²ÐÚ�ï
��¥�f&ÿì�.¢�XÚ§¿�ÏLSC

L§¥� 4guÿ§�»��ÎÜ&ÿì�ÿÁ§�y
��&ÿìXÚ��~!k�

ó�§�&ÿìXÚ�?�ÚNÁ!ÿþ�e
j¢Ä:"
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kXö�XÚ!A^^�´O�Å�(µ��§��=SCÒ !�²NÁ�&ÿ

ìXÚ§Ò������´<§òÃ{¢yý½ÿþ8I"Ïd§&ÿìïE�¤��

�½��ó�Ò´XÚNÁ¶�&ÿìNÁ�9&ÿì�A!>fÆ±9DAQ§S�

��fXÚ§´��4ÙE,!
��XÚ5ó�§Nõ&ÿì�O!ý��	�G¹

Ñ�U¬Ñy3ùp§��§  ¤�&ÿìïEL§¥�O«åÏ!�-Ä<%�ó

�¶Ó�§&ÿìXÚ�NÁ�kér��m;½5§±B3�á��mSl&ÿì�

�Ônêâ�(J"&ÿìXÚNÁ�¤õ§´&ÿì��ó���y§´�YÔn©

Û�j¢Ä:§´¢y°(ÿþ!#uy!#Ôn�­�Ú7��!"

�Ù�Ì�SNÒ´�[?Ø¥�f&ÿì�.¢�XÚ�NÁ§±9�«¯K�

)û�Y§��5�æ�&ÿìXÚ�NÁJø�B²�"

4.1 >>>fffÆÆÆ���ÿÿÿÁÁÁ

>fÆ�Õá�ÿÁó�I�3&ÿìSCïEcÏ�¤§����æ�¢���

.�§·�3&ÿìNÁ�ãEéÙ?1
Ü©NÁ!ÿÁó�§±B¿©ÿÁcà>

fÆ� FEE Ú�/>u� LTB ���5U§�õ�O§Ó��ò5�æ�¢�Jø

¢S²�">fÆXÚ�NÁ!ÿÁSNÌ��)µM�ìõU/Ü6ÿÁ!cà>f

Æ��1>�O+Ï��©/È©��5±9�ª>ÖÈ© ADC bin°ÿÁ§>Öÿþ

©EÇÿÁ§�m�'ÿÁ§&ÿì¯~Çÿþ�"e¡òÅ��±?Ø"
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4.1.1 MMM���ìììõõõUUUÿÿÿÁÁÁ

M�ìõUÿÁ�9�M�ìÌ�´&ÿìÿÁ�'���M�ì§�)LTB �

oUþ>uK�M�ì!Trigger ÑÑóÀ� latency!°Ý!B��m��M�ì§

cà>fÆ�Â¥�mK�M�ì§�«>uÜ6!�mÏ&¶8IµM�ìé�«�

�^��~�A§�~ÑÑ§��Ï&§>uÜ6�~"

�/>u�oUþ>uK�M�ì� 12  DAC£0 ∼ 4095¤§éA�>ØÌÝ�

��µ0 ∼ 2.5V§ÿÁL§��M�ì�½�X��½�§u�Ù��ÑÑÌÝ´Ä�

(§¿��5ÿþ§ÿÁ(JXã 4.1¤«§K��� DAC bin°� ∼ 0.6mV/bin¶

Ó�ÏLØÓÌÝ>ÖóÀ§uÿÌÝ'�>´�Ñ�>uÑÑ´Ä�Ñ\��éA§

¿�ÃÅ/ÆC!,Å���Ø>u"cà>fÆ�Â¥�mK�M�ì��/>u�

oUþ>uK�M�ì�ÿÁ�{�q"

ã 4.1: �.¢� LTB�oUþ>uK�M�ì bin°ÿþ

LTB �� Trigger ÑÑ5KXã 4.2 ¤« [99], Trigger ÑÑ�3��ò´��

£latency¤§^5�Ü FEE ��Ï¸�mò´¶dóÀ°ÝM�ì�� TriggerÑÑ

� FEE ��óÀ°Ý¶Ó�3z�>uóÀ��òÏLk�mM�ì<�Ú\k�m

�Ý£= TriggerB��m¤§�^´{�d�mãS�>uóÀÑÑXã 4.2¥ùÚ

J��¥�>uò�{�ÑÑ� FEE§�Ï´ FEE �ÈÅ¤/!Ï¸>´�éuz

g Trigger>uòk�½�k�m£�. FEE ����µ1us¶���µ325ns¤§±

72



1oÙ �.&ÿìXÚ�NÁ�ÿþ

9�ÌÝ&Ò�U�5��>u"

LTB

FEE

ã 4.2: ¥�f&ÿì�. LTB� triggerÑÑ5K

Ó�§·�I�uÿ LTB �Uþ>u>´éØÓ FEE ���AÃ�O§ÿÁ�

ª�µ©O�z¬ FEE Ñ\�ÓÌÝ&Ò§uÿ LTB�ÑÑ´Ä��"

ÏL>fÆXÚ>´!M�ì!Ü6õU�u�§·�?�Ú�õ
>fÆ���

O§u�
>fÆ����~ó�G�§�?�ÚÿÁJø
�y"

4.1.2 cccààà>>>fffÆÆÆ���555UUUÿÿÿÁÁÁ

FEE ÖÑ�>´�5U�IÌ��)µ>fÆD(Y²§�©/È©��5§>

Öÿþ©EÇ§±9 ADC bin°£= ADC �ÿþ>Ö�Ä���¤"ù
5U�ÿ

Á�±ÏL��ãÿÁ{!�u­�[Ü{�õ«�{5¢y[100, 101, 102, 103, 104,

105, 106]"�uÿÁ{�±��l�ÿþÿÁ��{§�Ø·Ü��3�XÚgÄgu

�&Ò
"
��u­�ÿÁ{I�IO��u&Ò��Ñ\§ÿÁ(J�é�§Ýþ

�6u&Ò
��þ"Ïd§�.�Ï>fÆ�æ^�u&Ò�� FlashADC �©�

�5ÿÁ�&Ò
§æ^Ý/�Å&Ò�� FEE Ï�>ÖÿÁ�&Ò
"�.�Ï�

>fÆ�§¢y
 FEE Ï�>Ö!Â¥�m�3�g�Ý"
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DDD(((!!!>>>ÖÖÖ©©©EEEÇÇÇÿÿÿþþþ

>fÆXÚ�3�6 £Ú>fÆD(§Ly�>Öÿþ��Å>u���>ÖÌ

£¡���¤� �9©Ù°Ý§¥%�L�
XÚ��6 £þ§©Ù°ÝL�
>

fÆD(Y²"�
;�Ï�6 £þL�§�����ADC K��£ÄLõ§�¦

>ÖÌ$à��ä§E¤��ÿþØ�¶½öÏ�6 £þL�§����¥%�Lp

�� ADC k�Ï�ê~�ü$ADC Ä�ÿþ����¹u)§3 FEE ��z�1

>�O+Ï�þ��kÄ��6>²N!C�§�� FEE z�Ï���� �N!Ä

���"

>fÆDÑò��K� PMT >Öÿþ�°Ý§Ïd3>fÆ�O¦þ�Ú\>f

ÆD(�Ó�§I�3�ÿþ�ª�>fÆD(Y²"�FEE �1>�O+Ñ\à]

��§���©Ù°Ý=�>fÆXÚ���D(Y²"�.�ÏFEE >fÆ�D(

ÿÁ(JXã 4.3¤«§��©Ù�RMS � 0.8 ADC bin§��u 0.15 p.e. @ 200 p.e.

Ä���£10 − bit ADC¤§Ä�÷v�O�¦"

Charge

C
o

u
n

t

ã 4.3: �.>fÆ FEE �>fÆD(Ì

>Ö�ÿþ°Ý´ FEE ��'�Eâ�I§ò��K�&ÿìUþÿþ�©

EÇ"Ùÿþ�{�µ� FEE Ñ\ØÓÌÝ�IOÝ/�Å§3�ÑÑ\>Ö�

Ä�^�eÿþ���&Ò©Ù°Ý=�>Öÿþ°Ý"Xã 4.4 ¤«�¢�ÿþ
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��� FEE Ï�;.�>Öÿþ°Ý§ÿþ���Ñ\>Ö©Ù RMSY�Ñ\

&Ò>ÖÌÝ£X¤�¼êµ Y = 0.0124 X + 0.83£X§Y ü � ADC bin¤½

ö Y = 0.0024 X + 0.16£X§Yü � p.e. @ 200 p.e. @ 1024 ADC bin¤"nÜÄ�

D(ÿþ(J��§>Öÿþ°ÝÌ�ÉÄ�D(Y²�K�§
>Öÿþ���°Ý

pu 0.5%§��Ñ"

ã 4.4: �.>fÆ FEE �>Öÿþ°Ý�&ÒÌÝ�Cz

ÏL>fÆD(!>Öÿþ°Ý�ÿÁ��§�.&ÿì>fÆ FEE �.�Ä�

���O�¦§�?�Ú¢�ÿÁ!ÿþJø
�æ"

���©©©!!!ÈÈÈ©©©������555999 ADC bin°°°ÿÿÿþþþ

nØþ`§�ê=�ì� ADC ÑÑ�?¿ü����Ý¤éA��[þ��

Ñ´�Ó�"�¢Sþ§��ü�Ý�må�3�O§�É����¡��©��

5(differential nonlinearity, DNL)§��± ADC ��ÑÑ bin°�ü £LSB¤

L�¶
 ADC ¢S�=�(J�n�(J�m��� �§¡�È©��5(integral

nonlinearity, INL)§Q DNL È©����"DNL!INL ´�ê=�ì� ADC

�­�5Uëê§´=�°Ý!Ø��4�"'X AD9222§Ù DNL I¡��
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∼ ±0.3LSB,INL ∼ ±0.4LSB,=����ê=�(J��òk 0.4LSB �Ø�"Flash

ADC ´ FEE >Öÿþ>´�Ø%����§°(ÿþDNL9 INLé FEE �>Ö

ÿþ°ÝkX­�¿Â"

ùp§·�òæ^�uÑ\{l�ÿþ FEE ADC � DNL [100, 101, 102, 103,

104, 105, 106]§äN�{´µæ^�u&Ò��Ñ\x\ FEE Ñ\à§��ÑÑ

ADC �æ�:£ØÏ¸¤§ÏL'�ÑÑÌ/©Ù�nØ©Ù��O§�� DNL§

2?�ÚO�¼� INL¶�¦µ�uªÇ�ADC æ�ªÇÃ'¶�u&ÒªÇ�$u

1MHz£±Ï��u FEE È©¤/��m~ê§�.�Ï� 1us¤¶�u&ÒÌÝ�

CX ADC Ä���"K ADC ò�Åæ��uÑ\&Ò"n��¹eADC �ÑÑ&

ÒÌÝ©ÙI÷vª 4.1§Ù¥ A�Ñ\�u&Ò�ÌÝ§ùp���� ADC ÑÑ�

�¶i�ADC�1 i� bin¶P (i)� ADC ÑÑ�31 i�Ï��©ÙAÇ"
¢Sÿ�

� ADC ÑÑ�©Ù�n�O�(J�3�É§n�O�(J�¢Sÿþ(JéA bin

S©ÙAÇ�'�£¢ÿ�/n��-1¤=�z�Ï��DNL�"O��ÿþ���

ADC ÑÑÌ9�ªz�Ï� DNLÿþ�Ì��ã 4.5"¢�ÿþ��� ADC DNL

� ∼ ±0.6LSB(þ� ∼ ±0.3LSB)§
 INL� ∼ ±1.5LSB"

P (i) =
arcsin(2× i

A
− 1) − arcsin(2× (i−1)

A
− 1)

π
(4.1)

ã 4.5: FEE �ADC DNLÿÁ(Jµ�ã�¢�ÿþ±9O���� ADC ÑÑÌ©

Ù§mã�O���� ADC � DNL"
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�, DNL!INL´ ADC g���ká5Ø��mUC§�gÿþ�§ØI�3

�¢�iÿ§�´�uÿþ{E,Ø·Ü�5�1þÿÁ"�d§·�U?�k FEE

��O§O\
gÄ�ÝXÚµ3ÿþ ADC �5!bin°�Ó���§� INL5�

� ADC Ï�� DNL!INLL�"äN¢y�{Xeµ3z¬ FEE ��>´�O¥

O\Ý/�Å�)>´§ªÇ!ÌÝ!°Ý��§¿�ò�)��Å&Ò²^���

�Ï´x�z� ADC Ï�§ÿþ��m�Å�)ì±9Ï�m'§Ñ\�X�óÀ>

Ö�£~X�ÅÌÝ¤§ÿþ ADC �éAÑÑ§UÑ\ÑÑ[Ü�� ADC ��A�

5§ADC �>Ö=� bin°!>Öÿþ°Ý£�ÑÑ\óÀ�>Ö�Ä¤¶Ó��â

ÿþ:�[Ü��m����O�� INLCq�£���uý¢�¤"ã 4.6´�.

FEE ����ÃÄÿþ����5!bin°(J£©EÇ�©Û�c!¤"d ADC Ï

�� bin°�� 7.99pc/bin§INL � ± 4LSB£�Ñ[ÜØ�¤"INL ÿþ��kc

üÕ�u&Ò�)ì���(J��§Ì�´Ý/�Å�FEE È©¤/>´��mA

5�É!�Å>Ö�Ä���"þãÿþ(J`²§3 10 bits ADC ÿþÄ��� 0∼
200 p.e.£∼5bin/p.e.¤§1>�O+ó�OÃ3 3 × 107��¹e§FEE >´Ié1

>�O+ÑÑ&Ò�� ∼ (5bin × 7.99pc/bin)/(3 × 107 · 1.6 × 10−19c) ∼ 8�§ùé

FEE >´D(��JÑ
�p�¦§Ïd�.¢�� FEE �JÑ�U?¿���Ò

´ò 10 bits ADC U� 12 bits ADC§Ó�ü$ FEE >´����ê§ù�§3ØU

CXÚ>ÖÿþÄ����^�e��ü$
 DNL!INL�5�ÿþØ�§ü$
é

1>�O+OÃ±9 FEE ��>´D(��¦"

4.2 >>>fffÆÆÆ���êêêâââ¼¼¼���XXXÚÚÚéééÜÜÜÿÿÿÁÁÁ

>fÆXÚõUÿÁ�¤��§>fÆ�êâ¼�XÚ£DAQ¤�éN´&ÿì

XÚNÁó�����Ú§´cÏ��NÁó��o(�,u"

4.2.1 ¯̄̄~~~êêêâââ���ªªª

�,�.¢���)���.�N&ÿì!�� V ME Å��êâ§�´�©êâ

�ª£�?�¤E,U«
 ATLAS [107]§BESIII [108]�êâ�ª§æ^©?©ã

�¯~µC/ª"Xã 4.7�¤«§êâ�ªæ^
¯~Þ�&ÿìÞ«©��ª£Ø
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ã 4.6: �.>fÆ FEE � ADC >Öÿþ�5

©�Þ!��	§z�¯~äkgC�¯~Þ!�¶z�¯~z�&ÿìkgC�êâ

Þ!�¤§k�oN�|�
ØÓa.&ÿì�êâI¦¶ã4.7m�Ï^¯~Þ½ö

&ÿìÞ��ª§�êâÖ�Jø
é��B"

�.¢�>fÆ����=k�«�½�Ý�êâ�ª§z�Ï�z�¯~�Ý

� 32 bits §�)µ¯~?Ò£5 bits¤!�éÂ¥�m£9 bits¤Ú>Öÿþ�£10

bits¤§Ù{��¶
>u��>u�mk 22  k� §�Ù�;�m´ÏLz¬

FEE ��1 16�1>�O+Ï�¢y�§vküÕêâ�;�m¶Ïdd� DAQ¤

¼��êâ�ª¥Ø FEE êâ	Ù¦Ü©þ��"
�.>fÆ����éu���

Ì��3±eü��Oµ£1¤�P¹ FEE Ï�Ó��¯~�õgÂ¥&Eæ^C�

�êâ�ª§�z�¯~z�Ï��êâO\ÞÚ�¶£2¤�z�¯~O\>u�ê

â«§ÏL&ÿìÞ«©"

&ÿì�©êâ)Û¿O\1>�O+OÃ�Ý����¢�êâæ^
 cern root

� TTree�ª [109]§¿r©�$1&E!&ÿì��&EÚ¯~êâ&E��üÕ

TTree �;§
¯~SzÏ�>Ö!Â¥�m§±9 trigger�mK©O��¯~êâ

&E Tree�©|"
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1

…

n

1

n

1

n

ã 4.7: �.¢�êâ�ªµ�ã�©�Sêâ�ª¶mã�êâÞÄ��ª"

4.2.2 ¯̄̄~~~|||CCC

�.&ÿìêâÖ��9��¬LTB �!n¬ FEE �� 45´ PMT &ÒÏ��

�m!>Ö&E§zg¯~>u�§LTB��¤>u¯~êOê!>u�mOê¿�

\ LTB ��ì§Ó�ò©u>u&Ò��� FEE �§d FEE �¤1>�O+Â¥

�mOê!>ÖÏ¸§¿|C��\ FEE ���«�� DAQXÚ�¯¿Ö�êâ!

���þ Å"�.¢� LTB!FEE �ÏL6Y�Eâ�õ��� 128�>u¯~

£��O� 256�¤"�.¢�DAQ�>fÆXÚêâÖ��ª��Î�ª§=z¦

¨S½��Î>fÆXÚ��Ö¯~ê§XJ÷v^�KÅ�Ö�êâ§�ÎªÇ�

60Hz§��XÚ�p�«É�¯~Ç� 128×60Hz ≈ 7.68kHz§�´duXÚ�°!¯

~��!Ö��Ý�Ï��K�§��XÚÿþ��N¯~Ç$ud4��"
�§>

fÆ�Ï��m!DAQ�>fÆ�m!Ôn¯~����m�ÅA5§�k�U��

>fÆ!DAQXÚó�Ü6�Ü��«�Ø§K�êâ¼�§Ù¥¯~|C�ØÒ´

�~��´�'���Ø��"

¯~|C�Ø´�du�«�Ï���Ó��Ôn¯~¥�Ü©Ï�êâ¿�½ö

�Ø"�.¢�Ñy¯~|C�Ø�Ì��Ï�)µ©u�FEE ��>u&ÒÜ©¿

�!½öò´§FEE�êâ��À«L§��mò´½öêâ¿��§���g�Ï

�)DÑZ6!>fÆ�S�O�§�´�����Ï�Ïé�~(J"ù�¯K3é

��ã�mS(6
�.¢��?Ð"
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�ª§ÏLÜn`z>u�ó���SÜ6!DAQêâÖ�Ü6¤õ�Ø½ö~

�
¯~|C�ØÑy�AÇ,ã 4.8´�.¢�`z��DAQêâÖ�Ü66§ã"

���¯~|C�Ø¤æ��Ì����)µ£1¤êâÖ�c§B� LTB>u¿u�

�>fÆ�£LTB§FEE¤�Ö¯~ê´Ä��§XJØ��K@�Ñ�§��dg

Ö�¿���À«­#m©>u"£2¤z�¯~zÏ��¯~?Ò���5u�§X

JØ��K@�Ñ�§�ï�Y�Ö¯~�Ö�¿���À«­#m©>u"Ù¥zg

Ö�êâc�>uB�ö��8�´µ£1¤��Ï DAQ�¯>fÆ��éuÔn¯

~�u)3�mþ��Å5!>fÆ�m�m�É���>fÆ��m¯~êØ��¶

£2¤Buu��>fÆ��Ö¯~ê´Ä��§XJØ��K`²,¬�fÑy¯~

¿�½öØ>u¶Ï>uB�9Ñ�XÚ­�
�5�XÚk�m±9êâ����

60Hz×100us ∼ < 3%"

LTB FEE

LTB FEE

= -1

FEE

;

:

;

>0

ã 4.8: �.¢�êâ¼�Ü66§ã

�ªÿÁ�Ñ�êâw«§DAQXÚ���«É>u¯~Ç�� 4kHz"���&

ÿìU,��5�.!��
Uþ�Ì�>uÇÑ�puù��§Ïd�
3�$Uþ

K�eÿþUÌ§·��ªæ�
�Å�mI��ÅÀJÜ©>u��>fÆ!DAQ
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�k�>u��ª§¢y°UÌÿþ�8�§�nµãXã 4.9¤«§Ù¥�¦µ

£1¤¤ÀJ��Å�mI�ªÇ�>u&ÒÃ'£d&Ò��Å5�y)¶

£2¤¥fÐ¼�mÿþ�¦��mI�üóÀ�Ý ≥500us§�ü�mI��ÝS

OêØ��u buffer�ÝQ�¦ ≤128Hz/20kHz ∼ 6ms£b�XÚ�p�©>uÇ�

20kHz¤¶

£3¤I��Ý ×I�ªÇ ≤128×60Hz"Ïd·���ÀJ�mI��Ý� 1ms

�m§2�âÐ©>u¯~Ç·�N!�mI�ªÇ¦��ªk�>u¯~Ç�u

4kHz"

éÊÏüâf��
ÿþ§dÜ6ØK�ÿþ(J"�´éu�m'é5����


(X PuC 
)òü$k�'é¯~êO\�.&Ò'~§�´ØK�'é¯~�Ôn

A�§Ó��±ÏLO\�mI��Ý~�ù��A§3 1ms�mI��^�e§�

���.O\Óÿþ�k�¯~ê�'~≤10%"

“ ”

ã 4.9: �.¢�k�>u��Ü6

4.2.3 >>>fffÆÆÆ���êêêâââ¼¼¼���XXXÚÚÚéééÜÜÜ555UUUÿÿÿþþþ

&ÿìXÚNÁ(J�ÐÚuÿ�{�Ü©®�Ônëþ�ÿþ�©Û§'Xu1

�4+£LED¤&Ò!U,��5�.!��
�"�!>fÆ�DAQó�5UÐÚ

�uÿ�{æ^ LED&Òu�1>�O+Ï��éÂ¥�m!trigger�m¶æ^U,

��5�.�� LTB�Ä�>uA5�uÿ"
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cccààà>>>fffÆÆÆÏÏÏ���ÂÂÂ¥¥¥���mmm��� trigger ���mmmÿÿÿþþþ

·�3�.�N&ÿì¥SC
 6� ��½� LED^5?1�'ÿþ§ùp·

�ò�â LEDêâé FEEÏ�Â¥�m� LTB trigger�m?1ÿþ"

d&Ò�)ì�) 710Hz �±Ï&Ò°Ä LEDu1§ÏLDAQÖ�êâ§uÿ

�� trigger �m�§O��� LED u1ªÇ� 709.3Hz§ÿþ(J�����§©

Ù°Ý�� 100ns£Xã 4.10¤¶Ó��âêâuÿ FEE ��1>�O+Ï���é

Â¥�mXã 4.11§��ÿÁ(J£Xã 4.11�ã¤w«Ï�Â¥�mk∼ 78ns��

Ä§�´d trigger ÿÁ(J�&Ò�)ì��m�Ä�±�� ∼ 100ns§Ïd��Ø

&Ò�)ìE¤��m�Ä�£Xã 4.11mã¤w« FEE Ï�Â¥�mk ∼ 2ns�

�m�Ä½ö©EÇ§
�Ù¥E,�¹
 LEDu1!1>�O+��m�Ä"Ïd

�.�Ï>fÆ�3?1Ï�Â¥�m°Ýÿþ�§æ^g�ÝóÀÑ\{§±�K

LED!1>�O+�K�"ÿÁ(Jw« FEE Ï�Â¥�m°Ý��� ∼0.78ns§e

�Ú¢�òÏLB¦? LEDXÚ3��y(Ø"

ã 4.10: �.¢� LTB>u�mÿþ°ÝÿÁ(J"
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ã 4.11: �.¢� FEE Ï�Â¥�m LED ÿÁµ�ã�üÏ��©ÿÁ(J¶mã

�1>�O+Ï��éÂ¥�m"

&&&ÿÿÿììì���...ÿÿÿþþþ

��&ÿìNÁ�Ä�ÿþSN§·��éU,��5�.¯~�
ÐÚÿþ"X

ã 4.12�ã¤«�U,��5�.>u¯~Ç�LTB�>uK�Cz'X§Ä���

ê5ÆCz§Ù¥Esum>´¥Ï>fÆ�g�D(Ú\�D(>ØÌÝ�u 5mV¶

ã 4.12mã�± ADC bin�ü ÿþ���U,��5�.�UÌ§�UþO�¯~

Ç:�ü$§¿¥yÜ©¸(�, �ýOÌ/�q"

ã 4.12: �.¢�NÁ�.ÿþµ�ã�ØÓ>uK�e�.�¯~Ç¶mã�,K�

eÿþ���± ADC bin�ü ��.UÌ"
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4.3 111>>>���OOO+++333������ÝÝÝ

ÃØ´ Chooz§�´�æ�¢�±9·��¥�f&ÿì�.¢�§âfUþ�­

ï°ÝÑ�6u1>�O+��Ý°Ý§
�§�X�¸!�m�ØÓ§1>�O+�

ó�G��Uu)Cz§Ïd1>�O+ó�G��3��Ý�iÿ´&ÿì$1!Ô

n©ÛL§¥É~­��ó�SN��"�!·�ò=?Ø�&ÿìNÁ���'�1

>�O+OÃ�3��Ý"

&ÿìïEc§IÏLÿÁÄ�À½1>�O+�ó�pØ/ó�OÃ§±�y&

ÿì?uûÐ�ó�G�§9�1>�O+Ï�mûÐ���5"�du¢�^��C

z§ÃXpØ¤£!�¸§�Ý�Cz!ó�Pz�§1>�O+�ó�G��¬�)

Cz¶>fÆÄ���U�)¤££��¤§¤±¢�L§¥7LØäiÿ!I½1>

�O+�OÃ!XÚÄ�§±B��XÚCz!¢y°(ÿþ"Ó�1>�O+OÃ�

±Y�Ý�´iÿ&ÿì­½5�­�Ãã"Ä�þ§�.¢�zg��
ÿþcÑ�

�Ý1>�O+�OÃ§ÿþ>fÆÖÑ&Ò�":(>fÆ��§3êâ)Û¥I�

Ø¤"

duÉ ADC �©��5�9Ä����K�§��²þ{ÿþO����1>�

O+OÃØ����� 15%§Ïd§�.¢�æ^ LED ì�^�eÿþ�ü1>f

Ì5I½1>�O+�OÃ§Ùÿþ�{´µÏLóÀ�)ì�)Ý/óÀ°ÄLED

u1§¿N!/P~1r�y1>�O+=U�Â�A�1fþ?£ü$ LED u1r

Ý½öO\1P~¤§Ó�ÿþ1>�O+ÑÑ&Ò�>ÖÈ©Ì§2ÏLéÌ�)

Û����1>féA�>fÆÑÑ�>Ö�ê [90, 110]§ÿþÜ6Xã 4.13¤«"

óÀu)ìJø LED�óÀ°Ä>
§Ó�ÓÚ�Ñ���>u&Ò� LTB �§�

� LTB �	>u&Ò"l�m'X5w§3	>um��£�° 1�¦§�Ï FEE

�¤§V ME ADC �ÑÑ�1>�O+é LEDu1��A§=�ÿþ��ü1>f

Ì¢y3�I½1>�O+OÃ�8�"¤^Ì[ÜúªXª 4.2"

SER(x) =
Nmax
∑

n=0

P (n;µ)
⊗

Gn(x)
⊗

B(x)

=

Nmax
∑

n=0

µn e−µ

n!
[(1 − w)Gn(x − Q0) + wIGn

⊗

EGn(x − Q0)] (4.2)
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LED PMT

VME FlashADC

DAQ PC

ã 4.13: �.¢� PMT OÃ3��ÝÜ6ã"

Ù¥ SER(x)�¢�ÿþ���1>�O+>ÖÌ¶P (n;µ)�Ñt©Ù¶Gn(x)�1

n�1>f�pd©Ù¶B(x)�1>�O+!>fÆDÑ��êÌ§Xª 4.3¶� 7

�[Üëþ§©O�ü1>f�OÃ9°Ý£Q1 , σ1¤¶��£Ä�¤� �9°Ý

£Q0, σ0¤¶D(Óo>uÇ�'~ w¶>fÆ�êD(�P~Xê α"

Gn(x) =
1

σ1

√
2nπ

e
−

(x−nQ1)2

2nσ2
1

B(x) =
1 − w

σ0

√
2π

e
−

(x−Q0)2

2σ2
0 + wα e−α(x−Q0) (4.3)

�´§Xc¤ã§�.&ÿì�üÏ�ÿþÄ����µ0 ∼ 200p.e. @ 10-bit ADC

(�Ï>fÆ�§AD9215)§��ü1>fÑÑÌÝ=k 5 ADC bin§ü1>fÌ©Ù

éÄ=ké��Cþê�ø[Ü¦^§ü$
[Ü°Ý"AO´ ADC ∼ ±0.6LSB �

�©��5§ò����ü1>f¸ � £∼ ±0.8LSB§��u ∼16%� �";

.1>�O+ü1>f�©êâÌXã 4.14 ¤«§Ø
²w§[Ü��� χ2 �'�

�§Ì�d��Ü©Úå§Ïd�±�� cut�K��Ü©2[Ü±B���Ð χ2, �

´üö(J��Oé�3Ø�Ø���S§Ïdùp�{üz§E���Ì��[Üé

�"õgÿþ!��[Ü���OÃØ� 10%"

�?�ÚJp1>�O+3��Ý°Ý§�æ�>fÆ� ADC U?� 12-bit§3

Ó�ÿþÄ����^�e§O�
ü1>féA� ADC ÑÑ�4�§�A�ò1>
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ã 4.14: �.¢� PMT �©ü1>fÌêâ[Ü"

�O+OÃ�Ý�Ø���ü$
 4�"��?�ÚJp�c�.¢�� 10-bit ADC

^�e1>�O+OÃ�Ý�°Ý§·�æ^
 ADC �©��5?���{µ£1¤

ÏL>fÆÿÁ�� FEE z�Ï�� ADC �©��5ëê£Xã 4.5mã¤§��

ÏL DNL?���?���1>�O+ü1>fÌ2�[Ü�'ëê§£2¤3[Ü

�.·^��S§¦þO�1r±O�¢�Ì�²þ1>fê"Xã 4.15¤«§�1

>�O+�ÝÌ?���[Ü(J§χ2 k
��Uõ§Ó�ü1>f�©EÇ���

C CamacXÚÿþ�"·�òõ1rÿþ�(JÚO²þ���1>�O+�OÃ"

���.&ÿìXÚNÁG¹�u�§AO´1>�O+OÃ�Ý�{�u�§

·�é'ÿþ
Ó��1>�O+©O3 CamacÚ V ME XÚeOÃ�pØCz­�

£Xã 4.16¤«¤§�±w�cöéAuü1>f�ADC ÑÑ�ê©ª´�ö�∼ 6

��m§üöäkûÐ���5"

�ª��.¢� V ME XÚ1>�O+OÃ�Ý6§o(Xã 4.17¤«§OÃ�

Ý°Ý�� ∼ 5%"
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ã 4.15: �.¢� PMT �©ü1>fÌêâ[Ü"

logHV

lo
g
A

D
C

Cammac

logHV

lo
g
A

D
C

VME

ã 4.16: �.¢� V ME XÚ�IO CamacXÚ PMT �Ý�'�µ�ã� Camacÿ

Á(J§Xê� 10.69¶mã� V ME ÿÁ(J§Xê� 11.46"üöéA�

ADC ÑÑ�Ïf� 1/10(10.69 − 11.46) ∼ 6�"
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ADC DNL
LED

PMT

ã 4.17: �.¢� PMT OÃ�Ý6§"

4.4 ������


êêêâââÿÿÿþþþ

��
I½´&ÿìUþ�A! ��A��«ëêÿþ�k�Ãã§3�YïÄ

¥·�òÌ�ÏLÿþ�.&ÿìéØÓ��
��AïÄ&ÿì5U!�Ý�{±9

NÁ�[^�§�9���
Ì��) 133Ba!137Cs!60CoÚ 22Na"��
ÿþ�´

�y&ÿìNÁ!ó�G��kåóä"

“ ”

 

 

ã 4.18: �.¢���
êâ¼�>u6§"

�;���
�ÝXÚé&ÿìE¤À/§·��O¿¦^��ä��µC!Z9

�LC���
�ÝXÚ£�1 3Ù¤",	�â¢�I�§�.¢����
rÝ�
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k 0.5�Ø�m£<∼18kHz¤§¹Ýé$"��
ÿþ�Ä�Ú½�µ£1¤�Ý1>

�O+OÃ¶£2¤����
u&ÿìS·� �?1ÿþ§�� u&ÿì¥%"

£3¤|^1>�O+OÃ?n�©ÿþêâ§��ý¢�&ÿì�AÌ/½ö�m©

Ù"ã 4.18w«
�.¢���
êâÿþ�XÚ>uÜ6"

ã 4.19: �.¢�ÿþ��� 137CsUþ�A1>fÌ�êâ[Ü"

ã 4.19´�.¢�ÿþ�� 137Cs£0.662MeV γ¤ u�.&ÿì¥%��UÌ"

UÌ¥�ß�Ñy
 137Cs 0.662MeV γ ��Uþ�È¸§±9Ü© γ Uþ<º�E¤

�UÌcÀ§�nØ©Û����§�ß�y
&ÿì��~ó�G�"
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ã 4.20: �.�Ï¢�ÿþ���&ÿì£¥%¤Uþ�A­�£�¤±9Uþ©EÇ

­�£m¤"
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ã 4.20´�.�Ï¢�3&ÿì¥%ÿþ���é�.&ÿìéØÓUþ γUþ�

A­�§²þUþ�A�� ∼ 286p.e./MeV , Uþ©EÇ ∼ 9.2%/
√

EMeV"

(Ü1>�O+�Ýêâ·���U,��5�.� p.e.Ì§Xã 4.21�ã¤«§

2�â&ÿìUþ�A�Ý(J��§�.Ìü�¸ ©OéAUþ�� 1.3MeVÚ

2.4MeV§� Chooz¢��.ÿþ(J£ã 4.21mã¤'���©O� 40K Ú 208T lP

CX§cöÌ�5gu1>�O+Àæ§�öÌ�5
uU,��5PCó§�©Û(

J��"

232
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208
Tl208

Tl

228
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RADIOACTIVITY SPECTRUM AT CHOOZ SITE
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ã 4.21: PMT �Ý���.¢�U,��5�.Ì§ü�U¸©OéA 40K Ú 208T lµ

�ã��.¢�ÿþ���U,��5�.Ì£1>f¤¶mã�Chooz ¢�

|^ NaI ¬Nÿþ��U,��5�.Ì[46]"

�ÙÌ�?Ø
�.&ÿìXÚ�NÁL§§ÏL>fÆ!DAQ��X�NÁ§

1>�O+��Ý!U,��5�.Ì�ÿþ§±9��
êâ�ÿþ�©Û§NÁ¿

�y
&ÿì��~ó�G�!ûÐ�Uþ�A"��æ�¢�&ÿì�O!XÚNÁ

�e
j¢Ä:"
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111ÊÊÊÙÙÙ ���...&&&ÿÿÿììì555UUUïïïÄÄÄ

¥�f&ÿì�.¢�Jø
�.�NðcN&ÿì�ý¢�Aêâ§ÏL¢�ÿ

þ��[O��'�§��Ün�1Æ�.Ú���1Æëê¿$^u�æ�¥�f&

ÿì��[§ýO&ÿì5U"�ÙÄk£�
�.¢�®k�Ôn©Û(J§��ò

X­0�#�?Ð�¤J§�)�.&ÿì� ��A©Û§¥f
ïÄ§¥fÐ¼�

mÌïÄ§γÚ¥f�©E�"

5.1 ®®®kkkïïïÄÄÄ(((JJJ

�8c��§�æ�¥�f&ÿì�.¢��?1
üÏµ1�Ï§2005 c 1�

∼ 2007c 1�§&ÿìïE9ÊÏ�NðcN¶1�Ï§2007 c 2� ∼ 2008c 2�§

�j£Gd¤�NðcN"ÏL¢�¿� P�!ÓÆ��Óãå§®²��
´a¤

J[53, 111, 112]§Ì��)±eA��¡µ

£1¤&ÿì�Ï!�Ï¥%:Uþ�Aÿþµ�Ï(J�ë�ã 4.20; �Ï(J�

ë�ã 5.1; üÏ¢�þ`²&ÿìUþ�AäkûÐ�5§¿��.�Ï�Uþ�A�

�Ïk ∼ 9%�J,"

£2¤ÿþ
�.&ÿì�'�«1Æëê§'X�NðcN1��ÚP~�Ý�

ÿþ [83]§�NðcNP~�m�ÿþ [113]§�NðcN¥f�A�|«Ïf9 kB ~

ê�ÿþ [122, 53]§�NðcNu�1Ì!P~�ÝÌ!ò�Çÿþ§kÅ-ò�Çÿ

þ§���£¾�!TyveK!ESR¤��Çÿþ§1>�O+�Ý�A!OÃ!V>

6!�5!�éþf�ÇÌÿþ [91]�¶ÏLù
ëê§¦�·�é�.&ÿì9ò5

�æ�&ÿì�A5k
��
)§¿k��Ï
Monte Carlo&ÿì�A�[^�
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Energy (MeV)
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y=312.8x-29.99

ã 5.1: �.�Ï¢�ÿþ���&ÿì£¥%¤Uþ�A­�£�¤±9Uþ©EÇ­

�£m¤"

�mu!�õ"

£3¤ÏLïÄ�.&ÿìé γ 
��A§uÐÚïá
Äu Geant4^�� [114]

��.&ÿì9�æ�&ÿì��[^�G4dyb§¿�ÏL� Geant3!FLUKAÚ

MCNPX �^�(J�'�u�
§S�èÚ�'ÔnL§§(y
�[§S��(

5"�æ�¢�´­.þ�êA�^ Geant4^�óäé��¢��)&ÿìAÛ!â

f�&ÿìÔ��p�^9¯~ÑÑ�?1���[�¥�f¢���"·�N!�«

ëê�§�[(J�¢�êâäkéÐ���5"'Xµ��
��Ô��A�5�U

ÌÆC3·���[¥�±�ßwy§¿��¢�(JkéÐÎÜ 5.2; &ÿì¥%:§

ã 5.2: ��
��Ô��A 60Co u&ÿì¥%µ�ã§Ø�¹��
���[(J

�êâÌ�3���O¶mã§�¹��
���[(J�¢�êâéÐÎÜ"
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ØÓUþ γ ��
�Uþ�A¢�ÿþ��[êâäk'�Ð�ÎÜ£Xã5.3¤"

 

ã 5.3: &ÿì¥%:§γ 
�[�¢�êâ�'�µ�ã 133Ba¶¥ã� 137Cs¶mã

� 22Na"

�´÷&ÿì¥¶�= Z ���A�Øé¡5§±9 R���Aêâ��[(J

��É�vké�Ün�)º"

£4¤�é�æ�¢�� ν̄e ¯~§AO´¥fÐ¼&Ò§·�±
252Cf Ú PuC 


���Ý
é�.&ÿì��AA5?1
ïÄ§(Jw«�[�êâÄ�ÎÜ"PuC


ÿÁ�Ì�8�´|^Ù 6.13MeV �üU γ �¥fÐ¼�'é&Ò�[ ν̄e¯~§Ó

�dü
Jøõ�Uþ�Ý:"

Xã 5.4� PuC 
¯&Ò�[�¢�ÿþ�'�ã§�>f!�f�ÀU«ã§

�>fÜ©ÎÜ'�Ð§��f�ÀÜ© l��¶12C-uº�� ∼ 4.4MeV γ ¸Ú

16Oò-º�� 6.13MeV γ ¸þk�ÐÎÜ"∼ 4.4MeV γ £U\Ü©�f�À&Ò¤

U¸´ 12C �pU¥f£PuC 
"�PC�¤-u�ò-º��§��[(J��"

ã 5.5� PuC 
ú&Òêâ��[(J�'�§ ∼ 1.7MeV ±þüöÄ�ÎÜ§


∼ 1.7MeV ±eÏ¢�ÿþ�Lp�.��üö l§�ùØK�·�éò5�æ�¥

�f&ÿì�A�n)µÄk�æ�¥�f&ÿìòr�Ø$�.§��u�.&ÿì

¢���.Y²¶Ùg�æ�¢��
ü$¢�Ø�Jp°Ý§�'5¥fÐ¼&ÒA

O´ 8MeV NC� GdÐ¼§
8cdÜ©��[(J�¢�ÿþäkéÐ�ÎÜÝ"

ã 5.6��â PuC 
¢�ÿþêâ��[êâ©OO�����.&ÿì¥%:¥

fÐ¼¯~3ØÓUþK�e�&ÿ�Ç­�§Ù¥�ã7��¢�ÿþ¥fÐ¼Ì?

�Ú�Ø�.�O����&ÿ�Ç"l(J��§¢�ÿþ��[êâO����¥

f&ÿ�Ç£ÃØ¢�êâ´Ä�Ø�.¤Ø���∼ 8%"

252Cf �~^�C.¥f
§zg�C�����Ô�)µoUþ3 5MeV �m�
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ã 5.4: PuC 
¯&Òêâ��[�'�µ�ã�¯&Ò¥�>f!�f�ÀUÌ«

ã§���>fÜ©ÎÜ'�Ð§�´�f�ÀÜ© l��¶mã� 12C -

uº�� 4.4MeV γ ¸Ú 6.13MeV γ"

ã 5.5: PuC 
ú&Ò!¥fÐ¼�mêâ��[�'�µ�ã�ú&ÒÌ§3 ∼
1.7MeV ±þÎÜ'�Ð§du$uù�Uþ�¢�êâ�.¹þLp§��Î

ÜÝC�¶mã�¥fÐ¼�mÌ§êâ��['���"
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ã 5.6: �.&ÿì¥%:d PuC 
���¥f&ÿ�Çµþã�¢�êâ�O�(

J§ùÚ��¹�.DÑ�(J§7Ú��Ø�.DÑ��(J¶eã��[O

�(J"

õ� γ ;±9²þ 3.7�¥f"252Cf ¯&ÒUÌ!¥fÐ¼�mÌ�¢�ÿþ��[ê

â�'�ã��ã 5.7, dã��3�.U«±þUþã§252Cf ¯&Ò�¢�êâ��

[UÌÎÜ�Ð§Ð¼�mÌ�'���"XJ==´ü¥fÐ¼UÌ§252Cf � PuC


�UÌ��§�´du 252Cf zg�C²þ�Ñ 3.7�¥f§3�j�NðcN¥f

Ð¼�m~ê ∼ 30us§>fÆÈ©¤/�m~ê 1us��¹e§u)õ¥fÓ��Ð

¼�AÇ��£;�¯&Ò¤ 8%§��252Cf pU«¯~Oõ§¢�ÿþ���¥f

Ð¼Ì/ò� PuC 
(JÑy[��O"

ã 5.8w«
 252Cf �¹e§¢�ÿþ���¥fÐ¼�m±9¥f&ÿ�Ç�X

Úk�m�Cz'X"�XÚk�m� 1us/¯~�§252Cf ¥f&ÿ�Ç�∼ 95%"�

´�PuC
�¢����ü¥f&ÿ�Ç£Xã 5.6¤�O��Ñ£�éu��[��

É 10%¤§Ïde¡·�ò±ü¥f�&ÿ�ÇO� 252Cf �¥f&ÿ�Ç§±B^u

�Y� 252Cf ¹Ý�Ý"

£5¤Xã 5.9¤«§Gd!H �fÓ�ðo�fê�'~ò��¥fÐ¼�m�C

z"�Ò´`·��±ÏLiÿ¥fÐ¼�miÿ Gd!H �f'~�Cz§(¯Ý©

O�µ 0.01% Gd¹þ�Cz��¥fÐ¼�m~êCz ∼ 2.43us¶ 1% H ¹þ�Cz
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ã 5.7: 252Cf 
¯&ÒUÌ!¥fÐ¼�mÌêâ��[�'�

ã 5.8: 252Cf 
�[êâ����.&ÿì¥%:¥f&ÿ�Ç�XÚk�m'Xµ�

ã�252Cf [Ü���¥fÐ¼�m~ê�k�mCz­�¶mã�252Cf ¥f

&ÿ�Ç�k�m�Cz"

��¥fÐ¼�m~êCz ∼ 0.28us"

5.2 γ 


���ÝÝÝ

�c§3�.¢��.©Û [111]!&ÿì¥%:¢�êâ��[�'�!�1Æë

þ£1��!P~�Ý!�����Ç�¤é&ÿìUþ�A�K� [53]���ïÄ

¥§é γ 
�Uþ�A®²k
'�Ð�n)"�´3k'&ÿì ��A�n)¥§

�[�¢�êâ%©ª�3���É§�)÷&ÿì¥¶�Z ���A±9 R���

A"ÏL�Ø©�ó�§·��ª'�Ð�n)
�.&ÿì� ��AA:"
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ã 5.9: ¥fÐ¼�m~ê�Gd!H �f�f'~�'Xµ�ã�Gd'~�¥fÐ¼

�m~ê¶mã�H �f'~�¥fÐ¼�m~ê¶

5.2.1 Z ���������AAA���ØØØééé¡¡¡555

�u�.&ÿìA:§9��
ügPCº�� γ �ê§�{üå�§·�æ^

137Cs
£ü γ §Uþ 0.662MeV¤��;.�Ý
ïÄ!?Ø�.&ÿì�Z���

AA:§±e¢�ÿþ!�[êâ�?Øþ´± 137Cs��%@��
?1�"

�.&ÿì Z ���A�¢�ÿþ�{´µlkÅÀæ-.Üm©÷&ÿì¥

¶��þ£Ä��
§z� 15cm ��gÿþ§¿�P��
 �3&ÿì¥%�

� 0cm"���le þ�ÿþ:�g�µ-48cm! -33cm! -18cm! 0cm! 12cm!

27cm!42cm!50cm� 8�:"�[êâ�¼��ª�3&ÿì¥%= 0cm:� 137Cs

�[UÌ�¢�UÌÎÜ�§�±&ÿì¤k��ëêØC§�[Ù§:�UÌ(�

.&ÿì�[§S�E�&ÿìAÛXã 5.10¤«)"�:�UÌ¸ �Xã 5.11¤

«£Ù¥ù�¬�êâ§7n���[(J§þ!¥!en�1>�O+�ê©O

�14!11!15¶¤"êâ(Jw«§�.&ÿì3ç���é��
�Uþ�A´Øé

¡�§þÜ�1>fÑÑõueÜ§
�¢�ÿþ��[O�(J�3���O"

�,þ���ål&ÿì¥%'e���C 5cm§��[w«���Xd§Ý�Ø

é¡¿ØU��&ÿì Z ���A�Øé¡¶
�¢�êâ3þ�1>�O+�ê'

e����¹e§1>fÑÑ%õueÜ�´J±n)�"�d§3kc��[ïÄ

¥Q�Ä
A«�n��¹�&ÿìÁã5)º&ÿìç����Øé¡5§'Xµ

£1¤�NðcN�Ï·��§XJ,��È3kÅ-.Ü{N
1Æ1f3.Ü�D
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ã 5.10: �.&ÿì�[§S�E�&ÿìAÛ
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ã 5.11: �.¢� Z ���A�Øé¡5�®k��[(J

Â§K�UÚå&ÿìeÜ1ÑÑ�~�§�ÒE¤1>f�~�"£2¤g-.Ü¶

Ôh�,��È§¦.�¶Ôh�ß²Ýü$½.Ü������Çü$§Úå1ÑÑ

~�"£3¤g-�E°ÝØ�§n�1>�O+�|emåØ�!½¥m�1>�O

+�|e¥%�kÅ-�¥%Ø­Ü§�3�þ� �§��UE¤&ÿìþÜ1>f

ÑÑõueÜ"�ª�[(J��uµ~�.Ü������Ç!½ön�1>�O+

 �þ£ 6cm½ökÅ-.Ü�NðcNk,��È(�[���kÅ-.¡þ� 1mm

þ��NðcNP~�Ý� 1mm) n«�¹¥��«��Øé¡5�)º§þU¦�[
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�¢��Øé¡ª³��ÎÜ(Xã 5.12)" �´§ùn«�U5þØUy²ÙÜn5§
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ã 5.12: �.&ÿì Z �� ��A�[�¢��'�µ�ã´n�PMT þ£ 6cm�

�[�¢��'�¶mã´kÅÀæ-.Ü�NðcNk,��È��[�¢

��'�")

'Xe�����Çü$ 50%½ö1>�O+¥%�þ % 6cm£&ÿìAÛëê�

ÿþ°Ý ∼ ±1cm¤§&ÿì.Ü¶ÔhP~�Ý�ÿþ�üØ
1n«�U5"

�
°(!½þ'�&ÿì Z ���A�[�¢�(J��O§·�½Â
��

χ2 þ§Xª 5.1§Ù¥ i�÷&ÿì¥¶� Z ���1 i�¢�ÿþ:§� 8�:=

7�gdÝ¶Di!MCi ©O�1 i�¢�ÿþ �¢�ÿþ!�[O����Uþ�A

�¶σi�1 i�ÿþ �?¢�Uþ�A¸� ��Ø�§�����A �Uþ�A

�� 1.5%"

χ2 =
∑

i

(

Di − MCi

σi

)2

(5.1)

�
Ïé Z ��Øé¡�A�ý��Ï§·�Äk­E
ã 5.11 ��[(J(Xã

5.13¤«)§c�üg�[O����(JÄ���§�[§S�Ä�ëê���µ¥

m�1>�O+| �¥%�kÅ-¥%­Ü£Xã 5.10��.&ÿì�[§S�E

�AÛ¤¶1Æëê�IO%@ëê¶�[êâ¦^��Ð�êiz�{£�.�[^

��[(J¥1>�O+ÑÑ1>fê��ê§�ý¢z�[(J±B�¢�êâ'

�§7Lk²L�[êâ�êizL§¤"d��[�êâ�O� χ2 ∼ 34.8 @ 7�g

dÝ"

��­Ekc&ÿì Z ���A��[(J�§�u��Ð�[êâ�êizL§

�3�½�¯K§Ïd§·�Äkæ^?���êiz�{é�[êâ­#?1
?
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ã 5.13: é�.&ÿì Z ���AØé¡5kc�[(J��y

n§¿3dÄ:þÐm�Y?Ø"?���êiz�{�µ�PMTÑÑ1>fê�"

�§=é1>�O+�ü1>fÌ(ª 4.13) ¥��.ÌÄ��g¶�1>�O+ÑÑ1

>fê� n�§Øé�.ÌÄ��g§�òéü1>fÌ¥�X&ÒpdÌÄ� ng§

üö¦Ú�2���ª�1>�O+&ÒÑÑ"ù�Ä��{�cJ´Jøz�1>�

O+�ü1>fÌ±B��Ù�.ÌÚ&ÒÌ£�{�ª 4.13§[53, 90, 110]¤"­#

êiz?n���[O��¢�êâ Z���A­�Xã5.14¤«§�kc®k��[

(J£ã 5.13¤�'§¢���[��O²w �§�´&ÿì�[O�(J�þeà

�AEÄ�é¡�¢�ÿþ(JØ��§���[(J¥&ÿìeà�A²wpu¢

�§
þà²w$u¢�"d��[�êâ�O� χ2 ∼ 14.6 @ 7�gdÝ"

�â&ÿìAÛ�O!ïE°Ý9®k��[(J©Û��§�UE¤&ÿì�A

þÜp!eÜ$�Øé¡5��Ï�U´µn�1>�O+|e�N½Ü©�þ lk

Å-¥%£kÅ-¥%Ó��´�[^��E&ÿìAÛ��I�:¤¶þ����é

e�����ÇkO�¶þ��� ���O ��&ÿì¥%£Ä½öÏ­å��C

/¶�"y²(ndL²¶Ôh½ö�ð1Æ5�Øþ!5§½öþ¥en�1>�O

+�A�3²w�O§Ïd6Ø�Ä§���U5"

Xc¤ã§®�1>�O+| �mR�ål°Ý� ± 0.5cm§Ïd�üØn�1

>�O+|eüÕ,���þ lkÅ-¥%��U5"�ïÄn�1>�O+|e�

N lkÅ-¥%¤�5�K�§·�3�.&ÿì�[^�%@AÛ!1Æëê��
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ã 5.14: êiz�{?����.&ÿì Z ���A

e£n�1>�O+| �¥%�m�ç�ål� 40cm§¥m�| �¥%�kÅ-

¥%­Ü¤§üÕUCn�1>�O+¥%3ç���� �§�±Ù¦��ØC§ï

ÄÙK�"ã 5.15´¥m�1>�O+| �¥%�éukÅ-¥%�þ£K¤½�

e£�¤£Ä�§�[O����&ÿì Z ���A�Cz£�ã¤±9�[�¢�

êâ Z ���AÎÜÝ χ2 @ 20�gdÝ�Czª³£mã¤"é'(Jw«§�¥m

�1>�O+| �¥%�þ£Ä� 2cm�§�[�¢�� Z ���AÎÜÝ�Z"

ã 5.15: �.&ÿì¥m� PMT | �¥%�éukÅ-¥%£ÄéZ ���A�K

�µ�ã��[(J Z ���A�Cz£X ¶� 0cm ��kÅ-¥%�þ

1.5cm¤¶mã��ãéA� χ2 @ 20�gdÝ�Cz£X ¶� 0cm ��k

Å-¥%¤¶�[�¢��Z�ÎÜ �� -2cm"
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­#c[O�&ÿì¢SAÛ�Eëê�uy§¢S&ÿì¥m�1>�O+|

 �¥%�kÅ-¥%¿Ø­Ü§
´�þ l� 1.5 ± 0.5cm£χ2 ∼ 3 @ 7�gd

Ý¤§�kO��Ñ
���!g-.�þÝ"ù�Ò´`§�[O��¢�ÿþþ|

±¢S&ÿì¥m�1>�O+| �¥%�kÅ-¥%Ø­Ü�¯¢"
�&ÿìù

���ëê�Cz¤�5�&ÿì�ACzv±��)ºkc�[�¢�êâ� Z �

��AØé¡�¯K"Ó�§�u§u¢�ÿþ��K§·��ªÀJ¥m�1>�O

+| �¥%�þ£Ä 1.5cm��¢S&ÿì�AÛ��ëêé�[^�AÛ?1
�

�§=�[^��AÛ��C��µkÅ-¥%E��[^�&ÿìAÛ��I�:§

�´1>�O+| � Z ���¥%�éukÅ-¥%�þ£Ä 1.5cm"ã 5.16w«


ëêC��§�[�¢�����.&ÿì¥¶� Z �� ��A­�£�¤�'

�§±9z:�A�Uþ©EÇ¶ã 5.17�z�ÿþ:Uþ�A�[�¢�Ì/�'

�§�[�¢�äk
ûÐ���5"�Ò´`§�.&ÿì1>�O+| ��é

ukÅ-¥%3 Z ��� ∼ 1.5cm� � �Ì���
&ÿìZ ���A�Øé¡

5"

ã 5.16: �[�¢�Ä�ÎÜ�� Z ��Uþ�A�©EÇµ�ã¥m�PMT | �

¥%�éukÅ-¥%�þ£Ä 1.5cm�§�.¢� Z ��Uþ�A¶mã�

�ãéA:�Uþ©EÇ"

¢�ÿþ(J¥ -48cm Ú 50cmÿþ �A�é¡§�´Ì/%�3���É��

Ï´ 50cm ��§��
¢Sþ®²?\kÅÀæ-��Ý+",	§ã 5.17�êâ

��[(JÑw«���
 u&ÿì�NðcNk�NÈ>��§γ�3Uþ�³§
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ã 5.17: �.&ÿì�[�¢� Z ���AÌ/�'�µkÅ-¥%�X ¶ 0cm"

=Ü©Uþò<ºÑ&ÿì
ØU�ÿþ�§�Ò��ã 5.16 ¥&ÿì>�ÿþ��

�Uþ�A!©EÇ$u¥%«"�æ�¢��O�¦&ÿìäkûÐ� ��Aþ!

5§Ïd�
;�3¥�f&ÿìq«Ñy�.¢�aq�>��A§·�ò3¥%q

«	O\�� γ Ð¼�§^5ÓPl¥%q«<º� γ Uþ"ÏL�[O��£Xã

5.18¤[79]§��æ�¥�f&ÿì γÐ¼��þÝ�u 40cm�§¥fÐ¼�ÇO��

ú§Ïd�æ�¥�f&ÿìÐ¼�þÝ�ªÀ½� 42.5cm§d�¥�f&ÿì¥%

q«?¿ ��Uþ�Aò��.&ÿì¥%:Ä���§���f
 ��A�Øþ

!5"

Ó�§Äu�u�1>�O+| �¥% £þ�aq��{§=�±&ÿìÙ¦

��ëêØC§üÕUC,����ëê§�	Ùé&ÿì Z ���A�K�§·�

��±é&ÿìÙ¦1Æ�!AÛ���ëê��	§±u�ÙK�½ëê°Ý"Xã

5.19��.&ÿìþ�����ÇCzé�.&ÿì Z ���A�K�§þ����

�ÇCzØé&ÿìo�Uþ�AÑÑ�)K�	§�òÌ�K�&ÿì Z ���A

­��/G§AO´&ÿìþÜ�Uþ�A"�ª'�(Jw«�.&ÿì��[�¢

�êâ���ZÎÜ�§þ�����Ç� 85%§�¾��%@��Ç���"

ã 5.20��.&ÿìe�����ÇCzé�.&ÿì Z ���A�K�§�þ

�����ÇCz����Aaq§3����&ÿìUþ�AÑÑCz�Ó�§�Ì

�K�&ÿì Z ���A­��/G§�e���AOK�&ÿìeÜ�Uþ�A"
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Gamma catcher thickness (cm)
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ã 5.18: �æ�¥%&ÿì γ Ð¼�þÝ�¥fÐ¼�Ç [79]µ¥fÐ¼Uþ cut3

6MeV¶�æ�¥%&ÿì γ Ð¼�þÝò�½3 42.5cm"

�ª'�(J�w«�.&ÿì��[�¢�êâ��k�ZÎÜÝ�§e�����

Ç� 82%�m§=�Cu¾��%@��Ç§�´'þ����Z��Ç $§�Ï

�U´&ÿìeà¶Ôh!�ð!| ���Øé¡5E¤�"dd���d«u��

{éþe�����Ç�Cz´��(¯�"

�.&ÿìþ��� ��Cz£± 5cm±S¤§ØÌ�K�&ÿì�oUþÑÑ

	§é&ÿì Z ���A­�/G�K�Ø�Xã 5.21¤«§Ù¥ã 5.21�CzwÍ

�ü^�´duþ���� �®²�Ñ¶Ôhþ�¡§?\�íl
�)�wÍC

z",	§1>�O+| ��»�Cz�=Ì�K�&ÿì�oUþÑÑ§A�ØK

�&ÿì Z ���A­�/G, Xã 5.22¤«"

dd��§1>�O+| ��éukÅ-¥%3 Z ��� � �!þe���

��Ç§þ¬é�.&ÿì� Z ���A�)wÍK�§¿��.¢� Z ���Aé

1>�O+| � Z �� � ��(¯Ý�±�� 1cmþ?§þe�����Ç�

(¯Ý�±�� 5%�m"ddí2�ò5��æ�¥�f&ÿì§·���±ÏL'

��[�¢�ÿþ�&ÿì Z ��Uþ�A­�3�iÿ�æ�¥�f&ÿì�Ü©

ëê§'X1>�O+| � � �!þ���½e�����Ç�Cz�"

5.2.2 R���������AAA

&ÿìUþ! ��A����Ý§=k¥%�Ý+�¥¶� Z ���ÿþ´Ø
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ã 5.19: �.&ÿìþ�����Çé Z ���A�K�µ�ã� Z ���A���Ç

Cz�'X¶mã���ÇCz�§�[�¢�ÎÜÝ χ2 @ 20�gdÝ�C

z¶�[�¢�êâ��ZÎÜ �´¾��%@��Ç 85%"

ã 5.20: �.&ÿìe�����Çé Z ���A�K�µ�ã�Z���A���Ç

Cz�'X¶mã���ÇCz�§�[�¢�ÎÜÝ χ2 @ 20�gdÝ�C

z¶�[�¢�êâ��ZÎÜ � 82%§�Cu¾��%@��Ç 85%"
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ã 5.21: �.&ÿìþ��� �é Z ���A�K�µ�ã� Z ���A�þ���

 �Cz�'X¶mã�þ��� �Cz�§�[�¢�ÎÜÝ χ2 @ 20�

gdÝ�Cz¶��� �é Z ���Avk²wK�§�ãCz²w�ü^

�´duþ��� ��Ñ¶Ôh�þ�¡?\�í�¤���"

ã 5.22: �.&ÿì PMT | ��»Czé Z ���A�K�
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�§
�éu�Î/&ÿì§�I�
)&ÿìR���A�A5"

&ÿì� R��§òØ2äk¥¶�?��±é¡5"�Xâf�^º:�1>�

O+�mål�~�§1>�O+��N�É£þf�Ç!Â8�Ç¤òÅì¤�&ÿ

ì�A�Ì�5Ï�§ò¦�&ÿìR����A�éu Z ��äk���E,5"

¢�¥§·�ò±��
÷>��Ý+£R = 42.5cm¤$Ä��.&ÿì�Uþ�A±

9�[O�5ïÄ&ÿì R����AµXJ�[O��¢�ÿþ3&ÿì¥%�Ý

+Ú>��Ý+þU�Ð�ÎÜ§@o·�é&ÿì R����A�Òk
'�Ð�

n)"

Äu�.&ÿì�[^��IO��ëê£�1>�O+�þf�Ç!Â8�Ç�

Ó¤§·�é��
÷>��Ý+£R = 42.5cm¤$Ä��.&ÿì�Uþ�A�
�

[O�§¿�¢�ÿþ?1
'�£¢�ÿþ�{�¥%�Ý+ÿþ�{�Ó¤§(J

Xã 5.23¤«§�[�¢�(J�Oé�µ�[O����Uþ�A��u¢�ÿþ

�£�� ∼ 10p.e.§�ã¤¶üöÌ/Ã{ÎÜ£mã¤"

ã 5.23: �.&ÿì>��Ý+Uþ�A�[�êâ�'�µ�ã�Ø�) PMT þf

�Ç!Â8�Ç��[(J�êâ�'�§χ2=95.84 @ 7�gdÝ; mã��

ã��
 u 0cm ����[�¢�UÌ'�"

&ÿì�E!½öÙ¦Ø�Ñk�UE¤&ÿì>��Ý+�A�[O�

�¢�ÿþ�(JÑyã��O§~X¢���[§S��
� ��O��

[(J�5�Ø�µ£1¤dukÅ-�1>�O+�é ��Ø�§����


3 R �±£ φ ��¤þ� �Ø� ± 1cm¶£2¤�O>��Ý+��
 u

£x = 0cm, y = 42.5cm, z = 0cm¤:§�´dukÅ-£��
 �±kÅ-¥%�
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ÄO¤�éug- ��Ø�����
3 y ��£R��¤�3Ø�§Ù��� ±
1cm"e¡·�©O�éùü«�U?1
�[O�"

�.&ÿì�[^��IOëê��e£�1>�O+�þf�Ç!Â8�Ç�

Ó¤§�X��
 ��1>�O+mål� á§âf�^º:�éuÜ©1>�O

+�áN�òÅìO�£-��éuÙ¦1>�O+�áN�~���¤§ò��&ÿ

ì�oUþ�AÑÑO�§Xã 5.24¤«µ���
3²¡£x = 0cm, z = 0cm¤÷�

�l&ÿì¥%£y = 0cm§¥%�Ý+¤�&ÿì>�£y = 42.5cm§>��Ý+¤

£Ä�§�X��
º:Åì�C&ÿì>�!�C1>�O+§&ÿì�Uþ�AÑ

ÑO��õ"ù`²§3Ø�Ä1>�O+þf�Ç!Â8�Ç�É�^�e§&ÿì

R���A3��
½ Ø� ± 1cm��S§Uþ�AÑÑ�Ø�=k ± 2p.e.§�Ø

Ué�[O��¢�ÿþ�ã��O�)²wK�"Ó�§�`²Ì�´1>�O+�

áN��A����
8c�.&ÿì÷>��Ý+Uþ�A��[O��¢�(J�

��O"

ã 5.24: IOëê��e�.&ÿì R���A(Z = 0cm;X = 0cm)µØ�Ä�1>�

O+m��Ç�O"

&ÿì φ��ïEØ�£ÏLUC��
�éu&ÿì φ��� �§RØC¤é

>��Ý+Uþ�AK���[(JXã 5.25¤«§3 φ��Ø� ± 1cm��S§U

þ�ACz < ± 1p.e."�Ò´`&ÿìïEØ�!½ö¢�ÿþØ�ÑØv±�Ö�

c>��Ý+�[�¢�êâ�m�ã��O"
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ã 5.25: IOëê��e�.&ÿì>��Ý+? φ���A(R = 42.5cm)µØ�Ä�

PMT m��Ç�O"

ã 5.23§5.24§5.25 þ´3n�^�e�[O����&ÿì�A§¿vk�Ä1

>�O+þf�Ç!Â8�Ç�É"�¢Sþ§�1>�O+�þf�Ç!Â8�Ç�

3�É§=B·��Ñþf�Ç��Å©ÙÚÂ8�Ç�1>�O+ó�pØ�Cz§

Ek/^|�Ï�¬é¢S&ÿì¥1>�O+�Â8�Ç�)K�§¿k�UK��

&ÿì R����AA5"

ý¢�&ÿì¥§du/^|��^ò��1>�O+�k�Â8�Ç�u)C

z§~Xã 5.26 [79, 115, 116]¤«§�1>�O+�<?�/^|��Y��ØÓ§

.Ò� ET9354KB �1>�O+éÓÌÝÑ\&Ò>Ö�AÑÑ���Cz�±��

80%§
�ØÓ+f�^|�A�Éé�¶
 Hamamatsu R5912.1>�O+�/

^|�A���>Ö�AÑÑ���Czk 30%§�¤ÿ+f�m��Éé�"��


�§�.&ÿìS1>�O+3/^|�K�e§�Ç�òk���Cz"
�§�.

&ÿìS�n�1>�O+§z��� 15�1>�O+3 360ÝSþ!©Ù§�Ò´

`�.Sz�1>�O+�1��<?���/^|���Y��´3 360ÝSþ!©

Ù�£¤k1>�O+1��<?�ç���¤�Y��Ó¤§ùò��z�1>�O

+¢SÂ8�Ç�©Ù�ã 5.26¤«©ÙÄ��Ó£�Ç���!���¤ 180Ý¤"

1>�O+¢SÂ8�Ç�Czò��&ÿìR���A�Cz§AO´�.&ÿì§

AÛºÝ�§1>�O+k�Â8�ÇCzÚå�&ÿì�ACz�U�î­"
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ã 5.26: /^|K�e PMT Â8�Ç�Cz [79, 115, 116]µ�ã� PMT ET9354KB

�Cz­�¶mã� PMT Hamamatsu R5912�Cz­�"

��·��±31>�O+SCcO(ÿþ§�þf�Ç!Â8�Ç§�´§du

¢S&ÿì�¸!1>�O+SC ���Å5§��ù«l�ÿþ�{���1>�

O+Â8�Çén)ý¢&ÿì�Aå���^�U´k��"·�7L3&ÿì�O

¥~f1>�O+�^|�A½ö3��Ý�1>�O+�k�Â8�Ç"�.¢�·

��'%�1>�O+�m��éÂ8�Ç"

�.&ÿì1>�O+�éÂ8�Ç3��Ý�g�´µ£1¤Äk��þ!1


u&ÿì¥%½ö,��1>�O+�¥%§nØþÓ�1>�O+�Â��1r�

Ó§¢Sÿþ���Ó��1>�O+mÑÑ�O§ÒNy
Ùk��Â8�Ç¶�ÿ

þ���1>�O+�éÂ8�Ç�3��8�zÏf§¿�z�ÿþ�'é"£2¤

ÏLþ!1
�1r©ÙO���z�1>�O+�Â��1rÝ©Ù9>ÖÑÑ©

Ù§ÏL�¢�ÿþ(J�'������m�8�zÏf"��·�ò����&ÿ

ì��1>�O+��éÂ8�Ç§±9��8�zÏf£ýéÂ8�Ç§��ð1�

�!P~�Ý!1>�O+þf�Ç��'é¤"þã¢��'���3uµþ!1


§�À^1rþ!¥£diffuser ball¤§½ö|^�NðcNF1�þ!5ÏL��


!b	 LED-u�)óÀ1¶c«�{�Ì�(J´þ!¥���±9áóÀ1�

�)±B�Ø��1�,Ñ1§
�ö�Ì�(J3u��
 γ �gd§ò���Nð

cN¢Su1º:��Ñ§?�ÚÚå1>�O+Â8�Ç�O�(JÑy �§
�

�X1rO�£��
UþJp¤�Ñ�A�²w¶'���£Ú½�¤�Ì�J:3

uÿþ¥7L��Ø&ÿìS�,Ñ1§Ì�´�«��1§±ü$ÿþ �§I�&
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ÿìäkûÐ��mÿþA5"

·��ªÀJ u&ÿì¥%� 137Cs
���.¢�1>�O+��éÂ8�Ç

�Ýÿþþ!1
�-y
§¿�âÿþêâ©Û��
�1>�O+��éÂ8�

Ç§Xã 5.27¤«"

ã 5.27: 137Cs
3��Ý����.&ÿì� PMT ��éÂ8�Çµ>��Ý+ 

u1 8!9Ï��m"

|^O\1>�O+�éÂ8�Ç���.&ÿì�[^�£ØK�&ÿì¥¶�

Z ��®k��[(J¤§·�­#�[O���
�.&ÿì>��Ý+��� R

��� φ��Uþ�A§(JXã 5.28¤«§ÏL�ã 5.24§5.25 (J�'��±u

y§d����
÷ R���	£§&ÿìUþ�AÑÑm©~�§>��Ý+?�

&ÿì¥%�Uþ�Aü$� 5p.e.£ã 5.28�¤¶��
 φ���£Ä�,é&ÿì

Uþ�AÑÑK�Ø�£ã 5.28m¤"

ã 5.29�O\1>�O+k��éÂ8�Ç�§�.&ÿì>��Ý+ Z ���

[�¢�ÿþ�&ÿìUþ�A�'�§üöÎÜÝ� χ2 ∼ 15 @ 7�gdÝ§��[

O��¢�ÿþE�3�½ �§�d·�I�2gu���
R��� �Ø�é

&ÿìUþ�A�K�"

dã 5.28¥�ã��[(J�±íÿ§���
3 R��þUY�C1>�O+

�§ò��&ÿì�oUþ�AÑÑ?�Úü$§¿�¢�ÿþ(J�\�C"�´§

ÏL?�Ú�[O�(J�©Ûuy§��
?�Ú	£� R = 43.5cm?�§�[U
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ã 5.28: O\ PMT k��éÂ8�Ç��. R��� φ��Uþ�A��[µ�ã�

R���A¶mã� φ���A"

ã 5.29: O\ PMT k�þf�Ç��.&ÿì>��Ý+?Z ���A�[�¢�ÿ

þ(J�'�"
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Ì�¢�ÿþ���UÌÎÜÝC�£Xã 5.30¤«¤§�Ò´`¢�(JØ|±§

��
 ��?�Ú	£§= R = 42.5cm´>��Ý+��
 ���`)"

ã 5.30: O\ PMT k�Â8�Ç���
 R �� ���[u�£x = 0cm, z =

0cm¤µ�ã R = 42.5cm;mã R = 43.5cm"

�.&ÿì÷>��Ý+ Z ��Uþ�A�[O��ª(J�¢�ÿþ�'�Xã

5.29¤«§��
ØÓÿþ �?&ÿìÑÑ�UþÌ/�'��ã 5.31§�[�¢�

(J��
�Ð�ÎÜ§y²·�Ä�n)
�.&ÿì3R����AA5"

Z=-48cm Z=-33cm Z=-18cm

Z=42cm Z=27cm Z=12cm

ã 5.31: O\ PMT k�þf�Ç��.&ÿì>��Ý+Z ���[�¢�Ì/�'

�£x = 0cm; y = 42.5cm¤"

�
?�Úu�·�é�.&ÿì R��Uþ�AA5�n)§Ó�°(ÿþ�.
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&ÿì¥z�1>�O+�Â8�Ç§·�;��O
���.&ÿì1>�O+�Ç

�3�ÿþXÚ£Xã 5.32¤«¤§ÙÄ��O�n´|^üÚ¤�)üÚ1¿ÏL

1nÚ\&ÿì§²�.1O�XÚé1nÑ�1?�ÚO��§2ÏLØÓ����

��º����½�1>�O+þ§?1�«ÿþ¢�"TXÚ�±¢yüÚ11�ü

Õì�,��1>�O+§¿é&ÿì?1 Z ��!φ��Ú θ���×£ÿþ§ÿþ

ëþ�)µ1>�O+�k��A�Ç!�����A5!g-��A5�"

ã 5.32: �.&ÿì PMT k��A�Çÿþ1ÆXÚ�O"

�æ�¥�f&ÿì�AÛº�´�.&ÿì� 3�§q«>�¯~�éu1>�

O+�áN�'�.&ÿì~�
C 10�§ù¦�1>�O+�A�Çé&ÿìR�

��A�K�~�éõ§�E�Ué γ Ð¼�¯~�)��K�§K�&ÿì� ��

Aþ!5"�d·�©O�[
�æ�AD� ��AA5�1>�O+þf�Ç×Â
8�Ç£±e¡�A�Ç¤Cz�Cz§Ì�©�ü��¡µ£1¤�Å©Ù�1>�

O+�A�Ç�K�¶£2¤/^|Úå�1>�O+�A�ÇCz�K�"ã 5.33w

«
 137Cs
3²¡£x = 0cm, z = 0cm¤�� y = −200cm/y = 200cm þØÓ �

�§&ÿì�A�Cz�¹"�ã� ADS1>�O+��A�Ç�Å©Ù¿Ñlpd

©Ù Gauss(1,0.1)�&ÿì3, R����AA5§�Ø�Ä1>�O+��A�ÇC

z��©�[(J�O[�£üg�[(J¤¶mã� ADS1>�O+��A�ÇÉ

/^|K�¤ 0.1× sin(r)©Ù�§&ÿì3, R����AA5§�Ø�Ä1>�O
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+��A�ÇCz��©�[(JÑy
é��O ∼ 10%§
�ù��Oò�X/^|

é1>�O+�A�ÇK�ÌÝ�O�
O�"

ã 5.33: PMT k�Â8�Ç£CE¤�Czé�æ� AD S R ���AA5�K�

£x = 0cm; z = 0cm¤µ�ã� PMT k� CE ¤pd�Å©Ù��&ÿì R

���A¶mã� PMT k� CEÉ/^|K���&ÿì R���A"

�
;��æ�¥�f&ÿìÏ/^|K�
��>� ��AÑy����É!

Øþ!§·�I�é AD&ÿìS�1>�O+O\/^¶-C�±�Ø½~f&ÿì

� R��Uþ�A�É"�æ�&ÿìÿÀ�/^¶-á�Ì�kµµ7á [117]§µ7

áj� [118]Ú�¬á�[119, 120, 121]"·�ïÄ
ØÓá�é1>�O+�/^¶-

�J§Xã 5.34 [121] ¤«§(Jw« µ7á§�¬á�þUò/^���K�d�5

� 15%ü$� 3%�m§�´�¬7áá�ÎÜN£Finemet¤�¶-�J�Ð�
§

�±�� 2%�m"

�æ�¥�f&ÿì�¢��O�ªæ^
�¬7á��&ÿì1>�O+�/^

¶-Äá§��/^¶-á��(�9¤°Xã5.35 [121]¤«§Ì�(��©O3�

¬7á�áüý�Ê!9Ø FET ��¤��¬7áá�ÎÜN£Finemet¤§á��

oþÝ�� 0.12mm�m"

ADS1>�O+^¶-�(��O [119, 120, 121] Xã 5.36¤«§ò�¬7áá

�ÎÜN£Finemet¤\ó¤÷/�¿3üàà}\ó¤g£�(�§�¤�IG��

�731>�O+�<?±�£pÝ±CX1>�O+Àæ���¡!�<?Ü©�

O¤=�§¿�SC31>�O+�Å��½(�S§�N(�{ü§
��B"

O\�¬7áá�ÎÜN£Finemet¤�/^¶-�§PMT R59123/^|¥�
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ã 5.34: PMT �Aw«�ØÓá��/^¶-�J"

�A�ÇXã 5.37¤«§d(J��§®ò�k�^|é1>�O+�A�ÇK��

���d�5�∼ 15%§ü$� 3%±S§ùò��ü$Ï/^|�^����æ�¥

�f&ÿì ��A3&ÿì>��3�Øþ!5"

5.2.3 ���������������^̂̂

�æ�¥�f&ÿì�ÕA�O��´3�Î/&ÿì�þeüà©O¦^
��

�§±��1>�O+� 4πáN�CX§31>�O+�ê�Ó�^�e§��&ÿ

ì�A!þ!5���z"u�þe�����^g,�´�.&ÿì¢��­�¢�

8���"

�.&ÿì3&ÿì�þeüà©O¦^
�¬���§�»� 130cm§e��¡

åkÅÀæ-e.ål� 50cm§þ��¡åkÅÀæ-þ.ål� 45cm§ÙÌ��^

´O\&ÿì�1Â8�Ç§~�&ÿì�>��AOr&ÿì ��A�þ!5"�

u�.&ÿì����e§&ÿì�Uþ�A� ��A��[O��¢�ÿþ(Jä

k
�Ð���5§�Ò´`·�Ä�n)
&ÿì��AA5�)����^��¹

e§·�ÏLïÄk!Ãþe�����.&ÿì3 Z ���Uþ�AA:§5L�
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ã 5.35: �¬7áá�ÎÜN£Finemet¤�(�

ã 5.36: ADS PMT ^¶-�(��O"
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ã 5.37: �æ�¢� ADS^¶-� PMT �AÑÑ�5�K�"

���éu&ÿì�A��^"

ã 5.38´ÏL�.&ÿì�[^�O�����.&ÿìk!Ãþe�����U

þ�AÑÑ!±9Uþ©EÇ"l(J��µkü¬�����.&ÿì�éuvk�

����¹e§ØÓ ��Uþ�AÑÑ©OO\
 15% ∼ 26%Ø�§Uþ©EÇ©O

Jp
 10% ∼ 30%Ø�¶
�3kü¬�����¹e§&ÿìØÓ �?�Uþ�

A§AO´>�§�&ÿì¥%:��É~�£∼ 3%¤"ù�Ò´`§þe���¢

y
ýÏ�O�&ÿìUþ�AÑÑ!Jp ��Aþ!5�8�"

5.3 ¥¥¥fff


���ÝÝÝ

�æ�¢���>f¥�f¯~�)�>f¯&Ò!¥fÐ¼ú&Ò!±9¯ú&

Ò'é�¥fÐ¼�m§ù
'�&Ò¥kü�´�±ÏL¥f
5���Ý�§ùv

±`²¥f�ÝïÄé�æ�¢��­�5¶
��j�NðcN�ï�ïÄ�´lØ

m¥f�Ý"Ïd§¿©
)¥f3�NðcN¥�ÔnL§ÚUþ�A§é�æ�¢
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ã 5.38: �.&ÿì�����^�J"

�üØ�.!Jpÿþ°Ýäk­�¿Â"¥�f&ÿì�.¢��Ï§ÙÌ�?ÖÒ

�)ïÄ�j�NðcN§9&ÿìé¥f��A±9¥f�Ý�{§±B�Ð!��

¡�ýÿ�æ�&ÿì�5U§¿�ÏLïÄ��
����æ�¢���
�ÀJJ

ø�â"�.¢�ÿÁ�¥f
�) 252Cf ±9 PuC 
§�±CX�æ�¢��'¥

f�U«"

5.3.1 ���...���!!!���ÏÏÏ���ððð���...���'''���

�NðcN��Ú\�U,��5�.´�æ�¢��d3�x§AO´�j�N

ðcN¥GdäÜÔ�U,��5"Ïd§·�ÿÁ¿'�
�.�Ï�j�NðcN

��ÏÊÏ�NðcNU,��5�.§ÏLÙ�OÿÁ�j�NðcNkÃÚ\�õ

���5�.¶Ó�u��.�!�Ï¢�Ìÿþ���5"Xã 5.39¤«§�.¢

��!�Ï&ÿì�.ÿþ�Ì�O< 2%§Ó��.¢��!�Ï&ÿì3�ÓUþ

K�e&ÿì>u¯~�ÎÜÝ���∼ 2%§þ3&ÿìÿþ�Ø���S§=�Ï

�NðcN�'u�Ï�NðcN¿vkÚ\�	�U,��5�.§¤^j£Gd¤

äÜÔ�XÀ"

5.3.2 PuC 


ïïïÄÄÄ

Xc¤ã§�æ�¥�f¢�3/e¢�¿ü$�»�6r!Or&ÿì�OØ$
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p.e.

C
o

u
n

t

ã 5.39: �.¢��!�Ï&ÿì�.Ìÿþ���5"

U,��5�Ä:þ§Ì���� β PC�¯!ú&Ò�m'é±9Uþ cutü$�

.§ü$ÿþØ�¢yÔn8I"ùé&ÿì�Ý§AO´¥fÐ¼UÌ!¥fÐ¼�

mÌ��Ý°ÝJÑ
ép�¦"�.¢���æ�¥�f&ÿì¥fÐ¼UþÌ!�

mÌJø
ÿþ�ïÄ�²�"PuC 
��#.¥f�Ý
��§�±Jø¯!ú�

m'é�¯~§Ù¥¯&Ò�ü γ Uþ 6.13MeV§ú&Ò�¥fÐ¼§�±¿©�[

�5¥�f¯~��AA5§¿�ÏL¯&ÒUþ cutØ$�Ýêâ¥�U,��5�

.§¼��XÀ¥fÐ¼UÌ§Ó�Jø
ü γ Uþ�Ý"

�âVÇÚOO�§�m�'é¯~�ÿþ§L��o¯~Ç±ü$�ÅÎÜ�

."'X��m'é~ê�∼ 30us�§XJ�¦�ÅÎÜ�.VÇ�u 20%�§L�

�o¯~Ç$u ∼ 10kHz",��¡§��¥f��
�¥f���� γ �¯~Ç�

¥f¯~Ç¤�'§
��pu¥f�¯~Ç§ù
&ÒÑU
��.&ÿì&ÿ§�

Ò´`§¥f��
¬��&ÿì¯~Ç¤�O�§��&ÿìo�¯~Ç§Äk7L

^�$rÝ�¥f��
",	§�$rÝ�¥f
�k|u�æ�¢��¶-§ü$

Ï��
E¤�¢��."¤±·�F"¢�^��
�¯~Ç�$£zâ[Y²¤"

Ó�§�u�.&ÿì�U,��5!�»�E¤��.>uÇ ∼ 4kHz£∼ 0.3MeVK

�¤§·��ªÀ^
¯~Ç� 100Hz - 300Hz � PuC 
���Ý
§ok�>u¯

~Ç�ª�� ∼ 10kHz£&ÿì¥%§UþK� ∼ 0.3MeV§triggerk�m 1us¤"

120



1ÊÙ �.&ÿì5UïÄ

Xã 5.40�¢���ÿþ��� PuC 
oUÌ"du�.&ÿì�p��.¯~

Ç§±9��
¥¥f�����.&Ò§=¦·�ÀJ
Ü·rÝ� PuC 
���

Ý
§XÀ¯!ú&Ò�]À±9¥fÐ¼�mÌ�¼�E,I�O\Nõ���^

�"�
����XÀ�¯!ú&ÒUÌ±9¥fÐ¼�mÌ§·�©Oé¯ú&ÒU

þ!¥fÐ¼�m!±9¯&Òc�x�m�Ñ
î���§§��m�Ü6'XXã

5.41¤«µ

£1¤¯&Òc�x�m��§^uü$�ÅÎÜ�.Ñy�AÇ§Ó�;�¯~

�­EOê§��ò�u¥fÐ¼�mI�"

£2¤¥fÐ¼�m��§©O�^uçÀ¯ú&Ò¶��ÿþ¥fÐ¼�m�§

Ã��"

£3¤¯&ÒUþ��§©O^u¼�÷&ÒUÌ±9¥fÐ¼�mÌ¶��¼�

¯&ÒUÌ�Ã��"

£4¤ú&ÒUþ��§©O^u¼�¯&ÒUÌ±9¥fÐ¼�mÌ¶��¼�

ú&ÒUÌ�Ã��"

ã 5.40: �.¢� PuC 
ÿþ��©oUÌ"

ÏLã 5.40(J�ý©Û·�Ä�
)¯&Ò¥ 2.2MeV! 6.13MeV γ U¸� 

�§ 8MeV ¥fÐ¼U¸� �±9¥fÐ¼�m~ê�� 30us§ÏdÏL��^

�£Ì��Äú&Ò�Uþ���pu�.UÌ¤µú&ÒUþ�� [2000,2600]p.e.∼
[6.49,8.43]MeV¶¥fÐ¼�m�� [4,200]us¶¯&Òc�x�m�� > 80us¶·��

ª�±�� PuC 
�¯&ÒUÌXã5.42�¤«¶ÏL��^�£Ì��Ä¯&ÒU
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ã 5.41: �.¢� PuC 
&Ò�« cut�Ü6'Xã"

þ��±9¥fÐ¼�m��¤µ¯&ÒUþ�� [1750,2000]p.e. ∼ [5.68,6.49]MeV¶

¥fÐ¼�m�� [4,20]us¶¯&Òc�x�m�� > 80us¶·��ª��
 PuC 


�ú&ÒUÌXã 5.42m¤«"d¤�(J·��±�ß�w��f!Gd�¥fÐ¼

U¸§¿©`²�NðcN�ûÐó�G�¶±9 6.13MeV � γ U¸§¿©`²·�

Ä��y
 PuC 
��¥�f�m'é&Ò�Ý
��15"

1399 P.E. 1890 P.E. ~6.13MeV

656.6 P.E. 2347 P.E.

ã 5.42: ²L��^����� PuC 
¯ú&ÒUÌµ�ã¯&ÒUÌ¶mãú&Ò

UÌ"

�âã 5.42 �©Û(J§·��±©O�� 2.2MeV!4.4MeV! 6.13MeV!

8MeV �A��'U¸�°( �"�´§bX·�æ^¯&ÒUÌ¥ 6.13MeV γ U

¸��ù
Uþ�A�8�zÏf§@o�¯ú&ÒU¸�m�3�½�Uþ�A��

5§XL� 5.1¤«"Ù�)�Ï�)�NðcNé>f/ γ �A�|«�A§ÑlÌ
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�ëê� kB � Birks½Æ [123]; ±9�NðcN�áÂ­u��A�êÕ�Å1��

Ó�^�"

H Ð¼¥f 12C-u+�f�À 6.13MeV γ GdÐ¼¥f

nØUþ£MeV¤ 2.2 4.439+? 6.13 8

¸ £p.e.¤ 656.6 1399 1890 2347

�ÝUþ£MeV¤ 2.13 4.54 6.13 7.62

L 5.1: �.¢�ÿþ��� PuC 
UÌ�¸ ���5µ± 6.13MeV γ �A�8�

z"

XÀ¥fÐ¼�mÌ´ÏL±e��^����µ¯&ÒUþ�� [1750,2000]p.e.

∼ [5.68,6.49]MeV¶ú&ÒUþ�� [2000,2600]p.e. ∼ [6.49,8.43]MeV¶¯&Òc�x

�m�� > 80us¶��� PuC 
ÿþ�¥fÐ¼�mÌ,Xã 5.43¤«§d(J�±

w�¥fÐ¼�mÌ3 8usNC�3��¸�§¸����Ì/±�ê©ÙP~§�m

~ê�� ∼ 26us"
�� 252Cf ØÓ§PuC 
�ü¥f
§Ø�3õ¥fÐ¼�m�

ÍÜ§ÿþ���¯!ú&Ò�mm�Ì=�ý¢�¥fÐ¼�mÌ£�Ñ¥fúz�

m¤"

ã 5.43: �.¢� PuC 
ÿþ���¥fÐ¼�mÌ"
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?�Ú'� PuC 
� 252Cf 
©Oÿþ���¯&ÒUÌ§(@ÏL PuC 
�ÿ

þ�Ó�¼��>f�«�)� 0.511MeV γ £Xã 5.44¤«§� PuC 
� 252Cf 


¯&Ò$UàUÌ�'�¤"��
��C����>f��J±<ºÑ��
§
Ï

Ù�«¤�)�ü� 0.511MeV γ òkÜ©��3��
SÜ½ö<ºÑ&ÿì§Ïd

·��¢�ÿþ(J¥�3 0.511MeV � 1.02MeV �ü�U¸§¿�Ï&ÿì γ �A

�Uþ��5±9�f�À&Ò¦�ü�U¸� ��3�½ �"

PuC

252Cf

ã 5.44: �.¢� PuC 
� 252Cf 
¯&ÒUÌ'�µ�>f"

Xã 5.45¤« PuC 
��>f5
u 16O�1�-u��ò-u§¿��'¥f

Ð¼ú&Ò�'é§d�A�©|'�Ó PuC 
o¥f¯~Ç� 13%§pu 6.13MeV

γ !¥f'é&Ò� 4%§Ù¦� 83%�pUü¥f§ò��f�À�¤¯ú'é&

Ò§ù®²ÏLnØ©Û!¢�ÿþ!�[O���¿©y² [112]"

,	§Xc¤ã§�[O�� PuC 
¯&ÒUÌ��.¢��ÿþ(J3

�f�ÀÜ©£Xã 5.4 ¤«¤Ek�½�O"Ïd§·�|^¢��#ÿþ

��.¢��j�NðcN¥f£�f�À¤�A� kB ~êÏf£#µkB ∼
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6.049MeV

6.13MeV

6.917MeV
13C

+

17O
0MeV

n0

n1

n2

0+

0+

3-

16O

e+e-

ã 5.45: PuC 
� α - n�A�nã

6.489(± 1.058) × 10−3g/cm2/MeV¶ÎµkB ∼ 12.5 × 10−3g/cm2/MeV¤[122, 53]§

­#�[O�
 PuC 
¯&Ò�f�ÀÜ©�UÌ£Xã 5.46¤«¤§¢�ÿþ��

[O���
�Ð�ÎÜ§`²·�é�.�NðcN�¥f�A!�f�ÀL§Ñk


'����n)"

Data
MC all
MC e+

MC neuron

ã 5.46: �.¢� PuC 
¯&Ò�f�ÀUÌêâ��[�#�(J�'�µ
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5.3.3 ¥¥¥fffÐÐÐ¼¼¼���mmmÌÌÌ

PuC 
ÿþ���¥fÐ¼�mÌXã 5.43¤«§�
ëêz¿¼�¥fÐ¼�

m~ê·�I�|^�ê[Ü¥fÐ¼�mÌ§�´ 8usNC�¸���ØÓ[Ü«

m§¤��m~ê�3§���O�±�� 1 - 2us£Xã 5.47¤«¤"�
~�[Ü

«mÀJ��Å5�L��j�NðcN¥fÐ¼5U��m~ê[Ú�5� �§·

�I��°(�ïÄ¥fÐ¼�mÌ"

ã 5.47: �.¢� PuC 
¥fÐ¼�mÌ�ê[Ü«mØÓ����m~ê�Oµ�

ã[Ü«m�[13§80]us§�m~ê� 24.1us¶¥ã[Ü«m�[13§100]us§

�m~ê� 24.4us¶mã[Ü«m�[13§200]us§�m~ê� 26.1us"

Äk§·�b�¥f�Ð¼�L§Ì��3ü�L§µ£1¤¥fúz§=¥fU

þü$�L§£�ê©Ù§�)9¥f§�m~ê��: fast ∼ 4us¤¶£2¤9¥f�

Ð¼L§£�ê©Ù§�m~ê��: slow ∼ 20us¤¶²Lü�L§�ÍÜ�^£VÇ

©Ù¼ê�òÈ¤���¤äk¸��¥fÐ¼�mÌ"ÏL�[O�L§¥«©¥f

úz�¥fÐ¼�L§£9¥fUþ cut� ∼ MeV¤§���¥fúz�Uþ 0.1eV

���§éA��m©Ù£Xã 5.48 ¤«¤��m~ê�b�Ä���"ª 5.2�Ø�

3&Ò�.�¹e��ª[Üúª¶ª 5.3�3&Ò�.�¹e��ª[Üúª"e¡

·�òÏLª 5.2½ª 5.3�Oü�ê¼ê[Ü¥fÐ¼�m�Ì§���A��m~

ê"

y = a1 × e
−

t
τslow − a2 × e

−
t

τfast (5.2)

y = a1 × e
−

t
τslow − a2 × e

−
t

τfast + a3 × e
−

t
τbkg (5.3)
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h2
Entries  10000
Mean    7.846
RMS     3.859

 / ndf 2χ  80.38 / 28
Constant  0.043± 6.682 
Slope     0.005± -0.195 

Time / us
4 6 8 10 12 14 16 18

C
o

u
n

t

50

100

150

200

250

300

350

400

450 h2
Entries  10000
Mean    7.846
RMS     3.859

 / ndf 2χ  80.38 / 28
Constant  0.043± 6.682 
Slope     0.005± -0.195 

ã 5.48: �.¢� PuC 
�[¥fÐ¼�mÌ¯¤©[Ü(Jµ¥fUþ cut 0.1eV§

[Ü�m~ê fast ∼ 5.04us"

PuC
�ÿþêâ§ÏLî��¯ú&ÒUþ��§Ä�þ�±üØ¤k�.§�

���XÀ�¥fÐ¼�mÌ"Ïd·�òÀ^ª 5.2é PuC 
ýü���¥fÐ¼

�mÌ?1ëê[Ü§(JXã 5.49¤«"Ó�§õgÿþÌ�©Ûw«§[Ú(J

þäk�Ð���5£XL 5.2¤«¤"�õ©Ûw«[Ü���¥fÐ¼�m~êØ

�µfast ∼ 0.15us¶slow ∼ 0.5us"

L 5.2: �.¢�õgÿþ� PuC 
¥f�m�AÌ[Ü(J'�

run4894 run4902 run5709 ²þ�

Fast 5.286 4.925 5.04 5.08

Slow 22.11 22 22.06 22.06

ÏL 252Cf 
¯&Ò� 200us�mI�S¤k÷v¥fUþ^�(> 6MeV )�¯~

��m©Û·��±�� 252Cf 
ÿþ���¥fÐ¼�mÌ§�8c3ù��.Ì¥

3�r��.¤©§Ã{ÏL�«��^�üØ§Ïd·^ª 5.3��§�[Ü¼ê§

[Ü(JXã 5.50¤«§¿aqu PuC 
éõgÿþ[Ú(J?1
'�XL 5.3¤

«§�äk'�Ð���5"

�´§PuC 
� 252Cf 
[Ü����m~ê�3���O,®²��u[Ü°

Ý"E¤d�O�Ì��Ï´>fÆXÚk�mé 252Cf 
ÿþ���¥fÐ¼�m�
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ã 5.49: �.¢� PuC 
¥fÐ¼�mÌV�ê[Ü(Jµfast ≡ Eb ∼
5.04us,slow ≡ Es ∼ 22.06us"

ã 5.50: �.¢�252Cf
¥fÐ¼�mÌV�ê[Ü(Jµfast ≡ Es2 ∼
5.28us,slow ≡ Es ∼ 24.52us"
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L 5.3: �.¢�õgÿþ� 252Cf 
¥f�m�AÌ[Ü(J'�

run4792 run5455 run5642 run5711 ²þ�

Fast 5.254 5.415 5.28 5.386 5.33

Slow 24.56 24.14 24.52 24.23 24.36

K�"ã 5.51´ØÓXÚk�m^�e§�â¢�ÿþ��� 252Cf ¥fÐ¼�mÌ

[Ü��m~ê§�±w�3�½k�m��S§[Ú(J�XÚk�m¤�5Cz"

ù��·�í�ÃXÚk�m^�e 252Cf �Ý���n�¥fÐ¼�m~ê�²


��"ÏL[Ük�m� 252Cf �Ý�¥fÐ¼�m~ê§¿?�Úí2�ÃXÚk

�m� 252Cf �Ý�¥fÐ¼�m~ê��µfast ∼ 5.92us¶slow ∼ 22.74us§� PuC


�ÿþ(JÄ���"

ã 5.51: k�mé 252Cf 
ÿþ���¥fÐ¼�mÌ�K�"

5.3.4 252Cf 


¹¹¹ÝÝÝIII½½½

�.&ÿì´¥f(¯.&ÿì§é¥fUÌ�&ÿ�Ç£Xã 5.6¤«¤�Cu

100%§
��.�m'é¯~�ÿþA5�±k�üØ�.§l
��°(ÿþ¥f

¯~Ç�8�§=�.&ÿì�±^5k�I½¥f
�¥f¹Ý"|^�.&ÿìO

(I½¥f
¥f¹Ý�cJ^��)µ

£1¤O(
)&ÿì¥fÐ¼¯~�UÌ&ÿ�Ç¶

129



Æ¬Ø©µ¥�f&ÿì�.�ïÄ

£2¤�¥f�m'é&Ò�UÌ&ÿ�Ç±9O('é�mÌ�©Ù¶

£3¤°(O��ÅÎÜ¯~E¤��.¯~Ç"

�.¢��cÏÿþ®²��¯ú&Ò�UÌ&ÿ�ÇXã 5.52¤«£du 252Cf

zg�Ck²þ 3.7�¥fºÑ§Ïd 252Cf ¥f/�C�&ÿ�Ç¢SþI��Äõ

�¥f§
�ü¥f¤§252Cf 
&ÒUþÿþ�Ç�°Ý©O�µ¯&Ò ± 5%¶ú

&Ò ± 10%"[1§200]us �mI�S¥f�Ð¼�AÇ> 99%"=3[1§200]us �mI

�S§ÏLUþ cutçÀ� 252Cf 'é¯~��Ç°Ý� ∼ ± 12%"

Prompt signal

Delay signal
Single neutron

ã 5.52: �.&ÿìé 252Cf 
¯ú&Ò��Çµþã� 252Cf ¯&Ò�&ÿ�Ç,5


u¢�ÿþÌ�[Ü(J§°Ý± 5%¶eã��.&ÿìéü¥f¯~�U

Ìÿþ°Ý§°Ý ± 10%"

UìüØ�.¯~��{�±r¥f¹Ý�Ý�{©�ü«µ�{�§ÏLØ$�

.¯~ÇY²��ü$�ÅÎÜ�.Jp&D'¢y¥f¹Ýÿþ�8�§'XJp

UþK�Ø$�.¯~Ç§�¦Jcÿþ��¯ú&Ò�UÌ§¿�Ñ�.���


¯~�mE¤��ÅÎÜ�.§�Ñ�.¥�'é¯~"d�{·^u��
¹Ý�

pu�.ÎÜ¯~Ç��¹§ÿþ°ÝÌ�É¯ú&Ò�UÌ�Çû½"ã 5.53´Ï

LJpUþK�ÅìØ$�.¯~Ç§Ø$�ÅÎÜ�.¯~Ç��A(J£�mI

�[1§200]us¤"d(J���XUþK�Jp§�.¯~E¤��ÅÎÜ�.Y²×

�ü$§¿�'é&Ò��ÅÎÜ�.�¯~�&D'ÅìJp"2ÏL'�ØÓUþ
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K�e�ÅÎÜ�.� 252Cf 'é¯~�¯~Ç§�ª�±��, 252Cf 
��C¯~

Ç"Xã 5.54¤«§�XUþK�Jp§�Ø�ÅÎÜ�.±�� 252Cf 'é¯~¯

~Ç­½ªu� 250Hz§°Ý� ± 12%"

Threshold /MeV
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252Cf

ã 5.53: �.&ÿì�.� 252Cf 3ØÓUþK�e�¯~Çµþ�!þm©O�ØÓ

UþK�e�.!252Cf �¯~Ç¶e�!em©O�ØÓUþK�e�.�

ÅÎÜ� 252Cf 'é¯~�¯~Ç£�mI�[1§200]us§¯ú&ÒUþK�

�Ó¤"

�{�§3�.¯~Ç�½�Ä:þ§ÏL°(ÿþ!O��ÅÎÜ�.�¯~

Ç§¿^�Ó�{���ÿ
�'é¯~¯~Ç§üö�Oþ����k�¹Ý��

�'"d�{·Üu4$rÝ¥f
¹Ýÿþ§°Ý�6u¯~Çÿþ°Ý9&ÿ�

ÇØ�"�½&ÿìUþK��§ÿþ&ÿì�.Ì§¿ÏLÿþ���¯~m��

mÌ��ê©Ù�m�±°(O��.¯~Ç"�.&ÿì∼ 1.8MeV UþK�e§
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ã 5.54: ØÓUþK�e|^�{�d�.&ÿìÿþ��, 252Cf �¯~ÇµØÓU

þK�e(Jªu��§252Cf z¦�C�¯~Ç ∼250Hz"

ÿþ����.¯~�mm�~ê� 1.362us£[Ú«m[160us,2ms]¤§O����A

¯~Ç�� 734.2Hz¶Ó��â¯~m��m3[160us,2ms]«m�¯~êÓ�Ü¯~O

ê'~�±O���o��.¯~Ç�� ∼ 745.5Hz £Xã5.55¤«¤§�¢Sÿþ�

∼740Hz ��" 252Cf 'é¯~3 cut^�µ¥fÐ¼�mI�[10,100]us§¯ú&Ò

UþI�[1.8,13.5]MeVe§dã 5.52��d� 252Cf 'é¯~�ÿþ�Ç�� 35% ±
12%"�â�.êâ�±��ÎÜ 252Cf 'é¯~ cut^��¯~m��mÌXã 5.56

¤«§2�â¤À¯~Óo�.¯~�'~�±O����.¥÷v252Cf cut^��

�ÅÎÜ¯~Ç� 24.21Hz£°Ý 2%¤"

Ón§�ò, 252Cf �\&ÿì§ÏLÿþ9O��±��Ùo¯~Ç�

762.7Hz§÷v 252Cf cut ^��'é¯~Ç�� 26.39Hz£°Ý2%¤"�Ò´`

Ï 252Cf 
¢SÚ\�'é¯~Ç�� 26.39Hz-24.21Hz=2.18Hz§2�Ä 252Cf '

é¯~� cut �Ç��§d 252Cf 
��C¯~ÇØ�u 2.18Hz/35%£�Ç¤ ∼
6.14Hz£°Ý ± 12%¤"
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ã 5.55: �.ÿþ�¯~m��m©ÙÌµ�ê©Ù�m~ê�� 1.362us"

ã 5.56: �â252Cf cut^�©Û����.ÿþ�¯~�mm�Ì"

133



Æ¬Ø©µ¥�f&ÿì�.�ïÄ

5.4 γ!!!¥¥¥fff���OOO

¥�f¢��ÊHA:´¯~Ç$§�.K�r�§=B´ÏL� β PC�¯!ú

&ÒUþ!'é�m�n­ÎÜüØ¢��ý�õê�.§$�2ÏL�NðcN�j

ò¥fÐ¼�m á∼ 7�§�Ò´ò�ÅÎÜ�.�AÇü$∼ 7���§�.¯~

Ç�éu¢�ÿþ���8I¥�f¯~ÇE,´��§��¢�ÿþ°Ýü$§¦�

��¥�f¢�Ø�Øæ��«�ªJp�.�üØ�Ç§±Jp¢�ÿþ°Ý"

�æ�¥�f¢��
Ø$�.!Jp¢�ÿþ°Ý§¢y sin2 2θ13 ÿþ°Ý`u

1%�Ôn8I§ÕA�O
&ÿì(�!`z
¢�ÙÛ§�´E,���� β P

Cú&Ò�Uþ3[6§10]MeV «m��S§±�y¥fÐ¼¯~5
u¥%q«�j

£Gd¤Ð¼§?�ÚØ$¢��."ØL§ù«|^� β PCú&ÒUþ cut��ª

3�y�.üØ�Ç�Ó�§���¥�f¯~&ÿ�Ç�ü$"[6§10]MeV ú&Ò

Uþ cute§�æ�¥�f&ÿìé¥fÐ¼�UÌ&ÿ�Ç�k∼ 78%§ùE¤
k

�¯~Ç���"XJ·�U|^,«©Û�{3�y�.üØ�Ç�cJ^�e§?

�ÚJp¥fÐ¼�&ÿ�Ç§ò�¢�ÿþ°Ý�Jpå�È4�^"k��©Û

�{��Ò´ÏLâf�O£O&ÿì¥�¥fÐ¼¯~�Ù§�.£ùpÌ��Ä

γ¤§��ü$¥fUþ cutK�§Jp¥fÐ¼�&ÿ�Ç�8�"

 ²�ä£ANN¤�{�±nÜ|^&ÿì��«ÿþ&E§´âf�O�k�

Ãã§�d·�¦^ ROOT TMV A^��£ROOT V ersion 5.22/00¤©Oé�.

&ÿì� PuC 
¢�êâ±9�æ�¥�f&ÿì�� β PC£IBD¤¯~?1


ÿÁïÄ"Xc¤ã§PuC 
�±Jø¯úUþ!�m'é�&Ò��ý¢¥�f

£IBD¤¯~��[¯~§AO´¥fÐ¼ú&Ò!¯ú&Ò�m'é&E��5�

IBD¯~����£Xã 5.42mãÚã 5.43¤«¤¶üö����O´¯&Ò�¤©

9UÌµPuC 
¯&ÒÌ�d�>f�«£��
��^��ÙÄU�Cu"¤!�

f�À!� 4.4MeV ½ 6.13MeVüU γ �¤§UÌ¸�3 1MeVNC§¯~Ì�8¥

3 3MeV ±e§�3 4.4MeV ½ 6.13MeV NC�3¸�£XL 5.49ã 5.46¤«¤¶


 IBD ¯~�¯&ÒÌ���½ÄU��K>fé�«/¤�&Ò§UÌ¤ü¸(

�§U¸ u 3MeV NC§¯~Ä�þ u 8MeV ±e"3·��c�âf�OïÄ

¥§Ì�8�´± PuC 
¯&Ò�[�.&Ò£γ¤½ö± IBD¯~�¯&Ò�[�
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.&Ò£γ¤5�O¥fÐ¼&Ò§Ïd§PuC 
�.£γ¤�&Ò£¥fÐ¼¤��

Oò' IBD¯~�.£�K>fé�«¤�&Ò£¥fÐ¼¤äk���E,5�J

Ý¶Ó��­��§du�c¤À^�&Ò��.¿ØU
¿©L��5�æ�¢�&

Ò��.�A�§¤±·��c�âf�OïÄÌ�´5­u�{þ��15ïÄ"

Äk�
���XÀ PuC 
¯!ú&Ò¯~£o¯~Ç∼ 10kHz¤§·�ÏL¯

&Òc�x�m�� > 80usü$�ÅÎÜ��.'~£�.AÇ < ∼ 40%¤§\r¥

fÐ¼�m cut�[5§50]us ���mÎÜI��ÝØ$�.£�.AÇ< ∼ 34%¤§

9ú&ÒUþ cut�[6.49§8.43]MeV ��ú&Ò5
u¥f� GdÐ¼Ø$ú&Ò¥

�U,��5�Ù¦�.£�.AÇ< ∼ 10%¤§±d���¯&Ò¯~DÑ�'~

< 40% × 34% × 10% ∼ 1%§�Ò´`¤ÀJ�¯&Ò�XÀÝ> ∼ 99%¶ÀJ¯

&Òc�x�m�� > 80us£�.AÇ < ∼ 40%¤§¥fÐ¼�m cut [5,20]us£�.

AÇ < ∼ 15%¤±9¯&ÒUþ cut [5.68,6.49]MeV£�.AÇ < ∼ 40%¤§Ó��¦

ú&ÒUþpu 2MeV ±üØU,��5�.��z£�.AÇ < ∼ 10%¤§���

ú&Ò¥DÑ'~ < 20% × 24% × 45% × 10% ∼ 0.3%§=¤ÀJ�ú&Ò�XÀ

Ý > 99%"

�â�.&ÿìé PuC 
¯!ú&Ò�&ÿ�Ç§·��±��{üUþ cut

�§�.&ÿìé¥fÐ¼&Ò�&ÿ�Ç±9é�.�üØ�Çµ£1¤¥fÐ¼&

ÒUþ cut[4, 8]MeV �§oUÌ�Ç ∼ 78%; £2¤d cut^�e§òk ∼ 30%�¯&

Ò£�.¤÷v¥fÐ¼&Ò� cut^�§�U�Ø��¥fÐ¼&Ò£Xã 5.57¤

«¤¶�,·��±ÏL¯!ú&Ò�m��m'é5?�ÚØ$�Ø��¥fÐ¼&

Ò�¯&Ò£�.¤'~§�´ÃØXÛ§4�� 30%��.Ø�Ç§Ñ®²�¥f

Ð¼¯~!'é¯~�]ÀO\
�.�ÅÎÜ�ºx"¤±��Ø$ 30%�Ø�Ç

4�ò´Jp¥fÐ¼¯~!'é¯~�O�Ç����!�k��å»"

·�é�.&ÿì¥%:� PuC 
¢�êâ?1
¥fÐ¼¯~þO!�.üØ

�Ç� ²�ä�{ÿÁµò¥fÐ¼&Ò�� ²�ä�&Ò§�Ù'é�¯&Ò�

��.§Ù¥ PuC 
¯!ú&Ò�¤©XL� 5.4¤«" nÜ�«Ï��§�ª·�

ÀJ±eÊ�Cþ�� ²�ä�Ñ\�µ

(1)¯~­ï��Uþ¶

(2)likelihoodº:­ï�{��� likelihood�¶
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ã 5.57: �.&ÿìé PuC
¯ú&Ò�&ÿ�Ç"

L 5.4: PuC 
¯!ú&Ò�¤©9©ÙU«

¯&Ò¤© üU γ 4.4½ 6.13MeV [0.3, 8]MeV

�f�À±9�K>fé�«

ú&Ò¤© �fÐ¼¥f γ 2.2MeV [0, 10]MeV

Ú GdÐ¼¥f 3,4�γ oUþ 8MeV

(3)�â(2)­ïº:O��1>�O+>Ö chisquare�¶

(4)�â(2)­ïº:O��1>�O+Â¥�m chisquare�¶

(5)¯~1�Â¥ 10nsS§1>�O+Â¥ê"

�.&ÿì PuC 
¯!ú&Ò�Ñ\Cþ©Ù9§�*d�m��5'éXêX

ã 5.58Úã 5.59¤«§&Ò��.�Ê�Cþ�Oþ'�²w"

 ²�äé�.&ÿì PuC 
¯!ú&Ò�ª��O�ÇëXã 5.60§d(J�

�µ�¥fÐ¼&Ò�O�Ç�� 90%�£¢S¥f&ÿ�ok��Ç� 81.5%§'�

�Uþ cut�¥f&ÿ�Çp 3%¤§Ó�é¯&Ò�üØUå�±�� 92%§'��

Uþ cut�üØ�Çp� 7%"=Ó�Jp
¥f�&ÿ�Ç��.�üØ�Ç§é¢

y·��Ôn8Iå�
È4��^" �d·�?�Úé�æ�¥�f&ÿì�¥�

f¯!ú&Ò?1
 ²�äÿÁ"

�æ� AD&ÿì� IBD¯~¯!ú&Ò�¤ë�L� 5.5"éu&ÿì¥%q«
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ã 5.58: �.&ÿì PuC 
 ANN �Ñ\Cþ©Ù"

ã 5.59: �.&ÿì PuC 
 ANN �Ñ\Cþ�m��5'éXê"
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ã 5.60: �.&ÿì PuC 
¯ú&Ò ANN ��O�Ç"

�Åº:�)� IBD �[¯~§æ^��Uþ cut�&ÿ�Ç�µ£1¤¥fÐ¼ú

&Ò,Uþ cut [6§10]MeV ,�Ç 78%¶£2¤òk 5.5%�¯&Ò÷vú&ÒUþ cut^

�§�U�Ø��ú&Ò£�ã 5.61¤«¤§=�U�5�ÅÎÜ�.O\�ºx"

L 5.5: �æ� AD&ÿì IBD¯~�¯ú&Ò¤©9U«"

&Ò¤© UþA5

¯&Ò e+Uþ�È!�f�À� 8¥u$Uà,¸�3MeV ,$u8MeV

ú&Ò H/Gd¥fÐ¼�ü γ/3-4� γ 2.2MeV (H)/8MeV (Gd)

�æ�¥�f&ÿì¥�f¯~âf�O� ²�äÿÁ´ò IBD¯~�¥fÐ

¼ú&Ò��&Ò§�K>fé�«�¯&Ò���.§æ^��.&ÿì PuC 
 

²�ä�O���Ó�Cþ��Ñ\�£&ÒC�©ÙXã 5.62¤«¤µ�.£¯&

Ò¤UÌUþ«m§[0.3§10]MeV¶&Ò£ú&Ò¤UÌUþ«m§[4§15]MeV"

�æ�¥�f&ÿì¥�f¯~ ²�ä�âf�O(JXã 5.63¤«§(J`

²µ�&Ò£¥fÐ¼ú&Ò¤�O�Ç�� 94.1%�£'{üUþ cut��Ç 93%p

� 1%¤§é�.£¯&Ò¤�üØ�Ç�±�� 97%±þ§pu{üUþ cut��Ç
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SumPE

——

——

PE Cut

——

——

ã 5.61: AD¥ IBD¯~�¯ú&ÒUÌ9{üUþ cut�Çãµ�ã�UÌ¶mã�

ØÓUþ cute�&ÿ�Ç"

ã 5.62: AD¥ IBD¯~ ANN �Ñ\Cþ©Ù"
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� 2%¶�Ò´`§ÏL ²�ä��{§·��±3QO\¥f&ÿ�Ç�cJe

£O\ 1%¤§Ó�Jp�.£¯&Ò¤�Ø��&Ò£¥fÐ¼ú&Ò¤�üØAÇ

£üØ�ÇJp 2%¤"

ã 5.63: AD¥ IBD¯~¯ú&Ò ANN ��O�Ç"

 ²�ä^u�æ�¥�f&ÿì?1 γ!¥fÐ¼�O�`:´µ ²�ä�±

O\¥fÐ¼¯~�£O�Ç§3©Û¥ü$UþK�Jp¥f�&ÿ�Ç§Ø$�

.&Ò�Ø��¥fÐ¼&Ò�'~; O\º:&E��Ñ\C��§ò�±k�üØ

U,��5�.¯~; �Ù":Ì�´µ�c¤À^� ²�äÑ\Cþ�6uº:­

ï§ù��æ�¥�f&ÿì;�¦^º:­ï�Ð©��§Ø|uü$Ø�Jp¢�

°Ý"

5.5 ���jjj���NNNðððcccNNN���­­­½½½555

Xc©¤ã§���¢��ýÏ8I§ýO�æ�¢���ê�m�nc§Ïd�

j�NðcN�1��9Ù¦1Æ5U��Ï­½5éu�y¢�°Ý5`Òäk�©

140



1ÊÙ �.&ÿì5UïÄ

­��¿Â"¤±§�.¢��,��­�8�Ò´ïÄï��j�NðcN§¿ÏL

�.&ÿì�Ïiÿ�NÈ�j�NðcN��m­½5§�)1Æ5U!�jz©'

�­½5"

�ð��Ï­½5´¥�f&ÿì�'�A5§�´�æ�¢�4Ù'5�'�

A5��"kc�¥�f¢�Q²Ï��j�NðcN£GdLS¤­½5��
î­�

¯KµChooz�j�N3é^�ê�Sm©C�(C�'Ç 0.4%/U§Xã 5.64¤«)Ø

�Ø'4[84, 85, 86]§PaloV erde�ðcN(1�cC�'Ç 12% /c¶1�cC�'

Ç 3% /c§Xã 5.65¤«)�,�±�~ó�§�´&Ò�3ØäP~£P~�ÝC

�0.03%/U¤[86]"�, Palo V erde�²��`²§�ðß²Ý�ü$ØAT���

Lã�1���ü$§�´¿Ø�N�ð5U���m­½5�­�5"

ã 5.64: Chooz¢� GdLS P~�ÝPzµP~�ÝC�'Ç 0.4%/U

�.¢�Ì�ÏLü«�{iÿ�j�NðcN�­½5µ

£1¤ÏLb	©11ÝO½ÏiÿA½Å�eðcN�á1Ý��m�Cz�

¹§Ì�^5iÿ�¬P~�Ý�Cz�¹§�.¢��jðcN���miÿ(JX

ã 5.66¤« [124]§600U 430nm?á1Ý�iÿ(J=k��þ,§w«�.¢�^

�j�NðcNäkûÐ�1Æ­½5¶
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ã 5.65: Palo V erda ¢� GdLS P~�ÝPzµ1�cC�'Ç 12% /c£0.03%

/U¤¶1�cC�'Ç 3% /c¶ºÜã�,�;.ü�ç���ØÓ �?

228Th Compton>� �¶.ã� 66�ü��k�P~�Ý"

IHEP prototype Gd-LS
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