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1 � � �

1.1 ��� �	��
��� (Positronium)

�H��
����*� � ( ��� Ps) y����"76�'���oL“$6 y��=:��$�6*:���“�6���“

 �!�"�#%$

lnm'&�(*)�+ 6�,.;.- '0/�1�h�'2�,o.3*45�56�6�:���67�5�7“�6

lLx7�98�:;&};;<$:�'2� ,=45�>6�6 y@?�;��2A;B�CD&E(>F	o.3HG$:�";IJ-K�

L

l5I5F,;=<JMNG$:.-c:�_H`�acb7FE/�O2P�	��HB ��h 9	o�G	y�� ��6�“

 

’

Q

(QED) B�R5S�9no�T�'0U�Q�'2�,o.3

Ps � 1946 V�ln�*W$F2X�F (J.A. Wheeler)�EY�ZHB�[�\0/]M 1951 V�l��_^

��`ba MartinDeutsch)l�m�&�(�c*d76�,,;.3 Ps :�e*f'g*h*l'�.M 1 U*i'g*h*:

para-Ps(jkXL�H�2
��}���&� ) y 3 U*i'g*h*: ortho-Ps(lpaDm4�,�2
��}��� � )

: 2 n'o2�5�=o�3pj	q_r>WG:9s'Y5t�uwv para-Ps� 2 5$6�x5yzB�/_M ortho-Ps �

3 5765x'yHB
9no.3 ( { 1.1) |�‘2}�'H:
	��7�.M para-Ps�0~ 125psec,ortho-Ps

�0~ 142nsec'2�,o.3

{ 1.1: Ps :����HK}:����

{ 1.2: ortho-Ps:
	�����h

Ps : 	 �•� QED l�mco2€z•

y�N"O l m o2‚Šl„ƒ…�†� ,5‡

ˆ

ywI2&J(‰FŠow3*Š…‹•Œ

Q

:

ortho Ž Ps : 	 �J�JhƒNJOYycC

B2•JK‘• Michigan’“Œ

Q

:z”$a F

•

l m7oLN.O,S.TNBE–;{*l�— 9J3

QED :'€%•nS.T l„� a ( ˜�™7š

›

h�? ) : 1 œƒ:E•�eK�'žH&�(�F

o03 Ps �J)2+>- '7�	o�;,< QED

:EŸ>œc:E•�e�i�:J€*•K�% '¡Ec'¢

6�,%(�£Nv“¤EM 2 œc:E•�ekB�ž2,
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; ortho Ž Ps :�	��n:E€*•7S7T;� "�� '2��o�35• 142� 01 � 142� 07nsec’ �p:7;�<

N�O�' orthoŽ Ps :�	��HB0��h�9	o�G,y4lnm�,=)�+5- QED :�œc:�•�eHB9R*S

9no�G	y��0U�Q y�I�o.3

 7;.M Ps �������
	�:L“�6�g*h2P��

 

����	l$#�9no�����l7<��

$

6�,%(

F	o03 Ps �����
�
	 y��
� 9>,� Ps }H:��7“�6 y������
	�:$“�67�&8'x2y

9no��7‚5�Jl���x5yHB�� G"/]M
�����
	*l��

 

�����>��� ,�� Ps }H:�“�6*:

���HK�� ž2,! �:*o&���HK#"'8>�
$„�%� Gpo�G	y�<0�,o.3kG�, v&:&�
�7uNv

'

�

'
(

P*6�6

'
(

:Ee*)clƒy0&�(0U�QKI�+�,HB.- o�G	y���'���o.3

/

�	:�N�O�'2�J�7“�6�f=g (22Na) B

$

F5( ortho-Ps :$t�uYX 8�9�:����HB

021

o.3

1.2
3547698;:

N�O�'2���7“�6�f=g y�/�(

22Na B

$

F	o.37/�u /

22Na uNv=<?>�6�,*o0�

“$6�:p_=`�a.b7F'�.@%Œ�' 0.545MeV y_Œ �EF,;p< Ps B ��u�9noBAnl$“�6"y

�
�0/ 8 x>yHB�/9( /J ?C 3 Ps B�t�u 9no7;=<7l��&D*_=`�acb�F��7“�6��%E

Q�'2� , M;�=:�;=<Hl moderation(F!G ) B %HC 3

1.2.1 moderation

�7“�6;�

'

A„}Hl.žƒocy@6�6JI ��6�:5^*l K !%P�K
�*lnm�,ML*_H`�acb7F

'H•k &'%F�G 6�,*o.3�L"! /�;��7“�6;�

'

A„}�BBN*O0/@M,“�6 y 8'x>yHB 9

o.3 /�u /�N*O 9no0�7“�6�:5}Hl��

'

An:&�
	�P*Q�lSR�9no�<$:7<0� , M�T

U%V?W

>ƒmXC,y 9�o03 ( T*<Y> ) T�<�>7�'�H“=6K�

'

Acl)8 /J(!Z :%[�\ #

?HB�CD&E(2F	o7;,<Hl&�†Gpo.3
]2y"/�( Al(-0.2eV), Cr(-1.7eV), Cu(-0.13�

-0.40eV),W(-2.54eV) ^;�„�,o 3HGp:&T*<?>�6.,.;5��“�6w�&Dƒ_�`�a b�F�l

I„&�(�£ ,=M Ps ��t�u 6�,*oL�����7�2�=ocy�_�`Dv ,*o�3 ( { 1.3) “�6z�$‘

’z}H:L’�����6 (O2 ,N2) Ba�

$

9no.3

{ 1.3: moderation
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1.2.2 ���������
	

fpgzuHva>H;J�p“�62��9���l$“$6"y 8 x5yHB�/“( /E  C=y Ps :&���;�� /

F,:�' M��7“�67��‘7’z}&'��“,„¡������ 9no�G	y�������u�‘7’z}H:$“�6 y��

� 9no� &'�:��� ����>M��� "!�#&%�' l B���<�o.37‘7’.:$“�6�”=•wB NeM 2

5765x>y�:�� 	��HB s y 9nocy l �

l �

1
s Ne

(1.1)

y�� 6�,*o.3

 0¤ 2 5765x>y�:�� 	�� s �.œc:��7uNv��K �o.3

s �

pr0
2

1 � g

 

g2
� 4g � 1
g2

Ž 1
ln ! g ��" g2

Ž 1# Ž

g � 3

" g2
Ž 1 $

(1.2)

r0 �

h̄a
mec

g �

E%

mec2

G�G
' E
%

����“�6�:�&*_H`}acb7F.M h̄ �

•

X	K$� h�?>M a �E˜5™>š

›

h�?>M

me �$“�6 ( �7“�6 ) :0A �>M c �}5�G '2�,o.3

N�O�'

$

F	oLf=g (Na22) uNv=<Y>�6�,�o0�7“�6 :&@%Œ � �*_H`�aƒb7F �

~ 0.545MeV IH:�'*M��7“�6�:�� �*_H`�aƒb7F pc B 0.5MeV y�/�( s B�€

•�9no.3%�7“�6�:�')(	_H`�acb7F mec2 * 0 � 5MeV m�,

E%�

" mec2
� p2c2

�,+

2
2

MeV

 7;

a *

1
137

c � 2 � 998 - 108 m. s

h̄ � 6 � 582 - 10 /

22 MeV X s

IH:�' MNG�, v&:E‚HB� (1.2) l�0>ž"9nocy

s � 3 � 47 - 10 /

29 m2 (1.3)

'2�,o.3�‘7’z}H:$“�6�”H• Ne(€*•k��1�2 A.1) �

Ne � 3 � 88 - 1026
. m3

y�I�o7:�' M3� (1.1) m�,

l � 74� 22m (1.4)

y�I�o.3HG�, m�, 0.5MeV :��7“�6;�

(3465

l��$‘7’z}�'�u%I ,0:����HB�

� 9no.3Jm'&�(�f=g y���h�i�:$2	l��,o&'H•c:����HB*y.&J(;< ��������'2�

ocy�_ `Dv ,*o.3
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�'�(�)

*,+.-./�021�3�4�/

�5���5���6���7 "�8���896:

/

Geant4
*�;

�!<"=?>A@�B

C

�

4D;5E

#

Ps

�'

2 F

)6G6H��JI

E

para-Ps
*

3 F

)6G�H��JI

E

ortho-Ps
/

2 K�LNM

OQPSRUT

9"V2WX)�'�Y[Z

/�\�]

WX)

*_^

G�H��JI

E

96:

R

�������������& 

'

'

3 F

)6G�H

R

2 F

)6G�H�
N`

E

g a

* 22Neb

/�c�d


N`2eJfJg

>Nh&i

E

g a ( j 1.28MeV) M Detector

�k

*

I

_�l&mon

��p�qU��rD:

E

#ts���
2'

g

a

'�u.vDw"x�g

>Nh%i

E

96:

R

�������������& 

'

'�y2z

*8{!|

��}~�

4D;

f!u.vDw�
�•.€

h%•

E

#�‚

/U*�ƒ

3 F

)

c�d


N`

E

g a




^…„

f.'

R�†

iN‡

i

/%ˆ�‰�Š�‹

p

*�Œ

l�mon

�.��•o:

E

��
NŽ•y�z��

4D;5E

#N9�•

„

‚

/

y�z




^…„

f.'

ˆ�‰�Š�‘�’�“”*•Œ

l�mon

�

‘�’�“

M

‹

P–•D—

`D�7
�˜6™?�%šD›

E

œ�•

M

OQPSRUT!žD†

/

˜6™?��rD:

E

#

2.1 3 Ÿ¡ £¢£¤¦¥¨§£©ª¥¬«¨ª®¨¯

Œ

l�mon

�

‘�’�“°*�ˆ�‰�Š�‘�’�“

M

‹

P–•D—

`D�7


3 ±

/

g a

��•.€

h%•

E

y�z

/

˜6™?��rD:

E

#

V2WX)�'

ˆ�‰�Š

M.²�³X´	µ

/�¶�·

'!¸.¹

„

f

;5E

WX)

*Aº5»

>

µ�¼

@�½N�

¾

‹

I

E~*_¿

›°À

i

E2/

'

c�d

�

/Jˆ�‰�Š

'

´�µ

R

Œ

l2mon

��'XWX)

(
V"W

)

)
/

¸.¹

Œ

l�m~n

�

(mec2 Á 0 Â 511MeV )
/

2 Ã '

O

E

#�`2e%f

c�d�Ä�/

3

±

/

g a5M"Å

9"I6Æ

ƒ7Ç

'

†

iN‡"i

/

g a

/%ˆ.‰�Š5ÈoÉ

>

m

�

PPP1 Ê

PPP2 Ê

PPP3
*

„

R

E Ë mec2 *_Ì

Z

*

R

(2.1)
*

(2.2) '

O

E

#N92•

„

FXÍ c Ë 1
*6„

9!#

PPP1 Î

PPP2 Î

PPP3 Ë 0 (2.1)

P1
Î

P2
Î

P3 Ë 2E (2.2)
Ï

PPP1
Ï

Ë P1
Ï

PPP2
Ï

Ë P2
Ï

PPP3
Ï

Ë P3

3 ±

/

g a

'"Ð�ÑXÒ�ÓoÔ�


O

E2/

'

R

‚�‚

'

'

xy
Ò�Ó��

¿

›

E

#	Õ

2.1
/

`

�7


PPP1

'

Î

x
vDw

R

PPP2 Ê

PPP3

'

†

iN‡!i x ÖN×

À

q
Ê

y
vDw"x

ˆ�‰Ø„

f

;5EU*

I

E

#

ˆ�‰2Š�‹

pN'�u2Ù

' 6
—5O

E

M

R

PPP1
/

y
‹

p�'

´	µ

*6„

9

/

'

y�z�'

2
—

šD›

iDÚ

`

;

#

†

‚

' P1 M 3
—

/6Û

'!Ü	Ý (P2 Ê

P3 Þ

P1) '

O

Eo*6„

R

P1
*

P2




†

i.‡!i

y2z

a
*

b
�%šD›

E

#

2
—

/�‘X’�“

�

Å

9JIU`D�8ß

a
*

b
/
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˜6™U'

T!ž�R

b
'

P2 Þ

P1
*6„

9

/

'

b
Þ

a (2.3)

� 


PPP2
*

PPP3 M x Ö

*

ßXI����

†

i5‡!i q
Ê

y (0
Þ

q
Þ

p
2 Ê��

p
2 Þ

y
Þ

0)
*

I

Eo*

R

ˆ�‰�Š�‘�’�“

`

P

bcosq
Î

P3cosy Ë a (2.4)

bsinq
Î

P3siny Ë 0 (2.5)

*

ß

E

#

(2.2) (2.4) (2.5)
`

P

P3
*

y
�AG��

„

R

a



—

;

f��[Z

*

a Ë

2E 	 E
�

b


2E
�

b 	 1
Î

cosq 


(2.6)

cosq
Þ

1
ß

/

' a
/

˜6™U'

a
Þ

E (2.7)
*

ß

E

#J`8e f

(2.3) (2.7)
/

˜!™

/���

y�z��•š�›

R

u�f

/•ˆ"‰�Š�‹

p��

a
Ê

b
Ê
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a 3.12:3 <�FH�! !"IF phADC F

�
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a 3.13:3 <�FH�! !"/F phADC F

�

(log scale)
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Zge&%�'�@1Q�(!~n+ moderation��)/Ÿ+*�• �\C,�KQ:„.-0/dD Tn;Ž_:@5C

@ phADC200ch(1MeV) 8�1:+32MD!@1¤54KF%Ÿ���/�…�6�i A Ps FK•'ž87:9�;

(3 #?&�9<; ) Ÿ�=dŒ<�5…�¤�;?>�@�AIe

&

;1_g-,B?Cn254?-EDz. ( a 2.6) „GF �

7/@z…H4†A 3 #?&�9�;,Ÿ�=�Œ%;,„JI�%3czTn; ) 1.2MeV (�K/F���	�� ?4ML

N

e�OIQ�PM7/@5…�¤�;Ž_nSVŒHZxA�Q 4 R/Zge�'?u+��L

N

FH�! M7

§

] _<S<T

U

e�'!u+�WV A para-PsF�X�YIe�) 123psec„GZ�[n+�\n¤�F!+?S @†… ortho-Ps

F�X�YIe�) 142nsec„J]n¤�Q%R A�^IF 2 <�F�_3`�„JL:9\…K�! /Z,y';,„G-0/
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4 � ortho-Ps � � � � � � �

ortho-PsFK•'ž�„J9�;/Ÿ�=�Œ��H…�¤/;?>�@�A�7
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§
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œ

��� �:•�7KC�9šA�X�YM7����/O/;Ž_

4.1 TDC ���

TDC e start „ stop F���/Ÿ

&

;:„xyx+xA 2 <�F���IF\u�F�'!u+��75�! 

O/;�����CK4 �gZ

&

;1_ ( a 4.1)TDC F�� 1  5nsec+�!� �@�A moderatorF

 j;1¡!¢�„ £n¤ ¡!¢/ZK�! M7

§

] _

a 4.1: '!u t FH�! 

4.1.1 "$#

!�%Ia:7?a 4.2 +!�,O _

#'&

F\�V �" „†•�€�F)(/wdF)*,+Ie!a 3.8 „Ko

-

Z

&

;'_nS%TjU\T:F?#V$�&�(V)n*:+/.�9V;'$g” (HV) e'A PMT1:1.9kVA

PMT2:1.9kVA PMT3:2.0kVA Na22:2.45kVZ

&

;Ž_

‘ start021

•%€ (Na22) +!e�-/.103254�6 ŸK8:9\…

&

;?FKZxA%•%€nCED4365/czTVQ

›?$'&I+/h � …�-/.10E254�-EDH.†#�Ÿ75g;Ž_ ( a 4.3) ŒKF #:75#�$'&%(

)�*VZK�! �@�A start ��3„†O/;Ž_MŒ1T,7 start ��3„†O/;Ž_

‘ stop021

SKT/UKTVF CsI �! !"/CED1F���I7 stop ��3„†O/;Ž_
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a 4.2: TDC �! "!�%

a 4.3: •%€ (Na22)

���

F

&

+ ADC „ phADC F��/Z7� �n•�7'C�9�;?Q�R A TDC „1o '�+,Œ

T3D1F�� 4P�! VO/;Ž_
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4.1.2 ���������
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+1¢ �5Q ���I.:• F �g7���zA��1ˆ�• ‡�����+ O�;z_?ƒ��HA%-�.10d2†4

-EDH.†#:7 start ��/+���T�…�¤�;?Q'R AIŒKF #:7

&

;���t�(?~!�! gZ,yxQ �

�I.M• 7���� _'a 4.4 F%-�.10d2†4�-HDŽ.�#�F ADC L

N

7M�g;,„ 300 8�1,e

�

�!ˆI6 �3„G-0/3D�Tn;?F'ZxA 400 (!~M7

	�


„†O/;x_,ƒ?QŽA� jƒxZgF����

CED 3 #?&�T

U

e 3 <�F5�! !"I+/h\;���	!� ?4!F

�

Ÿ�) 1.2MeV (�KgZ�=

Œ<� …�¤�;,„����!Tn;?F'Z/Œ1T54

	�


+��,/�;Ž_�</ƒMi

���

F

&

F � �,•

	




eŽm,F 2 <�Z

&

;Ž_

‘

- B+CI2z4�-EDH.�h:i 3 <nF �g �"j+Ih?;��
	 � �4�F

�

Ÿ 1.2MeV

(�K

‘

�! �@HQ�-/.103254�-EDŽ.†#nF ADC F��/Ÿ 400 (!~ ( a 4.4)

a 4.4: -/.1032†4�-EDK.†#nFH�! 

4.2 �! 

	 D TVQ��!4�6 +	S�@�� �g• 7HC�95A#" �%$��gZ �ttin g @5Q��<�I7Ha 4.5 +

��OK_ �%}/e TDC F
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 ^i A�K�a�Ÿ moderator£�@1FH¡!¢/Z

&

;Ž_
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� �

A � � � � � � �

A.1 �
	�������
�

‘��������

ž3F�„���t d

N ( � � ) ! O ( "#� ) = 7 ! 3 d = 1.29mg/cm3

‘ N „ O �%$'&'(

„ 1 $'&

&')+*

�-,#&

�

$'&'( 1 $'&

&')+*

�-,#&

�

N 14.01g/mol 7

O 16.00g/mol 8

��� 1mol
&')+*

�

�

(/.

0 0 7mol 1 140 01g2 mol 3 0 0 3mol 1 160 00g2 mol  140 607g2 mol (A.1)
��� 1mol

&')+*

�-,#&

�

.

Na 154 0 0 7mol 1 7 3 0 0 3mol 1 86  4 0 40 1 1024
2 mol (A.2)

Na  6 0 022 1 1023
2 mol : 7 8%—:9<; �

Œ>=@?

*

�����-,#&

��t NeAir
.

NeAir  

1 0 29mg2 cm3

140 607 1 103 mg2 mol
1 4 0 40 1 1024

2 mol  3 0 88 1 1020
2 cm3

 3 0 88 1 1026
2 m3 (A.3)

A.2 Fe(A ) ������
�

Fe �

#'B'�?t

$'&'( 1 $'&

&')+*

�-,#&

�

7.86g/cm3 55.85g/mol 26

Fe1mol
&')+*

�

�

(/.%$'&'(/C

"ED1¤

�#F

550 85g2 mol (A.4)

Fe1mol
&')+*

��,#&

�

.

Na 1 26  1 0 57 1 1025
2 mol (A.5)
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Œ>=@?

*

Fe �-,#&

��t NeFe
.

NeFe  

7 0 86g2 cm3

550 85g2 mol
1 1 0 57 1 1025

2 mol  2 0 21 1 1024
2 cm3

 2 0 21 1 1030
2 m3 (A.6)

���

{

F����

�����

§

� ( � (1.4)) „

�

F��

�

)��
	

Fe F����

�����

§

��

� �����

� (1.1) „ (1.3) „ (A.6) ?

*

l Fe  0 0 013m
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� �

B Pb �

� �

� �

� � � �

0.5MeV ����&/C��
	

�

Pb(� ) ���������� m �

� �����

Pb �

��� r � 110 34g2 cm3 �

(��������

m
r � 0 0 15cm2

2 g
�

=@?

*

��������� m .

m � 0 0 15 1 110 34 � 1 0 701cm /

1

��&/���

� � I(x) �

	

�

� Pb �����

�

�! "�/.�#��

?%$

C'&

���

     

log[I(x)/I(0)] x[cm]

1.5[cm]

I(0): (*)*+

I(x)/I(0)=exp(- , x)

-

B.1: Pb ����� x cm C��
	

�

��& (0.5MeV) ���

� I(x)

x � 4 cm �

�*.*/�021 ;�324

	

��� 4cm � Pb .

	'5%6

�

#�$

F�."� ,#&

7�8�9

�;:�<

	

�

�*.

C���=?>

��) �

1 0 5 cm � D

)��
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� �

C � � � � � � � 	

C.1 3 
����������� g � ��������� �

2.1 �"!$#&% xy ')(+*-,/.1032 (
-

2.1) 465 PPP1 7

PPP2 7

PPP3 8

x
7

y
7

z 9):<;

#

8

=

$"%�<?>@2

PPP1 �BA CD

Px1

Py1

Pz1

EGF

H

PPP2 �IA CD

Px2

Py2

Pz2

EGF

H

PPP3 �JA CD

Px3

Py3

Pz3

EGF

H

K+L

8

g �NM xy ')(N%)OP0

�

�RQTS

Pz1 � Pz2 � Pz3 � 0 (C.1)

4VU 2.1 * P1 � a
7

P2 � b �XW$U

8

*

Y

Px1
2 Z Py1

2
� a (C.2)

Y

Px2
2 Z Py2

2
� b (C.3)

Y

Px3
2 Z Py3

2
� 2E []\ a Z b̂ (C.4)

PPP1 8

y 9):

M

1`_-*Pa .�4

Z x b`a

&

8

*

Px1 � a Py1 � 0

4VU3ced)f)g)hei

=kj

Px2
Z Px3 �`[ a (C.5)

Py2
Z Py3 � 0 (C.6)

&

8

*

k � 2E []\ a Z b̂

� <+l

L-m

(C.3) (C.4) (C.5) (C.6)
=kjon

8

9]:<;$p`q/0 �

#

8

=

$"%

&

0r2

Px2 �

1
2a s

k2
[ a2

[ b2 t (C.7)

Px3 �

1
2a s

b2
[ a2

[ k2 t (C.8)

Py2 �

1
4a2 u

s

b2
[ a2 t

2
Z k4 v

[

k2

2 w

1 Z

b2

a2 x

(C.9)

Py3 �

k2

2 w

1 Z

b2

a2 x

[

1
4a2 u

s

b2
[ a2 t

2
Z k4 v (C.10)
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3 �������NM

KkL

8

')(+*��

�

0

8

*

m

���

*]p`q/U3ced)f)9/:<;

K+L

8��

(x
7

y
7

z )
8
	

j

%

6��

��

m����

8

')(+* g �

;����

��

0r2

6��

%��1l

L

M C.3 *��

	

2

C.2 2 
����� � b ���������� g � �J� � �����

b Z

���

%

=

0 g �

� 2 �������

%

=

0 g �

8

ced)f������! N;�"�#%$�#

PPP4 7

PPP5 7

PPP6 �

	

0 �

m

b Z

���

%

=

0 g �

8'&)(

 �*�+

M 1.28MeV */O

j

m

2
�������

8-,�.

M

ced/b`a�4�/&lP%10&*�2 .

�-M-3

W"l

8

*

P4 � 1 4 28MeV (C.11)

PPP5
Z PPP6 � 0 (C.12)

P5 � P6 � 0 4 511MeV (C.13)

�

&

0r2`4VU PPP4 7

PPP5 4 x
�

QTS y 4 7

y 5 5

z
�

QTS q4 7

q5 b`a�6-ced W

L

l10

�

	

0 � 9):

M

PPP4 � 1 4 28 AC

D

sinq4cosy 4

sinq4cosy 4

cosq4

EGF

H PPP5 � 0 4 511 AC

D

sinq5cosy 5

sinq5cosy 5

cosq5

EGF

H PPP6 �e[ 0 4 511 AC

D

sinq5cosy 5

sinq5cosy 5

cosq5

EGF

H

*/OP0r2

�

# S

8

g �87

K

b`a�6'9;:

�

#&0

8

*�<>='?>@�+)<BA�C3*

M-D

�

% 0 E q
7

y F 2p
8�G%H

*�I

�

;�J`.

���

8

b`a�6����

��

0r2

C.3 KMLONQP

���

8

�����R PPP ; x
7

y
7

z
8

K/L

8-�

%��Xl

L

6
�

��

0r2

6���S

8

�%�

�! N; PPPT �XW

mXK+L

8-�

%��Pl

L

6��

��

0VU)W ; A �

	

0 �

PPPT

� APPP

*/OP0r2 x
7

y
7

z
�)	

j

8

6��

U)W ;�"�#%$�# Ax
7

Ay
7

Az �

	

0 �

Ax �
ACD

cosqx 0 sinqx

0 1 0

[ sinqx 0 cosqx

EGF

H

Ay �JA
C

D

cosqy 0 [ sinqy

0 1 0

sinqy 0 cosqy

E
F

H

Az �JA
C
D

cosqz sinqz 0

[ sinqz sinqz 0

0 0 1

E
F

H
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&

8

*

m K+L

8V�

%��Pl

L

8

6��

U�W A M

�

# S 3 �

8

U)Wk;����XU

7

8

*

A � AxAyAz

�IA C

D

\ cosqxcosqy
Z sinqxsinqy ^ cosqz \ cosqxcosqy

Z sinqxsinqy ^ sinqz [ cosqxsinqy
Z sinqxcosqy

[ sinqz cosqz 0

\ [ sinqxcosqy
Z cosqxsinqy ^ cosqz \ [ sinqxcosqy

Z cosqxsinqy ^ sinqz sinqxsinqy
Z cosqxcosqy

E F

H

(C.14)

���

�

#&0r2
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� �

D
� � � � �

D.1 Gauss���

<�='? @ +�< AVC	�)_�
���)%

M�������&��

S � .�4��k4�#

L

l

&

lPU]q

m

���?�

#`U

&)(

 *�+)%

�

S � .V;��NU



0VUXqe% GaussI

�

; ���

��

0

�]_�
���1;����

	

0"2

-

(D.1)
8

=

$

&

b��`*� �! W$U phADC :�"+Q<S�"

#%$�#

8

CsI  �!�#

8

resolutionR ;$p`q/0"2 R M�$ (D.1) * �

�

#&032

%

�'&)()+ (Gate) M 2 �

8

CsI  �!�#

8

AND

% HV( *�+ ) M PMT1:1.9kV PMT2:1.9kV PMT3:2.0kV

-

D.1:  �!-,�< �

6'.

R �

s / Energy
phADC [ pedestal

(D.1)
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-

D.2: PMT1

-

D.3: PMT2
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-

D.4: PMT3

�

.�� PMT1(
-

D.2) *

M 160ch ���

8��

4 511keV &

8

*

m

Gauss�t 	

0 �

Mean1 � 1594 8 s 1 � 7 4 692

pedestal M	��
��

8��

l���+��6*

m��

M�� 72ch &

8

*

$ (D.1)
=kj

R1 �

7 4 692 / 511
1594 8 [ 72

� 1 4 98

n

8

2 �

8

 �!�#N%��Pl

L

7

!$# %

��� 	

0 �

PMT2(
-

D.3)
8

resolution R2 M

Mean2 � 1404 2 s 2 � 5 4 963 pedestal � 72

R2 �

5 4 963/ 511
1404 2 [ 72

� 1 4 98

PMT3(
-

D.4)
8

resolution R3 M

Mean3 � 1284 6 s 3 � 7 4 828 pedestal � 72

R3 �

7 4 828/ 511
1284 6 [ 72

� 3 4 13

R M��

8�&�(

 �*)+)%

�

W

L

7��

!

&

8

*

m

OP0

&�(

 B*�+ E %

�
	

0 sE
M�$ (D.1) ;��� W

L

pkq/0

�

�4)* .]062 E ; GaussI

�

*�� 0 �

M

m

'

�

; E
m��

4

j

; sE �]W U Gauss *�

%�� $

=

$

&

I

�

;�J`.&0

�

�R*`O

0r2� �!&%�"�# W$U �)_�
���+;�$%+%-�

	

2
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