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��� �	���� �"!$#������(`�]�(�*��(*>7��t����	���%5��l��� �!K&
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��� �>�����8�(*X���
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I#��$�1	2E? ��b ���F�o�F�����o!F#�`;�;9
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2.1 _a`cb�������E�d���:$�e 3�f&g #"C,F:G&H:IhJM+�i:j=�2�A[kl0���<.m�n�op�&q�r=sB��<�t(<�u�r.vBABCE^w!P�2Q= 3 RBSx1W�py����.�h<.G:H=IKJ�+�� 108eV zu� 1020eV

<�{=|(} 3d~h�&O:� kl0�B<��B�=���h�&G=H�I"J.+p<����
−3 �[3��=���EO&� 1��d�pC,^��B�&�K<������h��o:�[�����p�=0

1018eV
�B� <����2��

0.1%
Z4�[��C,�=�:�K�,���T1W� O:N � N ^

2.1.1 ���x ¢¡¤£x¥T¦�§T¨�©�ª¬«®¯¦- g Q= 3 RBSx1W� O:N C,°�±=���.�h<.G:H=IKJ�+ 5�²"³µ´ I"Z&¶ 2.1 3�· #�^¸ q�¹�º2<�»�¼"Z�½K¾:� N 1010eV
Z4¿[��C�G:H=IKJ�+����(<M�����h<,À�o�G&H=IhJ�+ 5�²K³µ´Ih�&0:G:H=IKJ�+B<dÁKÂdÃ

F (E) = K × E−α
.Ä&Å(���CE^

1015eV Æ ÄpQ=�� α ∼ 2.7
BAÇkl0�.� ��� ��

α ∼ 3.0
�8È&É � 0 1018.5eV Æ Ä zu� Q=y α ∼ 2.7

�,��CE^[!M<
2 ÊEË < 5�²"³µ´ I<�Ì��KÍ.�Îk

(1015eV Æ ÄB0 1018.5eV Æ Ä )
Z��.��Ï.�

“knee”
0

“ankle”
�PÐ:Ñ&^

1020eV
Z4¿[�CW���p=< 5�²K³�´ I(�.0d�����(<d���&�����MÒpe 100km2

A.ywk
1 Ó /T�ÕÔ�Ö 3,× � N y�]�0p!�2Q=�<�RBS�ØB��MÙ�Ú�ØB�.Û�Ü �PO:N C�yB]�Ý��¯Þ(Q �&O:N � N ^

2.1.2 ���x ¢¡xß�à�áµâ�(ãw1��2y.�B�:�K<dä�å:æ[��Q�ç.è � � O=N � N ��0 � .é�ê2yhÝ\ë��dÁ�ìK<&G=H�I\J.+ 5.²³µ´ I"Zdíh�:îdï[C�!�� zu� 0EäBå.ð�ñµ� �PO DÇòEó�ôT�8õK�höÕ� O:N C�<=� “ ÷=ø IµùúäBå ”
ABCE^

û�üEýÎþ¯ÿ��
÷:ø IµùúäBå(� 1949

Ò 3 Fermi 3 Ý �.O���� 1W�pydäBå����2=0
	�º �PO:N C���e�T�������r������(Z��¬k��=#\!B� 3 Ý ��O ä�åÇ18�"Cp� N ë Ù�Ú����Eä�å����&I��A�CP^"!�� 3 Ý�� �.0��e!Î�"���#��rp<����=�2�=�dÙ=Ú�� 3�$�%�&�' �A�Cd�:0(��rp< 1 ) <����(A.yxk8<�*,+B����G.HIhJ�+�-�ä�Ø
∆E
��.B�A[kl0

∆E = αE
�/��rp<�G&H:I(J�+ 3d�&� #"C�!B�P� · 18�"CP^��Be��E<���� 3 Ý:CWä�åp�.0(!d< α

����e!p<Må=��<
2 �K3d�&� #KC�!B� z ö80 2

±�< ÷.ø I�ù ä�åÎ�Ð��d�"C�^ 9�0 <M�����&ä�å����&IÎ� ��O �.0p!d< 2
± ÷&ø I�ùlä�å\Ý(k,ò�1 $!2�3 ��4�5 3 Ý:C
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ä�å(�.ó�ô2�ApC(�Wõ"�hö¯� O�N CE^2!�<����20�ä�å:�B�K<����(<.õ�� z ö α
��� 4�5h<
	Bº�å�2<

1 �"3M�:� #\C�!��E� · 1W��0 1
±p< ÷=ø IµùúäBåT�PÐ �M�\CE^���#��rB����4�5Î�P<

1 ) <����� ∆E = αE
<�G&H:IhJM+pZ����#KCp�Õ#"Cp�W0

n ) <������<��Br2<.G:H=IKJ�+
En

��� � <2Ý"ë 3 ��CE^
En = E0 (1 + α)

n
(2.1)!:!4

E0

����r�<�����G�H&I2JM+��A�CW^KÝ �dO 04G.H.I(JM+=� E 3 ��Cd< 3���� ����� ) Ã2��0
n =

ln (E/E0)

ln (1 + α)
(2.2)�4�BCP^K!=!,:0

1 ) <������ä�å.��� z ö����=îd#.���(Z Pesc

� � ¾,�.0 n ) ����� 3 ä�å����3�� QpC����2� (1 − Pesc)
n
BABC�<==0

E
�� �<.G:H=IKJ�+ 3 äBåx1W�\C(�Br2<
!��h�

N(≥ E) ∝
∞
∑

m=n

(1 − Pesc)
m

=
(1 − Pesc)

n

Pesc

(2.3)

BABCE^�"
(2.2)

Z�"
(2.3) 3�#�$ #\C2�P0

N(> E) ∝ 1

Pesc

E

E0

−γ

(2.4)�,��CE^w!�!d
γ =

ln
[

1
(1−Pesc)

]

ln(1 + α)
≈ Pesc

α
(2.5)BABCE^w!M<2Ý"ë 3 0 ÷=ø IµùúäBåp���Á�ìh<.G:H=IKJ�+ 5�²"³µ´ I2�.íh�:îh1W�\CE^

knee
Ýhk&% N G.H:IhJ�+M���2<M�����(�.0l��'���U�(2<���4�5B) +*p<4ð=ñ 3 Ý(k ä�å[18��0-,.�/�� 3�0 �höÕ� O ,�.�1 3�24365 ]"öÕ� O:N CM0"�8õK�höÕ� O:N CE^

knee z ö ankle
Q=�<����(<����.�wò7,�.98:1� .æ��:1W� O:N C��=0h��<�; �WN äBå.ð�ñK�=Qç�< zB�&O:N � N ^

ankle
Z4�[��C�G:H=IKJ�+���&0E���.���Br2< $ +�� 6�=�> ��,�.�8�<�?:@hÝKk,ÝKk-Ah�(�,��Cy�]�0������(��,�.�8�1 3�2B3C5 ]höV��D=02!�<�G&H:IhJM+M���2<M�����h��,�.�8)E� �æµ�Õõh�(ö� O:� kl0���<M���=�(� 3 �=�:�(�BABC�!��E����FÎ1W� O:N CE^

2.2 _a`cb GIH JLKNMPORQTSVU
���M�2< ÷�$�W,³d5 �&�&� E−3

�X × #KCM<.&07Y�G�H&I(Jd+d�=���� ÷�$�W4³M5 <MÈ�É2� 10303 ò���CE^ ÷�$9WM³�5 <�Ah� N 1014eV
� � <
%BG:H=IKJ�+B<����.�K�&0W%�Z=s�[9\
]��p�B^4<�_

`�a 3 R�S+b�cpZed�f �WO A.%� .$ 3 _ ��#"!B��.0�g
h.R�S[1¯�KCW^ �Wz"� G.H.I(Jd+�� 1014eV�� B<M�����h�.0���<d���&����� × � N y�]�0ER�S 3 �
A(�&��i(î�j�k��ml N+n�o�p e:� ��� �Akl0�g
h:R�ShZ,#KC�!B�4��q)D z[�8N ^��h!�:0M°=±:�����2��A&%Î�sr�t�u�v ��O B��C�w&±:����
(
$:%h'B)�*�+

)
Z�S�x:#\C2� N ë8e�h=RBSp�
y�<�� O:N CE^
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2.2.1 ���������K¨
	�������2��A&% 3�$ j�#"Cp��0 A&%��<�u�r&vT�sr�t�u�v ��O w&±#��rhZ��.n � 0(1�ö 3 ���Tö�<w&±#��r"ò ��r��.nhZ yh�wë ^"!d<����2�K��k��w18�KC�!B� 3 Ý ��O 0�°=±:�����p������� 3 A�Ø<)w&±#��r��T�4�BCE-&/KZ�$&%2'�)�*4+&-&/T��Ð.Ñ.^[!d<M$&%('�)=*,+ 3 ��0.F:G.H:IhJ�+�� %�3� z ö��&nÎ1W�\C �+/�� 5�� +! 4�P0�"# �$ %&3 Ý=CPv�� 5�� +! �BABCE^$&%('�)�*,+���<.F:G&H:I(J�+�� %�3 �h�.0��:r @ ��n 3 Ýhk/�&rÎ�Pq#�:r(Z uKCP^"!��TöP<!�r�0�q��=r(�&%�º=i=j 3 Ý �&O � %�3 �\Z,i=j�#\CE^2G:H=IKJ�+ E
<#�=r 3 Ý=C'%�º=i=jh<�(�jk

σbrems.

�&0&±p<
Bethe-Heitler

<�"��)Î1W�\CE^
σbrems.(E, v)dv =

4Z2r2
e

137

dv

v

[(

1 + (1 − v)
2 − 2

3
(1 − v)

)

ln
(

184Z−
1

3

)

+
1

9
(1 − v)

]

(2.6)!�!d=0
v = hν/E

0
Z
�+*�++, W[´ �,��CPu�r:vh<du�r�-/.�0 re

�1032��=r =�> BABCE^&%�º=ij 3 Ý=C F&4 ?T1�5.yÎkW<.G:H=IKJ�+36�7 (dE/dX)brems.

��� � <2Ý"ë 3 )�ï[CE^
(

dE

dX

)

brems.

' − E

X0
(2.7)!�!d=0

X0

���=r2<.G:H=IKJ�+��
1/e 3 ��Ce?T1,�i=j�l��PÐ �M��0)� � <2Ý"ë 3 x�8x1W�\CE^
1

X0
=

4Z2r2
e

137

N

A
ln

(

184Z−
1

3

)

(2.8)!:!4&0
N
� 639 �: ;$WÃ�0 A

��*d+�, W(´ u�r�v2<&<:Ø�ÃB�A�CW^ X0

��A�%��� � Ý4� 38g/cm2BABCE^�°=��0��=r @ �&n(<�(�j�k
σpp

�&0
σpp(hν, u)du =

4Z2r2
e

137
du

[(

u2 + (1 − v)
2 − 2

3
(1 − v)

)

ln
(

184Z−
1

3

)

+
1

9
(1 − u)

]

(2.9)�,��CE^Ç!�!d=0
u = E/hν

0
E
�1�&nÎ1W�\C �=r2<.G:H=IKJ�+2Z=A"ö <�#�^h!M<�(�j�k z ö �=r@ �&n(<�*�+
=&> y��(�@?(]"öÕ��0������ �PO 0

(

dE

dX

)

pair

= −7

9

E

X0
(2.10)���2C4^�A �&O 0,��r @ �=nµ��%�º�i�jK<,*�+B=1>�y��"��C&�B�2�ABCB!2�4��< z CE^(!�< 2 L<����\Z �¢k/� �PO 01D&Ã(<#�=r�0:q��=r�0�� %�3 �(� L ��öÕ�\C,-:/2���+/�� 5�� +! BABCE^��r:Ãp�!-�A � 1

��r2A.yxk8<�G.H:IhJ�+�� X × #"Cp�W0�A&%���<���E�6�7���F+Gx�4�Çkl0��&rn�o���A.% 31H�I 1¯� O ��r�J&Ãp��X × #"CE^T!d<�K�L�G&H:IhJ�+��M$&%M���� � Ýd� 74MeV
ABCE^°:�B0������2<.m�n�o��A�CMq�r2��^E<&"� N$ % ��A&%:u�r&v��sr�t�u�v � y��+� 3 �.0PO���erB0

K
��edr2� ^E<&"Q N$ % <1D3R��.np�� 2��0Ev/� 5�� +S ���:nw18�"CP^��.nx1¯��y+w&±#��r<�A�T�o(�&���p� 3 O��.e�rT�,��CE^&��<ÎëVU π0

�&W N3X3Y  2 Z <�� %�3 � 3�[�\�� 0��+/��5�� +! VZ �=n�#\CE^ π±
�

τ = 2.60× 10−8sec
=0

π+ → µ+ + νµ (2.11)

π− → µ− + ν̄µ (2.12)� [�\ #\CE^ µ±
�

τ = 2.20× 10−6sec
=0
µ+ → e+ + ν̄µ + νe (2.13)

µ− → e− + νµ + ν̄e (2.14)
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� [�\ #KCP^�A&%2<�?�@B�,v�r�t�u�vp<#*�+ =�>ey��2<�� 10 � 0��&rp<�A&%M�M�<di:j�lp<�� 25

�K3 ò���C�<::0
�� B<pÝhë8�,v/� 5�� +S E� ��//� 5�� +  <��¬k�� �43 Ýhkl0�D.Ã2< ��rB�@�nÎ1W�\CE^(¶
2.2
�2!M<���rKZ���"B� 3 ) � y(ò�<=BABCE^

Pr
im

ar
y 

co
sm

ic
 r

ay

E
le

ct
ro

m
ag

ne
tic

sh
ow

er

E
le

ct
ro

m
ag

ne
tic

E
le

ct
ro

m
ag

ne
tic

sh
ow

er

sh
ow

er

N
uc

le
on

ic
 c

as
ca

de

ππ

π
ν

µ

ν

µ ν

ν

ν

γ γ

µ

θ

µ

θ

µ

e
e

e e

e

e

0

+

-

-

-

+

+

+

-

+ -

¶
2.2:

$:%h'B)�*�+	� ��<���"p¶

2.2.2 ���������K¨�¡�
�������$=%"'B)�*d+P� 3�� Q��[C
��rh<Të U
A+D=Ã\Z���]�C���r(<1J�Ãh��-�A�#[C 3�L � O 0 Z�� <�=r2<.G:H=IKJ�+�� X ×µ� 01K1L�G:H=IKJ�+ Ec(
$:% ����

Ec ∼ 74MeV) 3 Ä Æ ��� A:% �.<durB0do=r 3 Ý:C���E�6�7���A(�2�,�Çkl0	��å 3 G&H:IhJM+pZ 7 ��O A&% 3�H�I 18� O\� Qxë ^2��<y�]�0M$&%('�)�*,+���< ��rp<&J&Ã(��A�C������X ×h3�� 3 CP^Ç!�<pÝKë8�.0M$&%('�)�*,+�<! @�� y!"+<�Ø 3 @ #\C(�Br=Ã(<�È&ÉK�$#��(����% (longitudinal development)
�PÐ �M�\CE^G&H:IhJM+��

E0

<�° Z < o r���A&% 3�$ j � y\��� 3 � 3 C,$&%('�)�*,+B<$#=�(���&% 3dL�NO �&0&±p<�Ä&Å9"���v N öÕ�\CE^
Ne (t) ∼ 0.31

√
y

exp

[

t

(

1 − 3

2
ln s

)]

(2.15)

y = ln

(

E0

Ec

)

(2.16)

s =
3t

t + 2y
(2.17)
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!�!d
t
�&0,�=r2<�A:% ���<Mi=j�l

(∼ 38g/cm2)
Z�� 4 �¯#\C.'B)�*�+��  3� � y)A:%�?T1,ABCE^

s
��'�)�*�+B<���% � �pZ )�#�� $�� +�*�&G 7�� � $�� + *h��Ð��M�"CE^�!M<�'�)�*�+=G7�� ��'�)�*�+B<���%Î����ò 3 ��<	�K��-&ä � 0 Ne (

Y��=r�
 q��=r=Ã
)
��D�A 3 ��C�A:%�T1,

s = 1
�,��CE^���.�(q�rp�3�= =#\C,$:%h'�)�*�+ 3dL�N�O �&0 Gaisser

�
Hillas

< ��"3	��� � � � <�"�� �� � �
v N öÕ�\CE^
Ne (X, X − X1) = S0

E

ε
exp

[

Xmax

λ
− 1

](

X − X1

Xmax − λ

)

Xmax

λ
−1

exp

[

−X − X1

λ

]

(2.18)

S0 = 0.0451 + 0.0217 ln

(

E

100TeV

)

(2.19)!�!d=0
ε
��$:% 3 @ #\C �=r2<�K1L�G:H=IKJ�+� ∼ 74.0[MeV]

0
Xmax

��'B)�*�+.D�A ��%��T1
[g/cm2]

0
X1

��°�±=���.�h<MD��(<
r�t�u�vp�. h�.y��B<	�T1
[g/cm2]

0
λ
�$#��(����%p<�X���l

∼ 70g/cm2
BABCE^°B±����=�"<=G�H�I[J&+2<�� N �=0 Nmax(

D�A ��% p <!�pr�Ã )
<�� N �d� �&O -��20 � Ý��

Nmax ∼ E0 × 2 × 10−9(E0

��°�±��B�&�K<:G=H�I"J.+
,
� 4 [eV])

<�Â��"��A�C4^hQ�y�0 C�°2<°�±�G:H=IKJ�+�BABC����p0&°�±=���.���Br�(<�� N � X1

0
Xmax 3 -=��03R N u�r:vK�B^ X1

0
Xmax

<��h� � 1B�d�pC��\����ABC4^2!E�h�:0@R N u�r=v"�4^ A�%µ�,<
r9t�u�v (�j�k(�+Ah�h�¯0Ýhkm :$��� %B����Q�C�!B��0p1�ö 3 v�rP5�yxk8<�G&H&IhJ�+�� � 1��WG&H:I(J�+��=o&Ép�� w�"!q"!B� 3 Ý:CP^�#$�B�!���&Ip���0 Xmax ∝ ln(E0/A)(A
�&<�Ø.Ã

)
�A�CP^�q�rB0&%&u�r&v 3 Ý&C$:%h'B)�*�+2Z:'\ù	')(�+�'+* %(�PO ?(]&y	#��(����%hÍ4�\Z&¶ 2.3 3�· #�^

¶
2.3:

$:%h'B)�*�+B<!#��(����%
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2.2.3 ���������K¨�¡�� �������'�)=*,+�� 3	� gB�d�2�:< ��r:Ã�o.�"Z�0.$&%('�)�*,+�<�
��2�do�� (lateral distribution)
��ÐÑ&^��+/�� 5�� +! l<	
B�(�Mo&���Br�B� ρ(r)

�	���2�B��Ú�� 3 ÝKk�µöÕ��0��.�KZdÄ&Å �PO öÕ�py�<=�
Nishimura-Kamata-Greisen(NKG)

ÂdÃ2=0
f (r, s) = C (s)

(

r

rM

)s−2 (

r

rM
+ 1

)s−4.5

(2.20)Z v N�O 0
ρ (r, s) =

Nef (r, s)

r2
M

(2.21)�;)x18�KCP^
r
�='�)=*,+���� z öP<���EB0 rM

�!���VG�+�I���� W"´ (
�:r��

1 � j�l�!9q�e 3 DR��� 3 Ýhk !�y��p� z ösD=�KC!��E )
0

C(s)
��"�#&É9x.Ã�0

Ne

��Y��:r&Ãp�A�CP^
s
��G 7 � �

$�� +�*.BABCE^ N � L�z <.G 7���3�� ¾�C$
B�(�Mo&�K< � Z&¶ 2.4 3�·µ� y�^

¶
2.4:

$:%h'B)�*�+B<	
B�(�Mo&�

2.3
KNMPORQTSVU&% GIH('*)

+,.-�/�0�1�2!3�4�5�687�9.:<;>=@?�A�B�+,.-�/�0�1�C (>DFE$G�H�IKJ�L�M<2�N�O�P.Q!RTS�U
J$3V4�6WEXB�9�,�Y�Z�682

2 [�\.]V^ J`_

2.3.1 a�b�cedgfihkj
L�M<2�l�m�P.Q!R�n�NO@S	o�prq$As+,.-�/�0�1�l�m@n!P.Q	tTJ�uVEXvxw�yszTnX3�4�tTJ`{�p<n
+,.-�/�0�1�CK|}DFE$G�~�Bs�����@��1sw�ysz.2�3�4�6rE�q$A	���V�VS!�<�xI�AV:s��_��

2.5 ]
8



+�,@-V/�0	1VC�| D�2 ��� ��v ^ J`_

�
2.5:

+�,@-V/�0	1VC�| D<S�U�J�+�,@-V/�0	1�3V4<2 ��� �
+�,@-V/�0	1�lVm.7B

90%
2�������=

(
��m�B�	
��m�BZ�m

)
E

10%
2���x1�������=�B�����S

��� 2���� �!�"��=�#��$��JX_@u	2&%(')�
�*��=WE��+	1*�,�(��=@nX3�4�tTJXP.Q!RgE�q$A�-�."/
0 ��S�1�2&� I8A!2@Js2 ] B!35476*8�97:-;��8�|$15<�n)1�2���-;��8�|$1�->=+�`P@Q�R.v ^ J`_? ��B)@.SA�+	1*�5�"��=82
B�n+C*D��VS!P.Q�tTJx��E�SsB�-�1s�F�(�}IV��-���8k|}1V-G=��XP.Q
R�H�I�J�KM�L�#��"MVJ5�N�1*�,�XP<Q!R�n�OKS�o�p�tTJ�P�Q�. ^ JX_R���!SsB�+,.-�/�0�1�S.ST 2�U!V<S7W8?�J���� �!�"��=.nX3�4�tTJ���E�SsB
�X�Y�!��Z,�,[(\�1]<x18n(^�_�A�2.J`+,.-�/
0	1VC�| D�. ^ J`_+�,T-V/�0�1�Ck|$D<2�P�Q<B�/�`�wVy�zK27a�b�5Ac�7�I�d8��e]f<S�gkJ�u8E ] v8:�J!_�t�M��'�B�+,<-�/�0�1V7�h�2
i���j1�k)l82�l�m�m

(
-�/�0�1!n*o

)
nNp!�gq AsNO@SNa�b�tTJ�2�vBrq

P.Q!R�sV2�l�m82�a!t;u�v�w;#G� +,.-�/�0�1�2)a�b�55c�nNx5EA� ITJ$_*/�5�B�/!`�w�ysz.2���
�@��1V7sB�qP.Q!R.vxP<Q,�}I��	l�m�M�y�z�=�{,#�� +,<-�/�0!1
|�}Vv�2+~�55c�=
{gEY|�l�m�M
n����tKJ�uVEXv���� ITJX_Fq(#kq}B8u I.S�7��X�Y�!�"���*��1@n)�!��q �s9!�
�AM����)��Z��G�
K*�Kn)���WE>t�Js2�v�B��F�r�*�������*1<2��
�]�
�@2)���Tn)�K?�J�u�E�7)��?A� I,M
2�_

2.3.2 �������gj
9�,VY�Z�6.7�B�+�,T-V/�0�1sl�m.2���V����.2�/�� ] Z@S��* ��$IkJ�u8Exn+¡;1 q`��.s2�v ^JX_�������.��1�2�¢���l�m ] 9,A£�n)¤
¥�tKJ8E	:�B�¦!§]MA¨`2x9,�=�m@n"©�ªWq B�u�2)©�ª>�I<��9�,�=�m ] ��«�tkJ�2�S�¬]2�BxY�Z ]7�® �>IkJ!_�t�M��;'Bs9�,K7�wVyzkS�¯�q`AV-5�78|$15<�1FE�qXA�°�;��V?�v ^ J`_ 80MeV

2���m ] 1
,*±@2s9�,G£�n

1m
¤�¥ qX��P*Q.2  Z�Z�mM@7
WKU�²

4 ³ v ^ J ] B�´�95M�-V/�0	1�lVm�M.2���E�S�-V/�0	1�|�}�v�2sZ�m�M@7 2 × 1015 ³
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(
/�`������K�s1 ] 1020eV

27P*Q
)
S;.���q$B�²�2  Z82����5u�v�7 30µs � z@S*M�J`_ruXIKn�Z�	��
	� v�VZWq}����z�v����2�Z	�A����1�Z�\�4xv��	��t�I<HsB�W.U)²

30km

 5�#��$v5.`+�,

-V/�0�1@n!3�4�tkJ�u8E ] v8:�J!_��;��S�9�,�Y�Z.2����V5�c�7���58��v ^ Js�;EB�/�`�wVyz27a;b�5�c�S8U���� ��
�� 2�� ��£�n7¤"!�$#�="%<J72	&	'K-V/�0�1<7xPKQ$(�).v ^ J.E"2 % ¡* ]8^ J!_ku�2.UG%(M�9	'�Y�Z�6@7�B�+.��M,&�'K-V/�0�1s3�4@2s5�6�E�q!A 1960 -/.�0 E�S�1�B
Greisen

B
Chudakov

M�¨	S�U�!A�2	3�� I8��_
9�'�Y�Z82�4��<S�U�JN/�`�w�y�z@2	3V4�4�15<2�5�6K7B�9@:.;}=K?�A
1.
&�'@-V/�0	1�S<2,7$8��

2.
&�'@-V/�0	1V2�9�5,c  �82,7$8��

2
2 :<; n>=<Ax�@��I�J`_�w�y�z@2�a�b�5,c (

-V/�0	1�S
)
7xY�Z82�?$@�#>� e;f8S�x,EVJ�u�E ]vV:�JX_�@.SsB 
 ;YV�I��

2 A 2 ��
	� v�-�/�0�1�n�6���| ��3�4�tTJ8E B!²sICB�I82 ��
	� ]�DE���-V/�0�1�n�o�2$E�w�q`��z ] wVy�zK2�a�b�5,c�ENM8J (
�

2.6 )
_/&�'K-V/�0�1!STn D ��q`�F�BG����S�`82<U�% M,G$H<v�&�'@-V/�0	1V2�9�5,c  �@n�7$8���t�J`_

i.
&�'@-�/�0	1,£�2���m

1 I #>�>Z���m�J�K�L.S)a/��t�J�Z�m�M.2�L�M$N�n�B�²�2���m<2,&]v��M�O8pVB �$
�� ? v�2�U*V@S�UQP 9�'KS�U�J�R�SUTWV,X8Bx{�p82xP@Q�Y/Z5M�¨�n��*�gqXA
K*��t�J`_�ux2sZ�m�MKS�7�9�'�Y�Z [�?�v�MK;>B�8<\@|7�/]$^	ZG.`_�EVJ`_

ii. a�b S	Z��m$J�K�L�v�P8Q5�>I���Z��mMrE i.
v7K
�>�>I@JcN@nNI�drq}Bd&,'<-�/0!1�2�q � * v�27��m�M@n�e,f>.gP B$h

(2.18)
E I�d�tTJ�uVE$v�-�/�0�1  �<i	M Ne(X)

n)x5E�JX_
&	'T-V/�0�1 ] N�O�S�aC��tkJ ? vVS�� % �����K�1V2 90% jCk 7�B�-V/�0x1�£2
��m���=.2
�V����@S�U�J�.�2�v ^ J7#>� B>3V4&� I8��-�/�0	1  �li�M Ne(X)

#>� jCm 2,h (2.22)
S�UQP$/

`�w�y�z@2������K�s1
E ]�D ? J`_

E =
ε0

Xrad

∫

Ne (X) dX (2.22)

u�u�v�B
Xrad

7s9	'�£v�2����/n@v
38.0g/cm2

B
ε
7s9	'TS7¯�tkJ,o�p������T��1�v

∼ 74 MeVv ^ JX_ ? ��B�-�/�0�1�2�9�55c  �V2�q�m (
@.S

Xmax)
#�� B�/*`�l�m82�l�m [ 2�r!O>.�(�)�v

^ J`_u�28UA%}SsB�9$'�Y�Z�68SVU�J 3�4Vv�7�B�-�/�0�1�2�9�5]c  ��2�q�m@nX3�4�v�:�J�2�vsN�O�PQ!RTSVUJ 3�4.S�I�sKJ8E � � ITJut	v � ] L�;>B�/*`�w�ysz<2s����@�x1�.+���)�*Z�����K!�<Sw�x tTJ�uVE+M@; D ��vV:�J�M�¨$B�\G[�9zy ] L�2s_rq(#kq B�u�2x5�6Vv�����.��18n D ��tTJ�S7�B�Y�Z  Z$Y�Z�Bs9$'�£�SVU�Ju{�|z�Z�2�R�S}T~V�XVB � 2��$�/Z�B ^	�X�A<x1�2�V�X�Z�B�Z*�m	J$K�LV2 � m�Y�Z;MA¨ M�L�;`2�Y�Z.nuf�B k � A�2�; ��� ]�^ P B���$��w@n��Wq�;rL$��tTJx27����8v�7�M
2�_
`$�.v�7B�9�'�Y�Z<�  Z�¥ � E}9�'G£sv��sZ<��R�S�TWV,XKS I 2�A,�gq�;d��sTJ`_

2.3.3 ������� ������� ��� �����
���/ $¡
������.��¢/��¢���l�m ] '�},£�n)¤
¥�tKJ8E$B�'�}�=�ml£  Z�tKJX_�¤"¥TE+MVJ`|��<��P ] M¦ M�!�,F�B�Z<��§!z ] I*d��$¨ ¦ (10−3s jCm ) ©�ª t�J�.��Vn	Y�ZWE(2�2�B;² %>v�M
2A.��Vn
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�
2.6: � '�Y�Z��.S�U�J>&�'�������¢C�*6!�F|(�
	��l� ��� �

[)��ZWEXG�_�Y�Zl£B�¢���lVm�H
X
zAM�¨ ]
��� £�n�¤�¥�t�J b S ��� £���¤�m T =�mKn+©�ªq$A����@��¢8nN��2�B�²��s����.��¢/�7/!� ] ZrE�q$A��.Q,�}ITJ*.���v ^ J$_Tu�u	v�£ a/b S	��Kn!�AM&%��	n���

300 ∼ 400nm
v��,&�'"��Y�Z<�  Z�¥ � S I 2�A,��sTJ`_

� 'YZ/�  Z���8l£ T {,|
����v	£���S N+
2 first negative (1N) band system (B2II+u → X2II+g )EXB

N2 second positive (2P) band system (C3II+u → B3II+g )
v ^ J`_©�ªR� I8����ml�7�*«*¥ � S	£ 3

¤ P ] �A_�� I�J`_
1. � �	������¥ � ( � ����Z )

2.
�	������¥ � (

Y�Z� [)��Z
)

3.
��m5v������K�,¢���!

� ������*¥ � £" +©�ª��}I��
��m ]$# !����@��¢
�!«� � �%! & ���v�E!w<SVUgP Y�Z�W@U~ [N�!Z<n�����q�M72�v7�!«�tKJ'���*¥ � v ^ JX_,������*¥ � £" +©�ª��}I�����m!l�( ] Z�m.n�.Q�tTJ�uVE�SVUgP� �UgP�)���M�l�(.S*���tTJ(¥ � v ^ JX_�6�+
��L-,!z<�7������M�2
���@SVUJ  Z ] Y�Z� 
6�+
��L-,!z<�7���VJ'���KSVUJ  Z ] [+�!ZVv ^ J$_ j	k �". I �/���*¥ �<] �m � v����!«!¥ � v ^ JX_"��m]vs�����@��¢
��!l£" ���m10�2���354.SVU"P ©�ª!l�( ] �5!G.8q ¦£�%! &�>I&67�!«�tKJ(¥ � v ^ JX_ a�b ���!«!¥ � S�£8u$I � �"7 IV]$8 Qgq'6�W�P9 ������>ITJZ	���Q��:;,W�U�~  Z � £@uXI ���7��«*¥ � �
<�=�v ^ J!_ Bunner ] ? E�E��  Z�ZTn	O 2.1S/>�t
[1]
_���m10
2/��354.S�U�J/��Z<S$£

O2

��m ]
?�@ SVU+2��Z �5� E�q'6)° ¦ _ ? �- a�bS	£�&�'g£
1% A � Ar

n�_CB�v!2@J`_�DEAM
N2

'�}.S
Ar
nGF>_�J<EH 

N2

�  Z�Y/Zl£�J-FVtJ�u�E ] g � II6!2@J`_? �� �J�K���S�U�!"6����>� I8� � '�Y�Z<����¯�§!z@n�O 2.2
S�>�qX�

[2]
_1L�M
�	n

300nm
#

�
400nm

��v���2 ¦ I #���N�z,6�O�:�y �5#>�+M�J�u�E ] �*#<J`_
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�	n
(nm) band system � l�( (v′) � l�( (v′′) E0(×10−2)

297.7 2P 2 0 0.016

311.7 2P 3 2 0.005

313.6 2P 2 1 0.029

315.9 2P 1 0 0.050

328.5 2P 3 3 0.015

330.9 2P 2 2 0.002

333.9 2P 1 1 0.004

337.1 2P 0 0 0.082

346.9 2P 3 4 0.006

350.0 2P 2 3 0.004

353.7 2P 1 2 0.029

357.7 2P 0 1 0.062

367.2 2P 3 5 0.005

371.1 2P 2 4 0.010

375.6 2P 1 3 0.027

380.5 2P 0 2 0,021

389.4 2P 3 6 0.003

391.4 1N 0 0 0.330

394.3 2P 2 5 0.006

399.8 2P 1 4 0.016

405.9 2P 0 3 0.007

O
2.1: Bunner ] x5E��- N2

��354<SVU�J/��Z ] M�2���q �������$�$n-�5� 300 ∼ 400nm
v�� Z�Y/Z

E0

_

�	n
(nm)

Z�m�M
(
��¯�N

)
�	n

(nm)
Z�m�M

(
��¯�N

)

297.7 0.4 357.7 5.054

311.7 0.068 367.2 0.068

313.6 0.725 371.1 0.25

315.9 1.767 375.6 0.954

328.5 0.204 380.5 1.711

330.9 0.05 389.4 0.041

333.9 0.141 391.4 1.937

337.1 6.68 394.3 0.15

346.9 0.082 399.8 0.565

350.0 0.1 405.9 0.571

353.7 1.025

O
2.2: � '�Y�Z<�
�	n56�O�:�y ��_�NQ£�Z�m�M"����¯�N.v ^ J`_
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���������
	 ¡
� � £�n�¤�¥�t�J�¢���lVml����z v ] ²/� ��� £sv�����z c/n(c

£�Z	��z& 
n
£ � � �����Z )UQP � �72 � �� �lVml��?$@�S��l!-6 ����]� t�J�Z@n�8<\@|7�/]$^	Z �(2�% _8<\@|7�/]$^	Zl£�lVml�����
�,c�S�¯gqH6

θ
����zKn!Mxt���o ��qH6�	��&����J`_���[�q' 

θ = sin−1
( c

nv

)

(2.23)

v ^ J`_ 1
'*±g� � 'KS�W�2�6 n ∼ 1.00029

v ^ J,��v� �²/���	�
� θ
£��

1.4 �  *8<\@|7�/]$^Z@n>�	��t�JN��ml�������K�,¢C����NQ£��
21MeV

v ^ J`_�	n
λ
�sZ�m�Mg£

d2N

dx dλ
=

2παz2

λ2

(

1 − c2

n2v2

)

=
2παz2

λ2
sin2 θ (2.24)

�NM�J`_Fu�u�v� 
α = e2/4πε0h̄c = 1/137

£�����8����M<v ^ P� z
£ � � ��¤�m! #"�v ^�$ _

a/b ��&�'C�5���>¢�v�£" �����>¢5£���¢��sl�m �%�*z��
{"����E�S�8/\<|���]�^�Z ���$�&���{Q£�' ] PXn)(A'
 5���`S�P.Q,�*� $ 8C\8|���]�^�Z £ � '�£�v	��R�S �N���KnN��+�6
2 $ _ku����E" �������¢�S]#>�,�
20 � jCm �����<v/£- 
	��&��� $/� '�Y�Z � S�¯gqH6-�.�t $ 8<\@|7�]$^	Z<�sZ � n � �.v �!M
2�_

/�0 ¡
1 &;#>� b $ Z*|�}@n 1&2 Z �(2�25 -� ��qH6
`<� 3 [�\ �sZ43�#>� b $ Z�v ^�$ _
1. � '�Z6587�9 k;:�� '"�
��m& �¤�ml�  t $ Z
2. <�= Z65?>]	$� � ���
@ ] >]	�Z@n�R�S�qX��Z
3. A 1 Z65 A H A!B ���fVZ
u�������ZQ£!��!�t $ DC

�DC;E�� ��q�6�P�Q��F� $ _,�HG - OkS@U $ �� 1#2 ZQ��N5zz£
320S10(vis)

(

1S10(vis) = 1.20× 10−9erg/cm2sec sr
◦

A
) v ^�$ _1�2 Z<£���n

557.7nm
S�I*§�¤�m<SVU $ §�2 +u¢]:�nJ(l!$6
W�P9 LK��56$OA: y �*���.S I 256£���n ] n ¦ M $ S I �&6sZ � ] J"F q'6
2 $ _Ku��8UA%}S� 1�2 Z ] n���n!M<v�J�F�NAc�S ^&$u �H 
WKU	~ � '�Y�Zl£"�8S��	n 300 ∼ 400nm

�sZ;#>�+M $ u ��n��A_ $ �H H�	n 300 ∼ 400nm��Z<S)¯Wq'6���z<� ^
$ ZP.Q`R�nJO�1�t $ u �Xv 1�2 ZC�N���Kn � M ¦ q  �&$'C�����>¢�#��� � '�Y�Z@n>Y/Z#P ¦ 	���t $ u � ] v � $ _

Rayleigh Q&RTS Mie Q&R
Rayleigh

R�Sl£ � '5��m@S�U $ R�S�v� �R�S
� Zl£
R�S��/§!z
.	���/§!z =

8π4Nα
(

1 + cos2 θ
)

λ4r2
(2.25)

v;U�_��V� $ _�u�u�v� N
£���lVml�%W!y�z& 

α
£$��X/Z� 

θ
£�R�S��& 

λ
£$�	nI 

r
£�R�S�};#

�9	�� * ? v���U*V8v ^�$ _
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Rayleigh
RCS ] ��nFUzP #���� �7M����Q���;��}�9	��
 $� ��R�S8v ^�$ ����¯gq' *��n��7¯q � �<v ��M�2 � �;�>�����*}!9���
 $ R	S.n Mie

R�S � 2�% _��� � '�£,����6 y  	���]���X�
( �  �.�H& @I ���M�¨ )

��
�!-6
ªku $ _
Rayleigh

RCS	��
 $�� 'g����¥ Zg£ � '5��ml��y�z,#>�Ye;f]M7K��8v�x,E��V� $�]  Mie
R/S

��
 $ �!¥/Z<£ � 'A£,����6 y H����]���X���
{g��q�m�� w�x t $ ��E� � '�����<�¢���
 $! �" ����v ^�$ _

2.4
#%$'&)(+*-,+.0/-1)2

3�465�7�8�9�:�;�5�<�=	>@?A>@B�C�D�EGF!H�IKJ�L�5�M�N�"�?�O�P�Q�R�S�T�7�8�9	=�U�VW�?
O�P�Q�RXS�T�7�8Y9[Z�\�]

1020eV ^ 3�U�V�E�\�_�`�a�b�5YP�Q�RXS�T	c�d�N�7�8Y9e56f�ZKc�gh ]
1963

4�i@j�kKlm�npoq`�r
[3]
W�a�s�]

AGASA[4]
]

HiRes[5]
]

Fly’s Eye[6]
]

Haverah Park[7]
]

SUGAR[8] t�u 5�v�w	i�x6yzm�n{o|`�rKW h~}ph ]�_�5������Y���Y���6\�������i����K`�l�E	V�Wf�5���=�\�?�O�PYQ�R6S�T�7�8�9�:�;�i��o|`�r������ei�N�E�l��eZ�k�V�W

2.4.1 GZK cutoff

1963
4�i�7�8��������

(Cosmic Microwave Background Radiation
]�a��

CMBR)
5����	���

� o~`�r��Ys�]
Greisen

]
Zatsepin

Z
Kuzmin

\Y]K?�O�P�Q�R�S�T�7�8�9�\����p<�i�fK5
CMBRZ���� h l���  t P�QYR	SKT�¡Y¢	c��ef!£ef�Z�cgY¤ h r [9]

W
2.7 K

5
CMBR(∼ 10−3eV)

\�]7
8�9�¥�¦�5�§�¨�©�=�\

100MeV
c@ªX«�V�O�PYQ�R6S�T�5Y¬��®�9¯Z°K±�=�U{y²]�¥�¦�\�O�EK³�´

=�µ�¦�¶�·�¸�¹�i@º��po»`�V~W�¶�·�¸�¹�\�¼�<K½�¦	c@��¾ h l�¿YÀ�£6V�r�k�i�]���  t P�QYR	S�T¡�¢����XfYV�W
γ(∼ 150MeV) + p(

§�¨
) → ∆(1232) → p + π0, n + π+ (2.26)

��r�]�f�5�¶�·�x�y�>�Á�E�P�Q�R�S�T�=�]
pair production (γ + p → p + e+ + e−)

i�x�V�P�Q�R
S�T�¡�¢X>@�XfYV�W
Â

2.7
iÃ�Ä�½�Å�½�i�Æ�Ç�VÈ�¦�É�Ê }pËqÌ�Í o|`eV@7�8�9	5�Î�Ï�Ð�Ñ6cÒ�£KWÓf~`	i�x�`�Ô�]

1020eV
aYb�5�¥�¦�5@Î�Ï�Ð�Ñ�\

50Mpc
a���=�U�VYf�Z»�YÕ } V|W²Ö�×�l�]ÙØ�Ú�=�m�nXoÛ`�r

1020eVa�b�5K7�8�96\�]�_�5����	��Ø�Ú }pË
50Mpc

a�Ü�i t Ç�`�Ô t Ë t E�W�Ý�i�_�`Xx6yßÞ�à�5�� }Ë ���áo!`�r�7�8�9�\Y] u@â�t i�O�E�j�ã�P�Q�R�S�T�c�d6×�l�E�l	>�]���p<�i�P�Q�R�S�T�c�¢E�]�Ø�Ú�=�\
1020eV

a���5K7�8�9¯Z h l�m�n{o|`eV�f�Z�cÒ h lYE	V�W
7�8�9��Y¥K¦ex	y>~ä�EKå�¦�µ�=�U�V�æYç�\�]�_�`�a�è�5�P�QYR�SKT�¡�¢e>~�� �V~W

2× 1019eVa�b�5�7�8�9�å�¦�µ�\
CMBR

È�¦áZ�5����6i�x�V
photo-disintegration

i�x�×�lK����Ð�Ñ
1MpcU�réy

3 ê 4 ë 5�µ�¦6c�¢[ìíW�Ö6×�l�]�m�n{o|`�rK?�O�PYQ�R6S�T�7�8�9���¥�¦Xx6y�ä�E�å�¦Yµ�=U�V@æ�ç	\�]�_�5���\
20Mpc

a�Ü�i��Y� h lYE t Ç�`�Ô t Ë t E�Wa�b�5�xeì t�î�ï i�x�y²]K?�O�P�Q�R�S�T�7�8�9�\�ð�ñAo!`XV�5�=�]KØ�Ú�=�m�néo~`XV�P�Q�RS�T�L�ò�J¯FóR6i�\�]�7�8�9���É�Êei�ôXV�>K5�5Y]
1020eV ^ 3�i@õ�E�öXIpFø÷�ù���ú�`eV�Z»û6«Ë `�l�Æ¯y²]�f�`��

GZK cutoff
=�U�V@W���r�]�fK5�öXIpFü÷	ù���ú�`XV�P�Q�ReS�T�ýKþ	\

GZKý�þéZ!ÿ�Ô�`�V~W�Â
2.8
i���� t 7�8�9Y��É�Ê�����R }eË Ì�Í o»`6VP�QYR	S�T�LKò6J¯F R	c@Ò hr

[10]
W	��«�Ô�]����K7�8YÅ�½�i�M
�6iÉ�Ê�£�V�æ�ç�\�]

5× 1019eV
=��� t Î�Ï���úY`�V�Z Ì�Ío»`�l�E�V~W�m�nAo»`�V!?�OYP�QYR�SKT�7�8�9�5YLKò6JáF R�� u 5�x	ì t ����c�Ò�£ } �Y]�7�8K9�Xc�:�;�£eV�b�=�5�ä�� t�� Z t V�W
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Â
2.7:

?�O�PYQ�R6S�T�7�8�9	5�Î�Ï�Ð�Ñ�W�v�9���¥�¦�]���9�����å�¦Yµ	5�Î�Ï�Ð�Ñ�=�U�V�W

Â
2.8:

7�8�9�5�P�QYR	SKT�L�ò6JáF R	i Ì�Í o»`�V
GZK cutoff

W���\
1
N�5����E��»N } 5	��à


��
(z = 0.004 ∼ 1.0)

i�U�V�Z��� h r�æ�ç�W��6\�	��Å�½KÉ�Ê h lYE	V�Z h l�_�5KÉ�Ê	�YE��
N } 5�� t V evolution model

i�Ö ì�Z��� h r�æ�ç�W
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2.4.2 AGASA ���������
AGASA

\�]	��
����������	�pZ~_�5�3���5�OKå
( ����� O 900 m)

i��� Ao|`�]
1990

4 }pË
2004

4���="!�# h r�Å�$&%	'�(�TKm�n*)+ �=�U�V�W,�-
2.2m2

5�.0/KL�1XIKJ�%�"132!T04
1115 c

100km2
576+8	i:9

1 km
½�;�="�+ h r�Å�$<%*'*(T+=>2@?�=Y]�P�Q�R	SKT��

1020eV
a�b

5K7�8�9
(super-GZK A�B )

c
11 A�B m�n h rKW

AGASA
i�x�V!m�n�\�]K?�O�PYQ�R6S�T�7�8�9�i�N�E�l

2
N�5��	  t ���Xc7C�� h l�rKW��D	E�M	i�]"F+G0H t ý�þpx�yqO�E�P�Q�R�S�T�6	8�i�Æ�E�l�] ÌYÍ x�y~\�V } i�I ��5 super-

GZK
7�8K9��m�nXoq`�r�Z»Eéì@f�Z!=�U�V!W

AGASA
i�x�×�lm�npoq`�rKM�J�7�8�9�5�P�Q�R�S�T

LKò6JáF R6c�Â
2.9
iÒ�£KW�K�EML�9	\�7�8�9Y���KM
��±�à	H�i�É�Ê h l�E	V�Z ��� h r�æ�ç	i�ã

N o|`eVKL�ò�J¯FóR�=�U�V�W
AGASA

5�m�n h r�PYQ�R6S�T�L�ò�J¯FóR	\�]
GZK

ýKþ6c@ªX«�l�_
5�OX �c } «�V�f�Z t �~O�P�Q�R	S�T�i�P } ×�l"Q�E�l�E�l�]�öeIeFø÷�ù�� � Ë ` t E�W AGASA� �	R�m�n<S�T�a+U

10
4	½�im�n h r

super-GZK A�B+V \ 11
=�U�V���]

GZK cutoff
}AË ã N

o»`�V A�B�V \ 1.6
=�UXy²]

AGASA
5m�n�\

GZK
ý�þ�5����áZ

4.0 W 5MX�Y�Z�=�[�\ h l�E�V!WE	]�i�]	f�` Ë 5�7�8�9�\_^+` }AË ±�àaH�iMb	U h l�E6V���]K_�5�M*c	\ ��� }AË ���áo~`�l
E	V�x�ì!i � «�V�f�Z�=�U�V�W�Â

2.10
\

AGASA
��m�n h r

1019.6eV
a�b�5K7�8�9

59 A�B 5"bU�à�P�c �*d�e � ©�=+.&f�IpF h r	>�5�=�U�V@W�b	U�à&P�\+g*h�±�à0H�i�ÉYÊ h l�Æ¯y²]"i	j�5`�k�5�à&PKÉYÊ[Z5+� Ë�} t"l�m \ � N } ×�lYE t E�W h�}Ah ] 2.5 n a�Ü�i 2 A�B ]�U�V�E�\ 3

A�B ä t ×�r doublet
]

triplet A�B ��o 6
� � N } ×�l�E6V@W

AGASA
5_bU�à&PKÉ�pq��

1.6 n=�U�V�f�ZKc�û+r�£AV	Z]�f@` Ë 5 A+B \�°�M�5 ��� }{Ë ���¯o�`�r6>�5pZ|ûX«�l"[\e\ t EYW
doublet/triplet A�B 5�à0P�É�Ê	\�]~Ã�Ä�<�s���Ã�Ä>tvu�]Mw�c�Ã�Ä�x�5_y6V{zYÃ�Ä	, t6u Z l<m cd�r�D�]�±�àH�=�U�V�W

1019.6eV
a�b�5

59 A�B 5éì}|�]�~	Y�5 2 A�B ��y�V@Ñ*��5KÉ�ÊXc�Â 2.11i�Ò h rKW�Â�5 �+��5	H@T�J�\�Â
2.10

i�Ò h r
5
N�5

doublet
Z

1
N�5

triplet A�B iM� ï h lYEV�W�Â
2.11

5�v�96\Mb�U�à<PY���*^	i�±�àH�=�U�V@æ�ç6i�ã N o|`eV@É�Ê	=�U�V�W�H@T�J�5_X*Y
Z�\

5 W =�UXy²]�a�b�5"����\ t�â Ë!} 5�?�OYP�Q�R	SKT�7�8K9 ������Ã�Ä�©�è	i�����£�V�f�Zc� �qÒ�� h lYE	V�W

Â
2.9: AGASA

i�x�×�l�m�n{o|`�r�M*J�7�8�9	5�PYQ�R6S�T�L�ò�J¯FóR
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Â
2.10: AGASA

�m�n h r
1019.6eV

a�b�5�7�8�9�5Mb+U�à0P�É�Ê�W�����5����
doublet

]�H�YJ
5����

triplet
=�U�V�W���r��Y96\�Ã�Ä,�]�K�96\�z�Ã�Ä,�c���£KW

2.4.3 	�
�����
?�OYP�Q�R	SKT�7�8K9�5K���¯Z h l�\�E��qN } 5�������û	« Ë `�l�Æ�y²]K_�` Ë \���  �qÉ	Ç�V
Z!]��[F���=�I}.
� ��R�ZeF»I}.����� ����R�Z»Eáì

2 ��� 5	� ��R	i�É	Ç Ë `�V~WYa���=�\�_�` `�5
� �YR6i�N�E�l"!<�K£eV�W

#%$'&)(+*�,.-�/�0
ù�1~R325476�U�V�E�\�_�5�8�5�9�ö�:�;���i�x�×�lY]Á�EYP�QYR	SKT�5�7�8�9�c�x�yÛO�EYP�Q�R
S�T�<éZ=4)6�£eV�]K?�O�PYQ�R6S�T�7�8�9������ � �YR�c�>�? h l�� F5��=�I:. � �YRáZ~ÿ�@�W
A�B�C ¦���ù�1~R325476Aoq`�V�æYç�]ED�æ�i�xYVGF	cEH	Ç�l.I�J�à0P��)K�L Ë `�VK5Y=�]�476�6

87<�5�MONQP�k.R�Sec�T�£pf�Z�=.4)6�ýKþ��"U��{y²]

Emax ≤ γeZBR (2.27)

Z t V�W{f�f�= γ
\��)V�W�50f�T 2K�X�ù7YYJ�4KT�]

Z
\�7�8�9�å�¦Yµ	5�å�¦�Z\[�]

B
\�4)6�6

8	5"D�æ�5 � o�]
R
\�4\6�6	8	5��� �o�=�U�VW�Â

2.12
i

1020eV
a�b���="4]6���^�q t ���	`k�5K�� �o�Z=D�æ � Z�]�_ h l�?���476�P�QYR	SKT�5 mE_ c@Ò h r [11]
W�f�5�Â }eË ]�Ã�Ä�©�_�5

>K5�cE`]aag�Z âXu 5�Ã�Ä�©�Ü"`+k�\�?�O�PYQ�R6S�T�7�8�9	5�476��ÓZ t y@« t E�f�Z���Õ } V�WÃ�Ä�©�Ü�5"`*k{Z h l�\�b�M�]�<dc�¦�e��.���+`�k�=�U�V~W�Ã�Ä�©�è����	5����áZ h l�\�]�f�g�Ã
Ä�µ�]�¬��®�97h�T�L F ] B WYÃ�Ä�]�Ã�Ä�i t�u ��jkL Ë `eV�Wa���]�E��|N } 5.����`+k�=�5�4)6�5�^�q�c¯Z�m�n�Z@5�l�m	i�N�E�l"n]o�iY�eZ�k�V

[12]
W

•
<Gc�¦7eqpr�,�5.D�æ��

1013G
c@ªX«�V�x�ì t <Gc�¦7e�\�] ��å�¦Yµec 1020eV

a�b���=.4
6�£eV�f�Z���^�q�=�U�V�W h~}ph f�5�x�ì t�s R�i � E�D�æ����Y��£eV�Z!] A7B�C ¦�\*%�J�f�F f������i�x�×�l�PYQ�R6S�T�c�¢�E�]�v)t�i�\�_�5�x�ì t O�PYQ�R6S�T���=�5�4)6�\u ^�q�=�U�V�Z»û6« Ë `�lYE	V�W�r�� h ]+%��J�f�F f������i�x�V�PYQ�R6SKT�¡�¢�´�\�<
c�¦�e��	, }XË 5KÐYÑ�i � � ô�� h ]E��, }XË

109cm
a�b�Ñ�`�r�6*8�=�476Aoq`�r C ¦�\��

  t PYQ�R6S�T�¡�¢6c�v�Õ_D	i�����o|`�V�]�Z!E¯ì²g�¤p>�U�V�W	f�5
� �YR�=�\�]�?�O�PYQ
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Â
2.11: 1019.6eV

a�b�5
59 A�B 5éì}|�]7~	Y�5 2 A�B ��y�V@Ñ*��5KÉ�Ê�W��L F��+/���\m�n*���] t k Ë~} t v�96\KM � t b�U�à<P�É�Ê }pË ã N o|`eV�K@9�=�U�V�W

10  eV at     = 1

20

β

1km 10  km
6

1G

10 G

10  G

10  G

12

6

-6

1AU

Galactic Halo

Sunspots

Neutron Stars

Radio Galaxy

Galactic Cluster

  

10  eV

12

TEVATRON
LHC

SppS

10  eV at     = 1/300

β

20

Interplanetary space
SNRs

White Dwarfs

1pc 1kpc 1Mpc 1Gpc

Size

Magnetic Field Strength

AGNs
GRBs

Â
2.12: 1020eV

c@ªX«�V�?�O�PYQ�R6S�T�7�8�9	5�4)6��ei�T�� Ë `eV�]"D�æ�5 � o@]�`+k�5��	 
o�Z ?���4)6�PYQ�R6S�T�5 m�_ W
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R6S�T�7�8�96\�Ã�Ä�©�ÜK���ÓZ!E¯ìf�Z@i t V~W�<Gc�¦7e�=.4)6{o|`eV C ¦�\���i �Yå�¦Yµ=�U�V�Z Ì�Í o|`�lYE	V�5�=�]!?�O�PYQ�R6S�T�7�8�9	5�����5Kn ����f�5	� �YR6c��	��£eV
b�=K?p>@ä���=�U�V�W

• AGN
p f�gYÃ�Ä�µ

(Active Galactic Nuclei, AGN)
=�\�]�<"s�i�U�V�
0/�IKJ���T�R6i���

£eV�����5�ä�F�PYQ�R6S�T�c C ¦�5���g�PYQ�R	S�TpZ h lMp���£eV�W C ¦�4)6�\�����£eVdD
æ6i�x�×�l��*DXV B æ6i�x�×�l��pfYV@W�r�� h ]

AGN
=�5.4\6�=�\Y]�_�5�����5�����æáZ

5����	i�x�V A7B�C ¦�5�PYQ�R6S�T�¡�¢�������=�Upy²]�?���4)6�PYQ�R6S�T�\
1019eV

��=
Z»û6« Ë `�lYE	V�W

•
B W3f�T 
 p

AGN
5 B W3f�T!
AZ�ÿ�ÔK`XV�6	8�=�\Y]�<�s�µ }AË ��¾6o!`XV�"71~IpF@Z Ã

Ä�½�Å�½Y¬�L�#����	i�x�×�l � E��)V�W�����N~lYÆáy
100kpc

a�b�>�$���×�lYE	V�W�_�#�<
=�%	i � E B D7W��K����o|`�lYE	V{6�8

(radio hot-spot)
=�\�]�È�¦�]����éZ�>�i'&	Z��KÁ

E�r�kKPYQ�R6S�T�¡�¢���( t �q] } N C ¦6c*)3NQP�k�VK��Ç�#�+�É t � o*#�,.-�D�æ����Y�h lYE	V�f�Z���] B W�m�n }pËqÌ�Í o|`�lYE	V�W h~}ph ]
hot-spot

c�v ì B W f�T�
�cd�N
AGN

\���`�=�]�Ø�Ú }{Ë #�Ð�Ñp>�Þ �q] h�} >�f�`���=�i�m�néo!`�r�?�O�P�Q�R�S�TY7�8
9/#_b	U�à&PKÉYÊ Z»ç	Õ t E�W	��i M87(18Mpc)

��_!#	xeì t �����6=�U�`�ÔY] M87
#�à

P�i~m�n A�B ��0X<@£�V�\�D�=�U�V~W���rY]MJ�i�1�E_i*j2# �.3	t `*k�\ NGC315
=�]�f|`

\
100 Mpc

ZÛÞ�£/4�V�W

• GRB
p ¬	�®�9]h�T�L F

(Gamma Ray Bursts, GRB)
\Y]�5�����j	×�l�E6V�ú B #�<�=	>?p> !6 t >�#	#�M�N�=�Upy²]�f~`���=�i@m�n{o|`�rK?�O�PYQ�R6S�T�7�8�97#"b�U�à0P�É�ÊZ�°��eiK±�àaH�i�É�Ê h lYE6V�W

GRB
i�x�V�P�Q�ReS�T��6¾�´	\�]~?�O�P�Q�R�S�TY7�8�9

�	��M ��i�É�Ê h lYE	V�Z»û6«�r�æ�ç7#
1019eV

a�b #K7�8�9¯Z h l�#�PYQ�R6S�T��	¾K´�i
g�hK± h �q] s R�iMX�F t ����`+k�=�U�V�W h~}ph ] GZK

����#�r�k�i�Ø�Ú	1�8
50Mpc

a
Ü�i��Y� h t Ç�`�Ô t Ë t E�W�f�#�x�ì t GRB

\
100 9 i 1

��:�Z h~} � � h t EAZ Ì�Ío|`�lYE	V�#�=�]�m�n{o|`eV';�<�=�#"b�U�à<P�É�Ê�\
GRB

#�>*`+k2#Kà<P�i'0p<£eV�f�Z
��?�@	i Ì�Í =� �V�W

•
Ã�Ä�i p VBA G

÷�T]��T!#.D�æ��
500kpc

:�ZC#�$��éy�cd6×�l�m�n{o|`�lYÆáyÙ]�f~`�\�?
��4)6C#"R�S

( D 2.27)
c'E�r h lYE	V�W h~}ph ]

1020eV
a�b���=�;�<�=��.4)6{o|`�rXZ h

l	>�]�Ã�Äki�Ü_c�=�#
GZK

���ei�x�V�P�Q�R�S�T�¡�¢����6  �q]
1020 eV

#�;!<�=�\�Ã�Ä
i�#�è6i�\�����o|` t EAZ»û6« Ë `�lYE	V�W

•
����Ã�Ä pGFK� t �]V�WáZ 20µG

÷�T\��T # � E�D�æ�c�d6×�rK����Ã�Ä	��m�néo!`�l�Æ¯y²]
_�#��� �o�\E4�6Ao»`�r�;	<�=7#7K�´�H�I�c�ªe«�V~W h!}eh ]

1020eV
�Y= C ¦�cd476�£�V�i

\�]���� h lYE	V~Ã�Ä u ì h #��	 �o� s R�i	� t V�f�Z���R�S¯Z Ì�Í o|`�lYE	V�W

$ *�,�J�K�L�-�/�0
M�N #�x	ì|i�]�f!`��Y=�i�m�nAo»`�r�?�OYP�Q�R	SKT�;�<�=�c�i+j2#M`*k�ú B �.O C ¦���F�]�;<�GC# ��P H t*Q �C#�<K=�!0��£�V�f�Z@\�?	@�=�\ t E�Wef*#Yr�k�] AGASA

#�� � \_I��'#�F�G
R #�B�C�cKÿ�S��ef h ]�O C ¦���F2# �!P H t F�G6c�ªe«�r�T h E���F	i*U	V � ����R���]'W+j #z�OYP�Q�R	SKT�`*kYú B i*U	V�� ����R��MC�Xéo»`�l�E�V~W6f	ì h r	����R�\�]Á�P�QYR	SKT C ¦��476Aoq`�l�?�OYP�QYR	SKT�i*YY£�V�Z|E�ìQ�[F���=�I}.
� ��R	i�� h lY]ÓF|I}.����� ����R�Z
ÿ�Ô�`eV�W
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a���\�_�#�E��|N } # ��=�U�V
[12]
W

• TD � SHR
#�¿�À � ����� p���I ��he�#�j�ã�]K£ t Õ	|"?6�ù<2!T%����#�?�s���r�\�_#Ks	i����éo|`�r�;�<�	 t�u #�
 l��� (Topological Defect, TD)

]���r�\�z�ä C ¦
(Super

Heavy Relic Particles, SHR)
�Y]�Ã�Ä	1�8�=�¿YÀ h l�?�OYP�QYR	SKT�;	<�=�c��!� h l�E	V

Zq£eV�� �YR�=�U�V�W
TD
\���E!#������*������i�x�×�l�]_z�ä��YT "�����@� ��I ��L��

���i�¿�À�£eV�Z»û6« Ë `�lYE	V�WAf~` Ë \���?�÷	�#����@f��"71|IpF�cMyÓy����	H�i�¬
�®�=�] B ¦�]�:���T! �"�#�i¿�À h ]$�%� fY�#Aì{| V %

��ÇK��µ�¦éZ t V~W GZK
����c

û*r�£XV	Z�]�f�#�%'&("»÷�)�\Y]
GZK cutoff

x�yÙÁ�*�P�Q�R�S�T�)�\�¥�¦���]�O+*�P�Q�R
SKT,)�\�¬��®�=�������É�i t V�Z Ì�Í o»`�V�W SHR - ¿YÀ6i�xK×�l��%� f��"�1/.0 Ùc�yVK��]

SHR
\

cold dark matter
Z h l�Ã�Ä+� f�T�Ü�i - �Y��£eV�Z»û6« Ë `eVKr�k�] GZK����#21�3�c�H6Ç�D4 C ¦ � �'5768:9<;>=,= -�?�@'A�BDC�E =�F,G�*>=/H'IKJML�N7* CPO

• Z
h�;�Q! SRT78VUXW�Y5768:9<;!#Z���;[ 2"2#�\4�]^ ?�_�` N�a+b�c'd ?fe+gih N7*
C�j�kl�m Z���;% $"$#�=on�p,q,r h N Z0 s�tvu qxw�47y�z�{+|�}7~+��\���Y,�6,8:9';
j�k�� = h N$����JML C�� = BDC RT78���� CPO�E z�����'}'~�JML C z+F,�v=P�0�/� t �� CfO��,�,�<j�k,l�m Z���;%�$���'F$a�b�cd ?��:� G7��� u����v�+� Q� <; u q C z,� �¡�¢£�¤�¥'¦vF�§,£�¨ ? G C =/H'IKJML CPO

•
n�©,ª�z$«�L¬UXW�Y,�6,8v9';���F�®�n�©,ª ? «�L�\��>w � GZK ¯�° �7±,²�J³L�N,´ C
∆+
}�~�z�µ+¶¨'}�~�\<· E�¸ G<´ � = BvC R7T'8�\�� C¹O0º ;�»�¼<½7¾ tK¿ \ 1011 u¹ÀDÁ

C+_vÂ G<�768:9<;�Ã�Ä���F �,E L � �<7®+n+©ª�z<ÅÆ�¨<Ç+È�\�G�JML�N7´�G�´ ��É��,Ez _vÂ G$ÊË�\7Ì'Í���� CPO
E z _vÂ³?�� �¹ÎfÏ�Ð�Ñ'¼2RT78�\�Ò�Ó � GZK Ô�Õ u W Á C ��Y�768:9<; j�k�� z�Ö7×�\$ØÙ JML,L�Ú �$Û�Ü ¨�G�Ý s�t =oÞ+ß�z�à,ª ufÀ0Á CPá�� G$�,à�â�z<ã�äP��� C Ì'Í7å�\�� CPO

2.4.4 æxçKèêéêë�ìiíïîvð>ñóò
��Y7�'ô'õ�9�; j+k�� F j+k7ö�÷ �,z2ø�ù�G�ú'û,ü'ý,þ�z$�àK= ÿ � � ´+N�´ C =o± Á ¸ L � yz2���,ÿ���F���� ?��
	 JML�N ����O(h���h³� ú'×��� ? G ` N7´ C z\ � GZK cutoff

z�Ö�� ?� ´�N�ÅÆ��fõ�;�Ï���= ?�� G `'� ÿ���\�� ¸ L�N7´ C =³´ Â2E =P��� CPO��Y+�,ô�õD97;�Ã�Ävz j�k7� ������õ�;�Ï>= h N � AGASA
z�� ?� HiRes (High Resolution

Fly’s Eye)
\�Ö'× h³��O AGASA

\���� s�t Ç�� � u r�´ � ������� C z ? © h/� HiRes
F �"!$#�$%�&$' ?�_C ��� u ( ` N7´ ��O HiRes

\�)*� h¹� �7ôõ:9<;�Q,+ � � õ (2 - z,%�&$'�Q/.,;021 ¼<z�354$����z�ÿ��
) u�6 2.13 ?�7+B�O>E L ?�_C = � 1020eV ufÀ0Á Cfj�k�� F 2 8 û����w � Q,+ � � õ�F GZK cutoff

=:9$; h N7´ CPO
E z _0Âf?/<�= F?>A@ h�� ����ÿ*� u 7xh N+´ C \ � AGASA

z�,ô�õ�B�C�DFE*G5H:F
18% �

HiRes I 20%
����w � GZK cutoff

z�Ö�� ? � ´�N�Fv�?J ¸�I D�E�¨�G�ÿ���F$�?K�N7´�G�´ �ML ´
Â z\�ú�N���� CPOD��� AGASA L HiRes

F�O�Ó � G `'��P�Q (
�/�MRD»TS L/�/!*# �$%�&$' )� ö�! 0$U$V C u ��� h N"WKw ��E zf����X$YFZ�[�z<�'ô7õMB�C,D5E�z�\�]/^$_�\7Q�+ � � õ�z?`´Fa�bdc h N7´ C z��F,G�´ �eLgf�h JML�N7´ CPO

E�Â<h³� d� uji D h N � ��Y7�'ô'õ�B�C j+k�� z�k uji�l BvC+E�L \,% � L�N�´ C¹O y+z �+Éa?m�n�JoL � ú�×�o/p h N'´ C Å7Æ�\ ��q�r/s5t ��u�v C w �"x�z".�»¹QMyjC+Ï$Rv»:S'Å7Æ L³��z��x�z
Pierre Auger Observatory

��� CPO
20



6 2.13: HiRes
\�)*� h¹� �7ôõ B,C�Q,+ � � õ

2.4.5 Pierre Auger Observatory
.K»�Q�y�C�ÏAR�»�S�Å+Æ L ��� z 	 ¨ u$� `'� ��Y��,ô+õeB�C j�k7� ����Å+Æ (Pierre Auger

Observatory)
\

2004 � 1 ���>¸:z�� z5R�õ	�D¼�
:¼���o�p h N´ CfO 10m2 � 1.2m
z���:z,Ï

� Q�
0Î �  �¼ � a���� u�� L � ��
���»�¼5y��fÇ��d� u 1.5km ÷�� � 1600 � u 3000km2
z��

�*a��*Y h N�WKw � 4 � a ��!$# �/%"&�'! /S � u �*Y h/� 1
 /S[� a7F�"$#�\

30 % � 30 % z�%"&' u 6 � �5Y>JML � 180 % z�"	#�����Y�7ôõ B,C j�k�� u ��� h N7´ CPO& � �+z2����� AGASA
z

3 ' z<T5C�  u)( `'� i�* \ (,+ L ��O y�z�ÿ�� � �5E�JML � Q,+� � õ ( 6 2.14) L GZK - Î��/.0�/a _Cfj�k��$1$2 z�354�\���6,9$; BDC�L87�9(h¹� [13] OJ ¸ a � �,��J L � 27 : z2�+Y'��ô�õMB?C j,k�� z�¡,¢'£�¤2¥�¦�F?9 � �+F'G�Ó ��;$< z�a7b*\= z?>�\ eA@�h N'´ C a,b	B L z$nMb'\+G�´�z7� � ��Y7�'ô7õ�B�C j+k<� Ffa,b5\DC���)�} h N�Ww � Veron-Cetty and Veron(VCV) -   º ��z @ z�c�d�z AGN
¥�¦ L z�n�b<\+� C�L f"hKhM� ( 6

2.15) O!-   º �/aFE ¸ G ��`'� AGN ��¸�I ��Y�7ôõ B,C j�k�� F$¡�¢ BDC F�G�����w � AGNuIH!J j�k z ��K�L+°	M��<j�k z��$N¥'¦ L z�n�b7\�O Á N7´,P L ± Á ¸ LQP L87�9(h¹� [14] O
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6 2.14: Auger _�` N$����JML � 9 qj�k�� z��7ôõ B,C�Q,+ � � õ

6 2.15: Auger
a _�` N�Ç���JML � 1019.7eV s�� z j�k�� z�¡�¢£�¤�¥'¦ O�������j�k�� z�¡�¢£�¤ �	��
�� ��x7c�d�z AGN

z�£�¤ u �� O�� Ó�� ¸���� Ã+Ä�z	��z���� �	� ��� ÷ z���� u �
h N7´,P O
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�
3 � � � � � � � � � 	 
 �

��Y�7ôõ B,C j�k�� z�¡�¢�*H ���:É���� �+Ó � AGASA
z2����a _ � Ú 1km2

z,�/� a
100

� a 1
H���¢  P��$H����$P��

AGASA � 111 � z 0 ¼�
0»TC 0�1 ¼³ÇM� � u 100km2
z����Ma��

Y hM��� w ���oö�! 0*U�V C u �+� h³� ��� � a _ w � ÇM�! 5H u" �+z$# Õ »&%7õ �0¸ 9'Ma$(
5 '*),+ P*� L a2~.- h³�<���/ ~$� u10 ´ � � h���h³�32 � s ¢546 � u87 � AGASA �  �H �X$Y�å+Í L�I a Ô�Õ a19 hM� � �$s�� a$·�: i�l a�; P.� L � � � G � 2004 � aP��� u�<>= h³� �y?��� � ��Y+�,ô�õ�B/C j�k� z7·: i�l z ��É7��@ � µ � z á��A/ ���Am5n�\ Ù Ë � ��� �y � \�.�»!B y?C�Ï5R0» S (Telescope Array)

Å,Æ����!P
[15]
����z/.�»8B y�C�Ï5R�» S,Å,Æ ��

AGASA
z1C

4 ' z� �H u���� �/!*# �$%�&$' (Fluorescence Detector, FD) L¹� C 7 ' z� �H u�+� ���7ÇM� � (Surface Detector, SD)
Rv»:S u �*Y hM� ��Y'�'ô7õ�B�C j+k<� z ö"! 0*U�V C u����QP I z���	PD�

3.1 E FHGJILK MON FQPSRUTWV XLY
.�»�BMyjC+Ï$Rv»:S'Å7Æ ���8Z 2 r ��u$v � ú�× � �z$�>[7�'ô'õ�B�C j+k�� ����z� � 
 uD\
� Á ���s�t z 	�Û u�] +� ´,PD�

• ^ ¢:z'�,[��+ô�õ2B/C j�k,� ����Å�Æ`_�w I ����G�H � [>a�Ç���B g u$b>c a�¤ � ��K �
1020eV d c�z<�'ô7õ�B�C.B�+ � � õ u ØAE  P���.�»�B�y C+Ï$Rv»gS7Å7Æ�� �<� ���*S�%:¼� z8C

10% ���"!$# ��%"&/' L ��� s+t ÇM� ��a*_�PDe*S*f���Îhg ���Ma / P�z7� �A< ÇM���aA_�PPn�p�i�Ò��'�7ôõ B,C*B5j/C�õ�z"\/]�^*_ u 15% s�t a�k Á PD�
•
�,[���ô�õ2B/C j�k� z 
 :2�� u?i D  P1�".(»1B�y�C�ÏFR�»jS��*��Çe���2R>» S �,�
AGASA

a$© h�� C 7 ' z�[la,Ç��DB g u [�QP<z� � � � aA_:w ]*m 2 u�m ü h³� � �Aa9 qj�k�� z�¡�¢£�¤ u 1.0 % s�t z�G$H���D É P*� L u 	 f $�
•
�A[�7ôõ B,C j�k�� z s�tlnvu � E  PD�$�A[�7ôõ B,C j�k�� � ·�:polq7õ2� L a�9 q
j�k�� z1r+~ L+h��5s t �8t��lu ¼1v � üpw���C[�2�2� / �Dx�ylz�� �p� W(w � r+~5{l|,x·�: i�l z ���/�} ���	PD�

3.2 E FHGJILK MON FQPSRUTWVS~������
.�»8B y�C�Ï5R�» S,Å,Æ �� ���+Ç �?� LM��!5# �*%/&*':z 2 n5� z$���5X5Y �>¸ ~ P!��X5Y
���$��! x��$��� �1� l HAx�[0Ó �"!$# � Q a*_�PM���Ma!��� ���p�$���8���1� C�g��>�3�����A[
1400m( �/!l� � 860g/cm2) ���l� 5¡>¢.£ aF�5Y�� �A¤ � �¥.¦.§�¨>©5ª���«�¬5 B®l¯A°h±!²³ � ¢´*µ·¶!¸3¹Aº»h¼�½¾/¾¿!��À*Á¾Â!ÃhÄ*¼$¤>Å5Æ �!Ç,ÈlÉ�Ê 100

(
200m

[ ¶�/.Ë�¤��*ÌA�$ÍÎÏ¾Ð8Ñ Æ �.Ò�ÓÕÔ ¤ � «�¬5 B®5¯A°�±�² ³ C 35km �5Ö×.¸ 3 Ø!Ù (Black Rock Mesa
�

Long
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Ridge
�

Middle Drum) Æ�� Ä Ê Ô*����Ô���Ô>x Ð����
	��� 108 � ��� È Æ��
�»¾¼���¥ °
���8¯Â 2 ØDÙ�� Î ��� ®5¯A°?±8² ¸�� ®���� ¨*©5»¾¼��1«�¬5 � ®5¯A°?±8² �
!#" � ��	 Æ ³ ��$�%'&( Â*) +�»¾¼�,p���.-0/�1 °>² - �Õ¯*°h±!² ) +*2 3 507 4 � 1.2km Ö�×l¸65'7 ��8:9,Æ�� Ò�Ó Ô¤6���¥ °�����¯�;<�>= ��)?+'@BA ³#C 700km2 ¸�D>¼���E Ò �6F ÒHG Â G 3.1 Æ#I.»6�

G
3.1: �¥.¦.§5«�¬5KJ ¢´�)?+�2 �6F Ò ��L�M��BN�O�PH3��¥.¦.§5«�¬5 � ®5¯A°�±�²3��Q M�BR�PH3�¢´�)?+�2 ��S Ò Â8´.»6�

3.3
TVUXWZYX[]\_^

¢´ & ( )?+�2 ;<�>= ³ � @BA 3m2 ��,��6��-�/61 °A² - ��¯ ��`�a 507 4 É�Ê*b ¼��>�,���c.d ���B"�e�f Æ � 1.2km Ö�×5¸�F Ò�Ó Ô>��g?h��l� 700km2 ��� È Â�iBj ¯lk�m'n ¼ (
G

3.1) ��)
+�2 1 4 (

G
3.2)
³ �

100cm × 150cm× 1cm ��,��6��-�/61 °A² - ��¯ �5Â 2 o Æ�p�q*¤ r$��3
2 s�t�u Ê&ÔHm6v 2 (210cm × 170cm× 8cm) Æ#w Ô�Ê&ÔHm�x
y`ÓÕÔHmzg|{ ��g}h�� 3m2 ~�� @BAÂ���sz� ��Ô���Ô ��,��6��-�/61 °A² - ��¯ �lÆ ³'�B� 1mm

�
2cm Ö×.¸�� 3B� Ê&ÔHmzg|{ �'����¾Æ WLSF(Wave Length Shifting Fiber) 36� Å��H� ÔHmzn ¼�� °A² - ��¯ � É�Ê �B��M.§ ³ �� � WLSF ¸ Q M5§�Æ��'� Ó Ô�m� Î o ��� o���J8Æ#� b ¼ PMT Æ��¾Å Ê Ô ¼��6�B� � ��¥ °���8¯�;0��= ³ g?h#�

0.007Hz ������� ¯�� ¯ � ¸6��� Ó Ô�m.n ¼�� G 3.5
³ ) + Ó Ô ¤ =.�¾² ���¸�Dp¼*� PMT

É�Ê ���� z¡
P ³ 12bit
�

52MHz ¢ ² ,£� ²�¤ � FADC ¸ AD ��� Ó�Ô��'g0h6�
46 ¥
¦��6¡�P v�§ Â���sK� ²�¤ j¨/6©�ª�Æ�«z¬ ÓÕÔ ¼��
.¢´�)?+�2 ³ � Ð�® c ¯ ��¯z� ° � ®° J ��=�±�� � LAN Æ h}{³² �hÂ*´ Ë mzn ¼����)?+�2 ³ £µ�3B«z¬ k�mzn ¼�¡�P�¶�· Â g?h��¸ ¥ Æ Ð�® c ¯ �*¯'� ° � ® ° Æ#¹ { � Ð*® ³�º ) +*2,��¡�P�¶�·,Â�r�J8Æ � ��¥ °����8¯ ¸
D*¼É ¿�» É ��¼�½�Â�´,Ë m c ¯H¾ Â�¿�À»�u Á É�ÂAÉ ¼�Ã�»¾¼��z��¥ °
���8¯z=.�¾² � ¸�D*¼HJ³¼�½ÓÕÔ ¤BÄ�` ³�Å0Æ »h¼�)?+�2 É�Ê ¡�P�¶�·H3 Ð�® Æ*�hÅ Ê&Ô ¿�À ÓÕÔ ¼ (

G
3.3 Ç G 3.4) �
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G
3.2: �5¢,Æ#� Ò�ÓÕÔ ¤ °A² - ��¯A°�±�² )?+�2

G
3.3: ¢´�)?+�2�� c ¯�¾ ¯z��� � 1K���

� 1B�6�

G
3.4: ¢$´.)�+�2 Â���@ É Ê
	 ¤���.��� ¯� ¯���� d ������Æ�� � 1¨�
� � 1��.Â�¯ vk�mzn ¼���3�� {�� Ä Ê&ÔHmzn ¼��
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G
3.5: ���AÆ3¢´�)?+�2 ;<�>= ¸6)?+ ÓÕÔ ¤ =z�h² � ( � ) ��� Î ³ Ç & (�� ��� �  ¦	���
� �³ Ç °�����¯ @ É�Ê ���*Ö�
� Ô �	� ³ =z�h² ����/*, �

3.4
�������������

®�� ��� ¯ , ;0� = �� A¸ ³ 38 4 �"!�¥5¦5§«�¬l�3�� Ò�Ó Ô�m.n ¼��£»$#6Ç 14 4 ³ HiRes-II

�� [16] ¸3ª n�Ê Ô�m'n ¤�r �*Â � �z�z� MD � ®¯>°¾±�² Æ&%�� k ¤�r ��¸
D*¼>� ��'f �.i�'� Ç�� � 1£� � � 16� ³ HiRes-I ¸$ª n�Ê Ô ¤"(*),+��Hr �z3 � �����,-�. Ô�m.n ¼��0/�� 2 s �
� ®5¯A°�±�² Æ ³ ��Ô���Ô 12 4 �2143�+ ��«�¬5 36� Ò�ÓÕÔHmzg|{ Ç6� � ¸ ³ � Ô�ÊÕ®l� �5� ¯
, ;0� = �� 06�ª,Æ
7�¹ Ó Ô ¤$«�¬l Æ�s n
m98;: » ¼���!�¥5¦5§l«�¬l (Fluorescence Detector,

FD)
³ Ç#��¥ °
���8¯ Æ h ¼<!�¥5¦5§,Â,=
@$�¸#�*§ k>��Ô Â PMT i�' � ¸?>�@ k�m ¨*© Â�´ »

E Ò ¸�D>¼�� BRM J LR � 2 AÕÙ�� FD � ®5¯A°?±8² ³ Ç ��Ô���ÔCB � 3m �D=�@�hÂ���s 12 E
��«l¬.?Â�E�F k�m�gK{ Ç � SHO 108 � Ç"G�O 3-34 � �6� È Â!¨A©.»?¼ (

G
3.6 Ç G 3.7) ��¨A©¾Â

´ b . b'n J�Á ³�º m � °�� / ¾$¯ 30Hz� { Ç�«�¬5hÂ�¿;I>»h¼ h »�Æ b Ë mzn ¼��z�l¤�Çz� ®5¯°�±�² Æ ³ c ¯�¾ ¯z�*J,Â�K Å�¤ � � 1K��� � 1B� d ¯ ° JML;N�O�36�¾Ä Ê&ÔHmzn ¼��
� � Ç	!�P.¦.§5«�¬5hÂ x
y »h¼*;Q'S?Æ�s n�m �<J�Å>¼��
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G
3.6: «l¬.?� ®.¯�°�±�² (Black Rock Mesa) �¨p©¾Â k�b.n J�Á ³ °�� / ¾�¯ 30H��p¼ h »DÆb Ë mzn ¼��

G
3.7: � ®5¯A°�±�² !.Æ3«�¬5 36� Ò�ÓÕÔ�� ��Ç��� ¤ ' ² �  � �  Â���� k�mzn ¼�J � �*�
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3.4.1 �����
«�¬l ³ Ç����
	,Â��h¼ � ÅBÇz� ���� @3 Æ���u ¼�J � Ò J ����� x 3��
�.¸�D*¼ � ÅBÇ"=�@¾Â -*ª k�m.n ¼��$«�¬l 1 E����
	 ³ Ç � S�O�3 18 � Ç<G
O�3 15.5 � ¸
D*¼�� � �$«�¬l¾Â����Æ�p�q ¼ � J�Æ h Ë m Ç,G�O ³ Î ����«�¬5 3 3 ��� 18.5 ��Ç � ��3 18.5 ��� 34 �BJ bl{ Ç º�� ¸³
3 ��� 34 �!ÂBi'j ¯ »h¼ (

G
3.8) ��H� ®5¯A°�±�² Æ ³ Ç�`�a 12 E ��«�¬5 3� �P Æ�F Ò�ÓÕÔ Ç� S�O ³�º�� ¸ 108 �DÆ b ¼��

G
3.8: � G 3�«�¬5 � c
! = ² � 18 " � � ¤ ' ² �  É�Ê*b ¼�` y =
@�|J 256 3�� PMT ¸ xy·Ó Ô�m'n ¼�i�' � 3 G � h » Æ#F Ò�Ó Ô Ç���� Æ#p
q Ê Ô�m'n ¼��D� G ³ Ç���# �z� ®l¯>°h±D²

(Black Rock Mesa) !.Æ#� Ò�ÓÕÔ�� «�¬5 � �� ( i ' ��³ E�$ ÓÕÔ ¼&%���' ( ) �

«�¬l Æ -5. Ô ¼&=�@$ ³ Ç 18 "���(BO�P Â k � � ¤ ' ² �  É?Ê�b ¼ B � 3.3m ��` y =
@3¸�D>¼���� ¤ ' ² �  � c
! = ² ³ G 3.9 ¸�D>¼���)+*�Ö�3 660mm ��(.O�Pp¸�,.- ³ 11mm Ç
/021 � ³
6067± 40mm ¸�D>¼���3
4�@ � PMT i ' � ¸�5
6���70/�� ¢ =28 ³ Ç�90J;:?¿ ���2	¸ 1=<?> Æ k�m 30mm @
Ap¸�Ç � Ô ³ PMT !?Á Ó ( (.O�P � > 61mm) Æ���u+B�¦+C Ó�n ��D�E³

Tempax glass Â -*ª k�m.g£{ Ç8´�@ ³�F�G Æ�H n Anodization J n » �+I ¸ Al2O3 � ¯l®KJ�²¤pÓÕÔHmzn ¼���L�M 0 ³ Ç'¡�N 	 330nm � 450nm ¸ 80% � Î ¸�D>¼��
� ¤ ' ² �  ��� � O+A ³ Ç 2

�  Æ ���.O�Pp¸�D>¼��z� � Ç�` y =�@� � Ð�� ³ � ¤ ' ² ��Q� ¯ ³ F Ò�Ó Ô�m.g�Ê ��Ç�` y .§�R � �
E Ò J PMT S+Tª5§�U�3�� { � Ä Ê Ô ¼ h » Æ c�! =²AÓÕÔHmzn ¼�� ²
V ³ �XW 3BE�$ ÓÕÔHmzn ¼��
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G
3.9: !�P.¦.§5«�¬5 ����" � � ¤ ' ² �  � c
! = ²

3.4.2 PMT
�����

PMT( § % (��	��
 ) i*' ��³ Ç 16 × 16 � ;���= 9¾Æ6t
u Ê Ô � 256 3�� PMT
É�Ê x�y�Ó�Ô

mzg|{ Ç�L�M5 ��3
4�@pÆ#� Ò�Ó Ô ¼ (
G

3.10 � ) � 1 3�� PMT 36��s��2	 ³ Ç g}h�� 1◦ × 1◦ ¸
DA¼�� � ��i*' ��³ Ç PMT J�i*' � ! � � � 1 � � � 1B�AÂ Ç { �� Ï�� É�Ê ¿;IA»h¼ � Å5Æ.Ç� H ÓÕÔ�� �|J k�m���Ê&ÔHmzn ¼�� PMT

É�Ê �
+�� ³ � /�- � � d Â Ð�� k�m f;Q Æ�� { + ÓÕÔ¼�� PMT Æ ³��	��� � � 1B� R9508 Â<-�� k (
G

3.10 � ) Ç' PMT Æ ³ , � ;p² ,�3�� {�� ÄÊ&ÔHmzn ¼��
PMT ��� �

• ! % @ : j =�; d i¨�
• w�M�"�E : #	$�%�� � ��Ç6¡�N 300ns � Î ��! Â'& (
• ) =+*,.- : /0/61B�10 � =+2 ©�3 , i
�=� (8 � )

•
§ ( � 0 :30%(MAX)

• 4 =+2 :2.7 5 105(typ)( 6�7 %�8 1000 V)

• 9;:�< %	= :2nA(typ) Ç 20nA(MAX)

• >	? { �A@ :6ns

•
% (AB ´ �A@ :52ns

C 2 - ��, CED 2 !��B¡+N 	+FHGJI 300nm � 400nm KHD { ( L 2.2) Ç6j¨/61 ¤ ��M 2N- J b1O� ��/���¡XN 	 �;!JP6i0/0�RQ O �AS I Ç�T1U�� PMT ��! % @H? I�F j 2V- � ��© J d ¾�, J km
SCHOTT BG3 3�� { �+W�XZY�m.n�O � BG3 © J d ¾, F Ç 25 " I 1 "��[�`�K.¢ 2 , d  I\ +^] Y Ç � �6¦�!�& ( 0 P`_�½E] Y Ç6«z¬a] YHmzn^O (

G
3.11) �

PMT i;' � �`"&E I;F Ç 300nm ��? �*¡=N 	�I ) k m &�( 0 3 90% ��? � � � ¤ � � -UV00(( b )

1 � � + ) 39- . YHmzn^O �
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G
3.10: ��� PMT i ' � ����� i ' � I - . YHmzn^O PMT(R9508) �

G
3.11: ��� BG3 © J d ¾`, � &�( 0 �?��� R9508 ��! % @ K�� § ( � 0 � � # X r ��_ < K�D O �
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3.4.3
���������
	�����

G
3.12

F Ç c ,�¾ ¯z� C���� ° ����� G K�D O������� �
J I  PMT �z+'�JP AD �6� k Ç'] X I ¡'P�� ��P�´ » SDF(Signal Digitiler/Finder) Ç
i ' � >;@�@	?�K �"!�P C$#&% , � � /61��'� P*´ » TF(Track Finder) Ç' PMT � ��S � (�)8 )XU b �+* X#b¨{ Ç � Y X F c ,?¾ ¯�� PC(VMEPC) J ` .�, m 1

� /61 I ¯ S X Y m
n O
(
G

3.13)
� � YaX J F+-+I Ç � � , C D 2 º+� � C � � ° 1 ��/#1HP/.'0 k Ç GPS �Ba�P F�1�Ç *

s3254  b c ,?¾ ¯�� ����� , P�6 y�k Ç º ����� ��7�8 � � � 8 � I ¦�F�Q O/� CTD(Central

Trigger Distributor) 3�D O��9 � Ç';:��5<�8���J ��=�[ P.�<J S�O��

G
3.12: !�P�>�! � �'� 1 ?z¦ ����7@8K��� � 8 � ����� G
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G
3.13:

��� , C D 2 ��7@8K��� � 8 � O�� I���� ] Y�� c ,�¾ ¯z� J�� )�U J ��� N�� � <@8 1

?.¦
	 1 i�' � ¦ I�� Æ Q O � 2<r'? � VME 8 7 , � I SDF Ç TF 	� { Ç 2 ��� I VMEPC �� ��� 2 � ���&) 8 )�U Ç 3 ��� I PMT �$(�) 8 )�U�	�� � ] Y����^O��

•
��� � 2 � ( � 3.14) � PMT  ���!#"+P � > Q O � ��� � 2 � ��)�$&%�Q�<�8 7 2�' F �
5000p.e./10ns Ç+20!( ���) 8 F 2.0V K& O�� ��� � 2 � K �	4)$ 2 F 52

� K&+* Ç PMT

P�, S � �)%���-,Q/. � K �	4)$ 2 	 4 × 106
I�0 O�132 ��4 ] Y����^O���576 � F � 3.16

� 0�8 ���^O��

• 9 <�:�9�;)< ( � 3.15) � 1 =&>�?7 � * 256 T(@ �A� � 2 ��B @@)�U�.'0�C 1ED7F SDF
B @

!
"�G)! P7H3� SAO�I �&J/K K� O � FD =&>�? 1 ?�7LA* 2 M
@N9�<O:�9�;�<�	�=&>�?;/ <
8 � �NP INQ *SR W+X Y�� CT*SU 1 M�@V9�<W:79/;�< * X F 128 T#@ ��� � 2 �7B&X Y
Y�Y
±5V @�))ZEP .$0�Q O/� �[� � 2 � - 9�<W:)9�;/<^@ F $ ,/\ ;�<+]_^(@�`�$ � ]ba�� cat.

6 c , :V<JKNd/ea] Y�� CT*SUV9�<W:79/;�< * X SDF
B F

16ch P 1 f I3g � 1 h#@�c , :
<JKN!�"JP�G�!AQ O��

• SDF (Signal Digitizer and Finder module U�� 3.17) �
F

PMT @/ ji
@ AD k)l
UVC 1�D)mn >�o�@Vp/q�r'� P`Q O =�[ PEs�M � 1 t I 16 : #/u ;�<�v�	N��w�x�H Y�� CT*SU 1 8 7�y
] I 16 t�z�{V] Y O�� PMT

* X G X Y��
| L��)%~}�-W!�" F U 12bit v����
U"2 m�� i��
2V U 40MHz

\ u ��� u -7@ FADC � AD k�l[�O�
U(�&�E� 100ns �(�E��v��O�
U 1 � 7�y�
(12.8µs) �#�N�/�T����� ��� �T�������Np�q�r&�3� F � 7Wy � �#���3���(U 4/� ���(L

S/N 	 ��� ���&L threshold �j� 5 ����] ��� y ( �/�Ey � ] 7 ��<¡] �¢� y ) !
"��¤£$6��
,�� � ] ��� y&@ *'* 8 L�: #�u ;�<�� 1 U X � 9�¥ � 0 ��¦[�O�
U X @ 0/1 §�<+]b9~¨Vyu 	7©�@ TF ª '&« y7< B GT����� �

• TF (Track Finder module U�� 3.18) ¬ SDF
* �¢G�¢� ��| L�§�<+]_9�¨�y u �
®(����U/!n#¯/°/± y&� 1 ��] ?&<�8V²3³ 2 ²/@j´ � �W� 2_µ ] �¢� y ( ¶�= u[· 7���<¸] �¢� y ) � 9¹ @ 3 º/»��Nv�»����U X @¼] �O� y�½jy · 	 CTD

B G����� µ TF � 1 ¾�¿WyÀ]Á� 1 t
z�{[�O��� µ
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� 3.14:
��� � u � � 3.15: 9�<W:79/;�<

� 3.16:
��� � u � @ 576 �
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���������	��

-1 ¬��e g L 5 h#@ PMT � ¯ -N%7<(	&&� (complete track)

���������	��

-2 ¬ =&>�?V@��
��U���e g L 3 h(@ PMT � ¯ -j%�<
	��� (partial track)

���������	��

-3 ¬ threshold ������L������ m�| 0 !�"(���)� g L PMT 	 1 h����(&�

(NC)

• CTD (Central Trigger Distributor module U)� 3.19) ¬��/y�¨ Q�� @	� �)´"!
�¤� 2_µ 1 M&@m n # o%$�&%')(+*/y ¯-, u � 1 t/.+* U 12 0
@ TF ²+�¢¶&= u�· ¿¢��< ] ��� y(��1327U
$+& '�4
��H/L 5#��]¢?76V¾)@V´ � �E� 8 L 2 �7� ] �O� y ( ���E$&%)< ] �O� y ) �)²78
� µ H�L�U���9"(+*/y ¯�, u;: .�<�¿N¾]¢}>=�¾�(&��?%@�� ¯ (+* � ¾�}�6N¾7@>A%B
UDC%EF !�"&@VG# 0 ³�@	G | ®�H 2_µ

I h�J 0 ��y
¨V@�K��
�j©�@ 1�2 � 0 � µ PMT ²��O@j97<"(�!�"���L �NM u L)�>O%P3�¢��U SDF

��G�� �~� µ SDF �EG�� �
Lj!&"&�7U 12bit v7���&U 40MHz
\ u L � u -�@ FADC � AD k7l��

��� µ � ' ¨E< F �O��L;��y(¨��>QR6V���7�j�����O�
U��)�
� SDF ������y�( ]W¿¢��< ] ��� y
@N´ � 5N���V��� µ SDF � � ����L3§ 6+]b9~¨Vy u � TF

B GT���
U X � � ]�?76V¾�´ � 5N���
��� µ � S��7U CTD � 1 8 � . � @�=
>&?�@ ] ��� y3½Ey · 5�1323���
UE$�� u ]Á� Q+� @��V²
³ 2 ²V´7!��O��� µ CTD � 1 8 � $�� u ]�T g � ´ � �O�
U/���E$�%7< ] ��� y�5�.�ª '&« y7<
��G�*O (���3�7T�U X �#�VU)! g L SDF ��Q-6j����²���o#�/�W$;Q�y���W�^ g � PC �	X�GY@3� µ
<�¿N¾]¢}>=�¾�(�@7$�� u ]ZX/G[¿�y ] �)UN� m 26Hz ��.&� µ g ² g U�[�\�@�])a�¿�y ¯�, u �
3Hz �N���V� ��� � µ

� 3.17: SDF ª '&« y7< � 3.18: TF ª '&« y7<
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� 3.19: � ¬ CTD ª '&« y7< µ�� ¬ CTD �����[�O� ��� � GPS
µ

3.4.4 �	��
�������������������
*�¿V(~½�y�L M ¿�$%[��~�)C)8&� FD @! ° �#" ¿¤y ¯-, u ¯ (Y* � ��U m~|%$ 3 M(@�=%*�&� y��jv�8~����� µ

• PMT ')$ u @( ° �)" ¿�y ¯-, u

•
m n ª�=
¨Vy

• 1 ©+*(,.-"<�;�<%/�y.0 � @( ° �)" ¿�y ¯-, u

H21 1 M 2�@ PMT '�$ u �VM �
� �".
��5�U m n�# o�3�� 1 �54 n~¯&°�± y.687(�&��U:9~ ~�
��L PMT @j!�"�²+� PMT

B @ �+; o+<+=3� �  g�0 8���> 0 � 0 � L�27U PMT @+')$ u ���
�@?�ACB $)D 2 0 8���> 0 � 0 �7µ *A¿�(�½Ey�L M ¿O$Y[+�����)U CRAYS(Calibration Rayleigh

Scattering system) E YAP U Xe flasher U XY scanner T)F 8 L ¯ (�* � �E^(F�G)U PMT '7$ u @
 °H " ¿�y ¯-, u ��� 2_µ
©(� m n ª�=&¨Ny�� .��>5�U m n%# o+3�� m n � ¯ u :�¿Oy�¨)T g GV^(F#�jL�2�� m n+I+J B @K(L�M 5+N�F µ�O ��U ¯&°�± y I @N£
o K ²A�N$+&�'~H/�QP�R"@��;4�@7o#@2S(T�EVUXW�@QY�Z��[ g $]\ [ @��_^�`"5�.&� µ&m n ª�=
¨Vy&@�L�2/� LIDAR(LIght Detection And Ranging) a D

CLF(Central Laser Facility) �cb 8 G�F�� µ
� S���<�;�<%/�y&@( °H " ¿�y ¯-, u �NM(F(G/��.&��5�U � �#�)UXd+<�-�qXe!fXg (LINAC)

� 1%h � 2_µ
� ¹ U F  °H " ¿�y ¯-, u ¯ (+* � �NM(F(GQi8j���H3T	2&� µ

PMT k�lCm@nXo!p
•
I�q

PMT ¬ =&>�? 1 07.7L h 3 h�@ PMT �jM�F�G�U X @>O%P�r T#s@e(d.t#@�u_v3�	[���w
�.G:7 ��g U � ����@ PMT � I�q PMT T @3� µ�� �[�¤@ I�q PMT �;(�*�y ¯�, u �j�#�
����=�>/?yx�z&@X'Q{ u)|X} @ I+q Tc~/� µ I+q PMT @@� [ @)L%2��VU CRAYS(Calibration

using RAYleigh Scattering U�� 3.20) Tc�8>V�+��� ?�o(��o7Z�5��N£��O�(L µ CRAYS �.�� 5.�X���O��L+�V� u Q&y�U N2 ¿�y��/y (Thermo Laser Science �(U VSL-337ND-S UVp+�
337nm U+�Ni 300 � J/pulse) U�¿�y��/y+��A�7 � ^�<��8�Vy�>Vy(¨Ny�²��_~&� µ � [ �/U@7� ����� PMT ��¿¤y(��y
@7o�� T��8�
@Q������� $X�� ��� � �O��� µ PMT o�d!�#� �
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; @��Eo����X�V� u Q&y :�� � (&� � �(¿Oy��/y�o � ¿){ H yXS�T/o
��. h U X � o�����<
�!�Vy��Vy�¨Ny/�Q7 � ���&L�¿Oy+��y � �XA ( ?+A ±5%) U���]��] H U � ( ��� A&U_t�i ���� ²��	� � � D 2~� �3� µ PMT � ��; @3�Wo�� � � ���	?Y@3��
�����(� ±8% T�����®
���VG�F�� µ

• YAP ¬ I�q PMT
� O�P+r(��6!7YE)4 I 1 ��4�� 1 A ��� A��+���Vª�=
¨Vy��O�8G�F#� µ
�� L�2/�j^!F����VG�F���� q oVZ 5 I�q PMT

� ¦8��� Q h R/8~���VG�F�� ( � 3.21)
µ3� �

o7Z YAP ��������� ¯ u �+¿�y(¨Vy YAlO3:Ce T α -�Z 241Am(50Bq) ²+����� µ YAP
�

q I �2��� 4mm U2N�� 2mm
�! #" q
��.�� µ YAP

�%$ y(¾�p�� 365nm �j£�o�&�'"(��(
��P 20ns ��.�� µ YAP � PMT o�d��
�*)�+�r 40%

�
ND ��,-'~¨Ny
�/. g G�0 h R�8��

�VG�F�� µ o�����1�2�� 450p.e. ��&�' (7o���3 � A#� 10% U�4(z��#� 5% ��.&� µ

• Xe flasher( � 3.22) ¬ I�q PMT � ¥ � PMT
� �ji�¿�(�5 u (/�_6(7�6�7&� |�} @3� µ98 �: �
��U_x PMT �V9;�~No����< ; @3�Wo�Z��E^(F�U I�q PMT T��>=@?BA 5Qx8G � PMT

²��y�jiA���3� �%� ��U X � Y � � PMT
� NXd.t��~�#C�D
� |X} @3� µ PMT

� '.{ u � [
� 1 E~�5=%FN���V�VG�F�� µ .��
��6!7 I � 1 ��4�� 1 F�'X{ u �Nª�=
¨Vy g G�G | U���y
¨���H(�
�Vª�=
¨Vy+��y(¨/��^!F(G \ [ @�� µ�� �T� � � [ ��� Xe

: u L
�cb&^ g L7o7Z
�E^�F�GXF#� µ o�Z#��.�� Xe

: u L ( I�J%K ] =
¾�(@� L4646) U-L�M�d�Z�U*N+SPO ( *(�/}u
4mm Q ) ²A�R�+� µ &�')()o(�#� 2 S 104p.e./PMT U�&�')(T(��7P(� 2µs U7o(� � Q :

`� �� 1% ��.&� µ�� � o7Z3�VU��Y' � I�W � 8 � : �������.F(G Q h R38~���CG�F�� µX8
� :/Y � ��; o(�(� 8 � : I�W 5��A®�Z $ U�[-T � ��� 5% �7.
��5/U � ��\ h �]�^B_"J
~�`Ta
²+� ¯cb « ¿�y ¯-, u g U \ [ �O��� µ

• XY scanner[17]( � 3.23) ¬ PMT o�d(����� QE U CE
� � 9P;3��d9e�@���f!A �Pg ©�h�JPi

2 9 M 5�.&� µPjlk G�U �+; o"5 PMT o�d(���&�;9P;3�jvPm g G�F8~.FP7�U~��� X �/n!o
�	U�8�� � ��p � � \ [ �	@��_^�`"5�.&� µ *A¿�(�½Ey�L M ¿){Y[+�����Pp � � �� ~Vo�d
��f!A � 2 ©�h�JPi�2 9 M T PMT 4�q
� � ��if�r!s3� 8 � : ��t hvu 8	S�p�w7��x7� �8 � : ��? g G.7 �Tg G+F~� µ 7 � ���Vy%GBz|{ 890mm S 1040mm

� m�}
XY (Y*�yV�

T�~ ¥ £�o LED �VW����#� (B5/6�� oP��5�VF[�¢��� µ XY (Y*�yV��� 8 � : � M ¾ H '� � ¥�� �jz�{[�O��� µ t hvu 85?�A#� ±1.0mm p�yYG!?�A#� ±0.05mm p/�9a�!��?�A#�
±0.5mm �".
� µ LED �P�����	� F _ NSHU590B( ��� 365nm p�(��7P 10ns) T�1��+¿�� ²���� h p�(�5 6>����{ � �2��� 4mm ��.�� µ �+� 1500p.e. p*&�'7(;P 200ns p���� � Q:�  2%

� ����£�@�� µ�� �T���/�!F(G2xVG � PMT ���(F(G 1 ��.P� h p 180 � 250 � ��T� �57 � @�� µ
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� 3.20: CRAYS
µ��VW �B #" 5��(����Q�������9�� PMT2 �75	��
� � ²��)�!����Q��
��� � �

�VG�F�� µ ¿��������(�	��
�� � ²+� �+; ��p � � � <��8�	�9���(¨����%.P�(� µ

� 3.21: YAP 5 t h@u 8��¢�%� I(q PMT
� 8

� : : � ��� a��9a
� 3.22: Xe flasher � � � 8 � : 'X{l�_� [ ���� � µ $�&%' ��W � t hvu 8~���9� Xe

: ��L%5
��A 9P;%~���� 8 � : ��< ; @�� µ

� 3.23: � ¬ XY scanner
µ@� ¬ XY scanner � ��k G:7 � ����� PMT '.{|� � 2 ©�h��/6�L ��� µ
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• LIDAR ¬ ¿ �+� ��#���
	 � � ; �>� pPw � � � S+�+S�T��.A
²����
	P)�:A���7 � @3���
a���.&� ( � 3.24)

µ ¿������A¿����	� T�®@�!>���� µ BRM (+*�� ¯-, �V²�� 100m ���9�� � · ��� :�� LIDAR
¯ (�*�� [18] � � a�� p*y+G��� VGXF! µ Nd " YAG ¿ �+� � ( �$#

5mJ p�&T')(+P 5 ns p � A 1Hz) �&T')(P�%��& ; � µ(' � 30cm
�*) ; $+& '%�.S(TT�%�

19� �-p ¯�+ �P',� PMT �;O�P �-p��>,.��-/'7] ¯/. (~½���L��
021�@(! µ43 � LIDAR

�Ta � � !#6!75 2005 E 7 6 �$7/8 k � µ w � 7�9Y���/- �$: H#²��<;->=�? � �2	�)%�
A%�A@ @�B�SXv(=C5 α = 0.079 km−1 ± 10% T D 24���VG�FC!�D

� 3.24:
� " LIDAR 5 :AE �<���GF ����D2�H" LIDAR �5b!�Y@%!�$;&Y'�D+$;&Y' � 5%I �+� �-T

PMT 5 t hvu 8%���VG�FC!�D

• CLF " Central Laser Facility[19] 5 3 � � (�* ��J , ��K,�ML 20km
��N�O � � ��a � .�!PD:�QC� 5 ; �:���SRUT��WV��V��# 16mJ p�&�' (�P 5ns

�
Nd:YAG I�������5�. h pw �WXY 5 BRM (+*���J , �WK��[ZC\W�VG�FC!�D���# 5mJ

� I�������� �S] 4 2km � � � ��S
TP�+��5 1 ^+<S_P'C/�� 1020eV

� *�,:-�4*	/J2`2a � � � !��*	2b���� �Sc
d�N �
eRp CLF� � !_�!�*f%�4I��������/5Ag�h/i�J�`�a��+{Ujc� ��k�~�! ( � 3.25) D
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� 3.25: ����5 10mJ
� k�� � J b�� I���J��/��p�����5 5mJ ���
	 ��� 9����D

�����������
�

• ����� }������ " TA-LINAC[20] 5 20 ��, � �! P�#"�$ �&%(' �<��������� }��)��� ��p+*, _�'.- ���(�4�+/10 ]�2%� f43�5(! ( 6 3.26) D TA-LINAC 5 BRM 7("�� J��/��8�9 2
100m

� �): �<�4!&;�9���<�! (2009 =�> ) D TA-LINAC 8@?���i�A�7�BDC#ES5@F��)8@GIH �
<�!�D
– J ��� , _�KL-��H" 40MeV/particle

– 3�#)��M " 109e−/pulse

– J ���ONl��"|�SJ�"QP " 6.4mJ/pulse

– R�KS7�T " V�� 2 U s(Typical 1 U s)

– VWHYX �[ZT��\ " V�� 1Hz

J ��� � 8O��� 1 ]L<�^_H`8 , _�KL-���a(b)c/5 0.3MeV/m �
<�!WK��ed 40MeV 8O���5
130m f
gSD 3 �/5 TA-LINAC hOiOj�k18�9 2 100m

� �): �<�4! k!5%! kl7�" ��Jm����8n
o 2Qp@qsr
3-33 t#u.H@v+w(x ��ySz D 8 ^(d TA-LINAC 8OR(K17�T5�d�" I&7L #{
|
}

I`N�~���b)�(i�j(k1� � 9��`�,!����/i
A����%J�`�a#{
b���R�K17�T 0.5-1 U s
�2c2dWN��

z D 8 ^�d TA-LINAC 8 1 R�KS7
<�^_H`8�� , _�KL-O{�5 4 � 1016eV
�#�.� 5,!�D�i�j(k

8O9 2 100m �)8 4 � 1016eV 8 , _�KL-O{����)�LC�� � u2!+~���b)�)� 5�dsi�j(kQ8O9 2
10km

�O�S� ! 1020eV 8O���CJ�`�a#{ � u2!+~���b)�)� �2c2dWN��`z D��L��� TA-LINAC

8LJ�{���5Ag�h/i
A$Vs* , _�KL-O{������
���CJ�`�a#{��
<�!�D
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6 3.26: * , _�KL-O{ �
����������� �	��
������8 TA-LINAC D
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3.5 � ������� �
	��

"��7Q +{�|)}�`N���������d������Q3 � }�`N���=�� c2d 100% 8����scs�
 �!#"`��� z%$'&( 2 ��~���b���i�j)k)�+*,�.-0/�12-43�5�6�u $87�9 hs< $ ^�:�d<; ��= c���=%� 10% >�?1�s<$@& �1����d&=A��8 9 10% 8CBA����d+~���b(��i�j�k kedC�D�DE)���13 � }, N�6
u $GFIH ; � hJ,K �S� z,$�L k�6(A $ ( 6 3.27)
& ���M�.3 � }NeN�����d@; �I� ^+Es�(\ kPO�Q H �(8 ��R�ST d (�U �)���18 ,DV K1-�{�kWOMQ 2SpMXZY�R 5 $@& ~��2b(��i�j�k��M��d@~�� ��M[�\�a+{��]

hI^ $Z_D`NX8a�bI� d _D` 8Cc�? ( �)� )
S T ~�� �6 �S��$ ���%[�\�a#{
8�� ,�V KL-O{�a(b�k

OMQ 2Sp�X+�MR 5 $<& ~��2b(��d ke�I�DE����13 � � �MR
f�g h
h�A $�i
� �)ACe d�����[M\�j+{
8 ,DV K1-�{ X&��k i�A qml � �MR � � zA$@& 5�A K�n d�~���b����@����[�\�j+{��]Io�pMq��(8,DV KQ-@{�a�b X d�[M\�j+{Ir 2�p8s�t 6+u
�O�C; � 5 $@&vL ��6Cw � ��dG�D�IE����13 � �Cx)~s�t p�q�8IyMzm{���[�\Mj#{Do S T \ 100m |�\ km 8+}�~�6 �(z ��dZE
�D��?S8C� 21p xD� X#�R 5 $@&I��� 8 2 dm�
�G�S� (�U �)�O�18 ,DV KQ-�{(kWOMQ 2Sp�XZY�R �
� $ h�dC� 2 8+��sh (� � �G�,:������%[�\�j#{����18G� ( i
A g�� h(�s� $'&

6 3.27: ��N��#��CN��; � 8��M�16
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�
4 � � � � � � � � 	 


"N`7S �{�|�}% N��I�s8�~������i�j�k�����d��Dw����N" ��^ YAP 8@���m68w�5 $ ?�� PMT

8(3���6+?�� z � a�b������ ���s8� �N"!�h����v" � $ 8���d�#D��$�%'&)( % * z,+ x�-�8�. V K
-O{�7�/�{�K�. � { X ����5 $ ^�:�6���d�?0� PMT * YAP 8O�)�s821�?�3�4 X �)5�6 g�� 5 $L *Z�76�:��28�9
�)< $@&,L 82:�����d L 8<;>=)8�^�:�6 J�K �s^@? � � 8@A R [�7)B�C�6�D z �EGF 5 $'&?0����8�3�H%��d ©1 � ( 8@I�J s � LED �2K S T 8�R�K�7O� XIFIH 6#�s��87L���M PMT * �
��N�O�P�{)Q PMT 6@R2S(5 $ML *ed ©2 R�Ks7O�(� X 0@T�N�O�P@{O5 $ N�O�P�{)Q PMT * �"U�V
N�W�{ X GYXe�)N�O�P@{�5 $ N0O�P@{)Q PMT 8 2 ? X[Z Q � � z�$ML *`d ©3 R�K�7O� X x�\�5 $
�"U�VlN�W�{��#�s� F X^]`_�d y "���<mH d�a z 6 F Xb1�?�6�A $ u + 6�[�7)B�C�hO�0c�N"!�" �
� � H d���d�e�3�41hO���)8�U�V+N�W
{���f�6@a z 6�g �`z)L *��
< $'&%L � T 8�3�H)6su�����dh�i �@jS8�k1�2l0m $ h�d01�?�3�4 ( ?������)n�: $ 8M��1�?�o�\ [%/deg])

X n�: $@p 6�d LEDs �(�)�s8M[<q Cm�>r�*&8�W �)s�t -u1�?�v0w�4Sd��xU0V&N�W
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� ����� D�P0Q�DKE�E_+�� � ! 6¤É E ? c ,l�DR0S3E_+�� � 254�6 � c  3 4�n�DKE���L(, ch2

0
1 ch9 � LED
�-�$� D�' ch1 � LED

�-�$� D È�% 1 É72B4&6 � &('$)$*�+�,�"$3�Ë ! Ì-TVUW 7 ? �1l�D�J�>�� ; F�\ |�G�% É72B4 �KX�Y ! 6 ��< ? b8Z�[ ��\�] ,�wV^V_�`�a � 2B4
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tK�F�FY�v 5 ��x O 2 l�D�,���� 2�� � � D�����081 l�D�R0S3E L H A�4 6 � c  �! l�D�R0S �O V�W¢¡  v�l�D ,X z _ 5 ����������Y$���FYF� 2 c¤£ � zrA 4
�I[ F�\'] G��$¥ W \ E Gch

c¦� 2B4
LED �}.F§0¨�E L

! §-TVU W 7 �}©�ªF« E t
! BV�}¬V�

[ F�\'] G �Ic ��T0U W 7�V® �1l�D , <0= z O ^�R0S E Ach

c¦� 2 c !
LED

6 Gu¯�§�,X � 2
�I[ F�\'] G�� PMT � � � � D SL,ch v�w 4.1 0
1¦w 4.3

c O 2B4
YAP �§0¨�E Y APch

c¦� 2
c !
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SL,0(τ) = G0(τ)L(τ)A0 (4.1)

SL,1(τ) = G1(τ)L(τ)t(T )A1 (4.2)

SL,ch(T, τ) = Gch(T )L(τ)t(T )Ach (4.3)

SYAP,ch(T ) = Gch(T )Y AP ch(T ) (4.4)

4.3.2 PMT ²�³µ´�¶µ·¸²�¹»º
ch1 0&1 ch9 � LED

� � � D
EFv ch0 � LED
� � � D
Y % 2 c ! '�)F* � � A�� � � D

σL,ch(T, τ) ,Fv L(τ) ��¼{s ��O ^ 4 ��O V�W ! LED .�§�§�¨��!lID�J0> c 7½9�:�; � ; F�\
|�G ��� 2B4
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σL,ch(T, τ) =
Gch(T )

G0(τ)

L(τ)

L(τ)
t(T )

Ach

A0
(4.5)

=
Gch(T )

G0(τ)
t(T )

Ach

A0
(4.6)

σL,1(T, τ) =
G1(τ)

G0(τ)

L(τ)

L(τ)
t(T )

A1

A0
(4.7)

=
G1(τ)

G0(τ)
t(T )

A1

A0
(4.8)

� 1�, ! ch0 Y�'�)�* ��� A}� � � D�DKE σL,ch(T, τ) � 3 4�n�����Q�"�w  DKE EML H 2 (
|0~ 6

� 3 4�n�DKE ? ;
� @V� Y�� � )
4

ch2 081 ch9 � σL,ch E ch1 �DKE � � � D σL,1 Y % , ! ch1 Y
&('$)$*�+ � 2 c ! w 4.10 �uqA{ , O 2B4

ΣL,ch(T, τ) =
Gch(T )

G0(τ)

G0(τ)

G1(τ)

t(T )

t(T )

Ach

A0

A0

A1
(4.9)

=
Gch(T )

G1(τ)

Ach

A1
(4.10)

l�D$RFS-v 2 wu�$x O 2 l�D3,���� 2 ¥ W \ ��� Gch(Ti)/Gch(Tj) ����L H��
	ac �0Y  ��� � ����:FY0v ! l�D$� 5 ��������KY�v�l�D�R0Suv����VYV� ��c z _�^ � �$Y ! j = i− 1
c z _ !

∆Ti = Ti − Ti−1 = 5 � c¦����c l�DKRVS�v
Gch(Ti) − Gch(Ti−1)

Gch(Ti)

100

∆Ti

(4.11)

YF� ��� ��; ! 2 w��1x O�� l�D Ti, Ti−1 Y0� ch1 Y &('$)$*�+ ��� A D�E � � � D ΣL,ch(Ti, τi)

���uv
ΣL,ch(Ti, τi)

ΣL,ch(Ti−1, τi−1)
=

Gch(Ti)

Gch(Ti−1)

Gch(Ti−1)

Gch(Ti)
(4.12)

c O�����	�	 Y ! ,�l τi

? 4�n��K* ��� A H ! �����$v τi 6= τi−1 YF� ��	Ic � �$� ����� ?uz !
,�l����K*�������Y  ��� ! G1(τi) = G1(τi−1)

c O , !
ΣL,ch(Ti, τi)

ΣL,ch(Ti−1, τi−1)
=

Gch(Ti)

Gch(Ti−1)
(4.13)

c O�� ��� ! y���¨ ΣL,ch ���Pl �KRVSu��L�!�� �����

4.3.3 "$#�%'&)(+*-,�.¸²0/�³�²21+3�²�465
7 l τ ��8�9VYV� �Ic;:<�=	�c v�8��>��v�Y  O ^ �@? 4.4 �)�ra��A� O q�{;�CB  ��y�9�D�nE�FCG�H�I \ ��q � l ��J�K)L'z�MK_ F 7 luv��-q}B ±0.5 �h��N�O=P�Y�� Q z _�^ A � R MK_ !

G1(τi)/G1(τi−1) = 1 �TS z _�U
V�� �0� YF� ����	 �TU
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L�Y0S  z�M A �
s�� !�Z 8 �[ ��y�9�\^]@�)� G1(τi)/G1(τi−1) = 1
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��R0S>L Lb! A � B0�r ! ch1 ��c�d b ?�e PMT

cgf h�i
PMTch2 Lkj�l z�A � B z _�m^� ! l

��R�S�Ly
9 z8A � 2
n[ �1y
9�\�]�� Z0[<o �$v G1(τi)/G1(τi−1) = 1

c ^ { £ 9uv �V� O ^ �
ch1 �1l �KRVS�v 0 ��p�q�Y=r ��M�_�^ � �$Y G1(τi)/G1(τi−1) �TU
V��^s�t y ���rYF� ����	 �	Ic ��q�MK_ ! τi = τi−1

c ^d{ £ 9�L ����	Ic O>u ! y�9�¨ ΣL,ch ��� 1 ��p�q��1l �KRVSu��L
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4.3.4 YAP ²�³µ´µ¶�·¸²�¹»º
_ X�s�Y$��� ? b¢Z�[ �Fq�M�_ PMT ¥ W \ ��l^��R0S���L�s � ��Y ! � � � � SYAP,ch( w 4.4)

��� |F~ �uqA{A��L�! ���
SY AP,ch(Ti)

SY AP,ch(Ti−1)
=

Gch(Ti)Y APch(Ti)

Gch(Ti−1)Y APch(Ti−1)
(4.14)
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s($+�.�!� � ¯ 0 ;�� O���L ©0ª z $K§�v 9 t 1�§�/1032 � ��L54-67$/1032 � ��4 1�8��0��$� �>	�� � 9 t21�§9/(0�2 � �Fv ± _�:CF�;<� � � ����P 1 t�v<:CF�;b�)�>=@?A" ��� �����1B�1
PMT(ch1) 1 _(C �38D�+E�9 ����� � ±-F 17/�0#2 � ��15G � v ®�z u ��'�:$F�;<P��$� � G � F® zAH �

ch0
G3I.J ��� 1F�5KbP=��L(�NMr¯AO��1�1E�9 ��� F H F ��F �D��O o E�9 ��� F H ���

P+Q�R1S
PMT

T �
8 t 1-/1032 � ��1	8�v f=h=i PMT 1 _1C ��E�9 �������
? 4.6 v�U>1�$
!	1 PMT V ���W �(X �1/1032 � �1�1E�9 ��� $ XDC �F�Y?Z�	[=SN1 C � PMT �1E�9 ��� F H ���

ch ID HV ID HV ID HV ID HV ID HV

0 FA1566 900 FA1566 900 FA1566 900 FA1566 900 FA1566 900

1 FA3918 900 FA4097 900 FA4002 900 FA4002 900 FA4002 900

2 FA4097 900 FA3918 900 FA3918 900 FA1537 881 FA1563 900

3 FA4002 900 FA4002 900 FA4097 900 FA1561 882 FA3939 920

4 FA3995 900 FA3995 900 FA3995 900 FA4447 900 FA2234 919

5 FA4499 934 FA4499 934 FA4499 934 FA4483 881 FA3840 881

6 FA6875 900 FA6875 900 FA6875 900 FA3478 975 FA3836 881

7 FA4507 975 FA4507 975 FA4507 975 FA4117 919 FA3505 900

8 FA4004 900 FA4004 900 FA4004 900 FA4189 900 FA4131 938

9 FA4042 900 FA4042 900 FA4042 900 FA2782 900 FA4149 900

\
4.1: E�9b�8x e z $ PMT � � ��� 10 t7]b�8x e z $ � HV 15���v [V]

�
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?
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~D�1���+hN�AyD$ G uD����� VME
�D� L5le� F�� mN1 PC ���1�NO3�����t����$
!	1	��?}� D ~

�bL!�1�.�#� SDF �Y� PC ��v	�(��<~D�1� : '-��M�$�m(�>L!�-� 25.6µs �N1�%(&N15����U>1 _�
51.2µs � 1�%+&����+*e��y��!���7� O5��� 09  n V � v�U�1�¡1¢N1 E�W �+�9��m+��L3£7�@���

~-��¤���L<¥�¦������D§	¨��5%�&bP W vC3�©1ªbL!«��Y¬#� � L!e�A��U�1�®	¯7ªbL<°D±1���7®5¯7ª
� 300ns ²(³ 1����9v YAP ´µ-¶���~D� G � 300ns |+BA1����9v LED ´µ-¶���~D� W �7� G u
������� ADC z$� � O S v<·�¸+¹±��.� 20µs �21�º�»�¯ G �A�<%�&A1	¼ ADC ¯D����1	zC� � OS �<L�½ u �+U�1 � ¬#� � _ 1µs ����¬#� �!� 2µs § W 1 ADC ¯�L3¾��kB-¿ F�À y<L#~-��¤�Á G
�.�#� Z 4.3 Â W�Ã+Ä $¶�Å�µ�� À 1 � �.ÆÈÇ�É r-Ê �Ay.�#�
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?
4.5: LED ´�� G c
dAO�� e PMT L3� ±�$ ��� � � P E�� 1��5Kµ�#� � � 0 ;�� O�� ( �7�

/9M	V5� ) � :9� �#�1�����+� PMTch0 �+B7� PMTch1
W �7�#� À 1 � v 7 Fµ & ��y F H �#�

?
4.6:

f�h�i
PMT ��=@?
	��9�>y-$5� PMT V �� 4 � 2 � W 8 �N1 PMT ��=�?�	��9�>y F H

�#� À yv�2 @�� ��� �NO^P+µ & ��y.�#�
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4.4.3 ����� ( ���	��
����� )
��� ��$	:CF�;9v������ r���� ( � ) �N1� "! LTI-1001SD

W �+� ( # 4.7) � �(:CF�; 1�F�Á�$�Â%'& v −10 ( 60 ) W �7��������*$# W v −10 )��Y� 40 ) 1(
,+ 5 )"- D W/.,0 ��$�� 0 O�1�2W 1�F�Á�3 054 v ±0.05 ) |�� W ��6�$��

# 4.7: ���"7 X v8*	#µ �:9 y-$�:CF�;N1�;�<+�5= X 1 VME
 . ��> µ SDF ?�� � �8@�A��tyF H �#�

4.4.4 BDC�EGF LED HJI�KL�NMPORQ'�DS�TbVU����
�,*�# 1�´�� G � F �	9 y$5W � �-´ LED vDXZY r\[\]"^ ( � ) � 1 NSHU550B

W "�h1´N1
¬3�  %(G v 365nm � � z  > S ª�v 10nm

W �-�!� À 1 LED +3�-´N���Y��$-±$1�_�`�~�� �G � F IWATSU SG-4105( |\a FG1
Gcb�d

)
G

IWATSU SG-4211 ( |\a FG2
Gcb�d

) 1 2 e W �
��� FG1 v3�1´5f"gh+ji9±+�	$1±51	i S � ~-� � W "5h�v8k�&�% 5V + 50Hz

W > ;ks ��~7� G �F
FG2 µ<*�"<����� FG2 v LED

� i S � _ � W k�&�% 1.65V � OFSET825mV � DUTY90% 13~
�l+ LED )�m�n������"o�p+��i�q � ª 500ns �<i�q ��r 1.65V +js(Á 50Hz t FG2 t("5h�~-� W
LED �	�7´��.�#�

4.4.5 uL�Vvxw���H�yzS��Yd|{Nd az}���
�\� �#$�L+��M �l~ v�X ��� L+��� ( � ) �ht NK-YSI44006

W �-�!��� 0	��� :���;	���+Á\�
¶��"�"��v�L(�NM �\~ ��Á(¥ W Ox���,� ~ ���tyD$	������¯ R[ � ] v�|���tx���\� W ��Á T [ ) ] µ��� �Ay.�#�

T =
1

a + b log(R) + c log(R)3
(4.15)

50



À(À W"��0��
a,b,c v

a = 0.00428908

b = 0.00062809

c = −701.671632

W �7�#�
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�
5 � � � � �

��� t��	� ��
	� ~� ���,t .�0�� ¼����  ������ t��	���:+���� � ��Á�� 4 � 2008 ! 12 "1�
�$#�¹N�&%�'�� 24 �)(�*xt 4 +lt�,��-� .,0 ��Á�*xt5~D��¤�Á�� 0 + 1 -/. >$0k�.�10 � −10 )
∼40 )�t�("t � 0 µ 8 -2.	> �43 1 5�(����D���76��9µ��+�$8�9 PMT

�
26 ��* �;:�<54 t4=�> �?A@ _�B�C�D 4 t4=�>9�FE�+$G�ÅIH 0 *)J+�;'1± � � 0K�AL�MON ��PKQ�P	R � POST+KU"t PMT µ+	P	��t8� 0 o�V9µ�+	P	�,+ Ã�ÄFWYX�< ��Z+§�*1µ5°�±�' PMT

�
YAP t/��Á�� � � Æ 	�¸ Ê µ�§0<±[' X\  1]KQ 1 -^.>_*xt/� 0 o�V	+�# 5.1

� # 5.2
� # 5.3 µ�`	a X # 5.1

�;b �[ch�/��de0 �"��*J W$X �"� ��f�g�hx0 * � ��d �[i � ±0.5 )�j)d�*KJ W$X�h�k\�;b �[ch�"t���d � 6 �)( l�0jt.�0 ��d �	m�n4o 6�� ��i N �[P WYX5.�0 �[d �	m�p 6 �	("t/qsr � p)t 3 �	(�* � ��d ��f[guh0
(±0.05 ) ) *KJ W$X

0 200 400 600 800 1000 1200 1400 1600
0
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16
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20

s0 temperature[degC]s0 temperature[degC]

0 200 400 600 800 1000 1200 1400 1600

25.9

26

26.1

26.2

26.3

26.4

26.5

26.6

26.7

26.8

s1 temperature[degC]s1 temperature[degC]

# 5.1: 1 -^.>v+�w/x 24 �)(�t�(�t���d �[i X =:# �;b �[ch���"t���d � 7:# � �"��*KJ W$X4yz � �)(�*�{;| [ } ]
��~ z � ��d [ ) ] *KJ W$X

� t8g1( n ch1 UO� ch9 */� 0�� %�' LED ������d σL,ch(ch0 *������ iK���	� ) R�# 5.2 *)JW$X1��� � 0 g (�*xt YAP ������d SYAP,ch Rx# 5.3 *KJ W$X ch2 U2� ch9
n +)P)� ��� LED �����d � YAP ������de0�� n b �[ch�"t���d �[i 0T���:�"t �[i + N ��P W$X � % � PMT �[�� t���d�� � R;� *KJ W � 08+�` N ��P W$XAh�k\� �"� n � U�%�' ch1 t LED ������d �;b �[c

�"t���d �[i 0T�lt;�:��RKJ W	� q nu��� W$X � % �u�F�)� ��� � tA �¡K¢ t(T ) t���d�� � R��*KJ W 'K£[*KJ W$X
# 5.3 t ch8 t YAP ������d ��i R�¤¥�sU n �	U N P X 10 )�UO� 5 )�t�([*���d5� � tA¦K�	R��§ N ��P W$X � tA¨�© � ¤O�YU�* � Q�P)R � YAP 0 PMT ª�«,tA¬		® n�¯�° RKJ W 0&± 9 %
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W$X � %1w�*xt CRAYS t/� 0 * �$8	9 PMT t � n � t � q n YAP
��� R���� ��� a W �/t�RJ W � 0$R 9 U,6[��P)' X

0 200 400 600 800 1000 1200 1400 1600

0.324

0.326

0.328

0.33

0.332

0.334

0.336

ch= 1 , pmt id FA3918 ,HV 900 [V]ch= 1 , pmt id FA3918 ,HV 900 [V]

0 200 400 600 800 1000 1200 1400 1600

0.35

0.36

0.37

0.38

0.39

0.4

ch= 2 , pmt id FA4067 ,HV 900 [V]ch= 2 , pmt id FA4067 ,HV 900 [V]

0 200 400 600 800 1000 1200 1400 1600

0.35

0.36

0.37

0.38

0.39

ch= 3 , pmt id FA4002 ,HV 900 [V]ch= 3 , pmt id FA4002 ,HV 900 [V]

0 200 400 600 800 1000 1200 1400 1600
0.33

0.34

0.35

0.36

0.37

0.38

0.39

ch= 4 , pmt id FA3995 ,HV 900 [V]ch= 4 , pmt id FA3995 ,HV 900 [V]

0 200 400 600 800 1000 1200 1400 1600
0.36

0.37

0.38

0.39

0.4

0.41

0.42

ch= 5 , pmt id FA4499 ,HV 934 [V]ch= 5 , pmt id FA4499 ,HV 934 [V]

0 200 400 600 800 1000 1200 1400 1600

0.37

0.38

0.39

0.4

0.41

0.42

ch= 6 , pmt id FA6875 ,HV 900 [V]ch= 6 , pmt id FA6875 ,HV 900 [V]

0 200 400 600 800 1000 1200 1400 1600

0.36

0.37

0.38

0.39

0.4

0.41

ch= 7 , pmt id FA4507 ,HV 975 [V]ch= 7 , pmt id FA4507 ,HV 975 [V]

0 200 400 600 800 1000 1200 1400 1600

0.41

0.42

0.43

0.44

0.45

0.46

ch= 8 , pmt id FA4004 ,HV 900 [V]ch= 8 , pmt id FA4004 ,HV 900 [V]

0 200 400 600 800 1000 1200 1400 1600

0.6

0.62

0.64

0.66

0.68

0.7

ch= 9 , pmt id FA4042 ,HV 900 [V]ch= 9 , pmt id FA4042 ,HV 900 [V]

# 5.2: 24 �)(�t�(�t LED
� ������d�t �[i (ch1-ch9)

X	� Z � 7 }�t�
	� �� Z ��� t 3 �)(u}
t�� � +���
	��*KJ W$X � t g (�t���d �[i � # 5.1 *KJ W$X[y z � �)( [ } ] *KJ W$X
w�� � �"�lt �[i������ N ��� x�� q 2 +lt/���"��d�*xt LED ������d σL,ch

�
ch1 t σL,1 * x � ΣL,ch

�"! £ WYX Σ t�#KUO�Z�[d5� � �"! £�' X$� t o[V�R�% 5.4 *)J WYX o[Ve0 N ��w�� �
ch2 U2� ch9 t�&��xt PMT *5��d�� ��� � * ��� t�'�� �A� � ��� −0.65 %/deg *KJ W$X � t
'(� ��� \	) ])Q�*�+-,/. �10�2�3't;�	��48q1576 �	8 « �:9 + PMT t/��d5� ��� x4� � t�;�<= R�'��uP X � t � 0 ��� ��� * ! £['5��d�� � R � PMT {	>�* � QFS � �76?4 � �xt���d�� ��:@(A *�P W 'K£[*KJ�BOq X PMT {	> J W P � �76?4 � ��{	>lt���d�� � � ����a�%-C � � t�HD R�� N P	U�¤��sU n Q W R �:E�FHG tJIT] ��KML 2(N � ��4 L ��O	Plt ��Q-R�S	T$U �[d5� � �! £ W � 0 n J W�U * � � %�V�W U�X �	Y1A�Z ��� n ��[1\ R)Q�P X

PMT lK0 U ��d�� �-U�] P ��^K�;h�_ dK*�#	`�a W 0 ^ ±0.1 %/deg j	d�* ^ '(�[Q"a � Q�P X�uh
PMT

^��uh�_ d�* U�_ d�b � R�c ��d � %��[P W R ^ � %7� U � ��e�f R�g�a�h�V�W n '
�uP PMT RKJ W$X � U � 0 ��^�i ��j)( U ( U�k�_$U�l i������ N '�'K£[*KJ�BOq X a Q�mKr ^
ch1
U�n�o ¢ U # G1(τi)/G1(τi−1)

�
1 0qp	� ^ � U = ����r � W?s�t R�J W&X���U '	£ n ^vu1w !£�' _ d�b � �yx�z a WYX ch2

U�_ d�b � � α = (0.00502±0.0166)T − (0.54061±0.3286)[%/deg]0 ! w�{�' X��2N � ^ ch1 0 ch2
�:| %�} � ^�: d −10 ~ ∼40 ~ U ( U 8 -2.�. U�i � � G({�' X

2
w I U�i �	��V U���� j n � G1(τi)/G1(τi−1) = 1 0sP q��H� ��s�t Q�P X�� n�! £[' ch1

U�_
d�b�� �?x�z N � ^�k	_ Ti−1

^
Ti UO� ^ G1(τi)/G1(τi−1)

�"! £ W � 0YR�*H� WYX	��U ��Ve0 N �! w�{[' ch2 U2� ch9
U�_ d�b��1R�% 5.5

n �(��.M. � %���P W$X� U % �;� W 0:% 5.4 0�#�� ^)�uh PMT
^)�uh�_ d�* U�_ d�b�� U � ��e�f R�� � S�Q�{[��P
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ch= 0 , pmt id FA1566 ,HV 900 [V]ch= 0 , pmt id FA1566 ,HV 900 [V]
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ch= 1 , pmt id FA3918 ,HV 900 [V]ch= 1 , pmt id FA3918 ,HV 900 [V]
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ch= 2 , pmt id FA4067 ,HV 900 [V]ch= 2 , pmt id FA4067 ,HV 900 [V]
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ch= 3 , pmt id FA4002 ,HV 900 [V]ch= 3 , pmt id FA4002 ,HV 900 [V]
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ch= 4 , pmt id FA3995 ,HV 900 [V]ch= 4 , pmt id FA3995 ,HV 900 [V]
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ch= 5 , pmt id FA4499 ,HV 934 [V]ch= 5 , pmt id FA4499 ,HV 934 [V]
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ch= 6 , pmt id FA6875 ,HV 900 [V]ch= 6 , pmt id FA6875 ,HV 900 [V]
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ch= 7 , pmt id FA4507 ,HV 975 [V]ch= 7 , pmt id FA4507 ,HV 975 [V]
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ch= 8 , pmt id FA4004 ,HV 900 [V]ch= 8 , pmt id FA4004 ,HV 900 [V]
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3400

3500
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ch= 9 , pmt id FA4042 ,HV 900 [V]ch= 9 , pmt id FA4042 ,HV 900 [V]

% 5.3: 24 j)( U ( U YAP
^ ������d U�l i (ch1-ch9)

X�� Z � 7 } U 
	� ^� Z ����U 3 j)(u}U � � +���
	��*KJ W$X � U�� ( U�_ d l i � % 5.1 *KJ W$X[y z � j)( [ } ] *KJ W$X
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ch= 2 , pmt id FA3918 ,HV 900 [V]
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ch= 3 , pmt id FA4002 ,HV 900 [V]
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ch= 4 , pmt id FA3995 ,HV 900 [V]
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% 5.4:
k�_ R h �K*KJ W 0 �H� N � ��� N '���V d � %�' ^ −10 ~1U2� 40 ~ w�* U�_ d�b�� X
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ch= 5 , pmt id FA4499 ,HV 934 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4
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ch= 9 , pmt id FA4042 ,HV 900 [V]

% 5.5:
k�_ n ��W

LED ���
� � z

PMT
^

ch1
^�U �[� � l � ��� � N ' X�����U ��V d � %�'_ d�b�� X�y z � j)( [ } ] *KJ W$X
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W$X ¤O�YU n ^�k�_$U�l i���� � N '���V1Ruª	%���P W$X_ d�b�� U�_ d�C�D�� � �1*)J W � 0YRu}KU�{�' X � � n ^ � U�� � � PMT lK0 n ,�Q WYX g
a U��	��
 * ��_ d Uuh��� ��*)J W 0 N U�� � Q�P�R ^�� � C ^ % U ch4

�A� W 0 h��¥� x4����$U� �1*uª � % W ����*KJ�BOq�0&±1mu% W$X
PMT

U�_ d�b��1R ! w�{[' U * ^ YAP ������d U�i �	��V1U2� ^ YAP
���1U�_ d���� ��! £W � 0$R�*1� W$X1��U ��V1R�% 5.6 *KJ W$X % 5.6

U
ch8
n ��U�� R ^�< %���P W	� q n YAP

�
� R���� l � a W � 0YR)J W '	£ ^�_ d�b�� U ¦)�	R�� n Q	{��[P W Z�� � � % W QFE ^ � ��e�fU���� n '���Q j�� ����� R � � % WYX�u p ^ w�� YAP

���1U���� ��� n +)P)� � � n ��! a Ws�t RKJ W Z BOq X� U1� q&Q ��� ��� RKJ W ')£ ^ &�� U YAP
n +)P)� ^�_ d�b�� U�_ d�C	D�� ��"�# a W � 0� *H�[QuP X ��� * U � # ��_ d�b�� � g�a U��	�$
 * _ d n C7�q� h �)* ^&% >	aKR)JOx ^ −0.1

' −0.3%/deg *KJ W$X

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 2 , pmt id FA3918 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 3 , pmt id FA4002 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 4 , pmt id FA3995 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 5 , pmt id FA4499 ,HV 934 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 6 , pmt id FA6875 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 7 , pmt id FA4507 ,HV 975 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 8 , pmt id FA4004 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 9 , pmt id FA4042 ,HV 900 [V]

% 5.6: YAP
���1U�_ d�b��
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6.1: ( Å )

^
N.Tsuchida, et al. ( Ã )

^
S.Baccaro, et al.
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���#� w {��
PMT

���z� -������
	 �
YAP

�&�#-������
	 ��� Æ w�¡ � � �������� ~��
[%/deg] ��� � � PMT

w�� � � � ������	2-���� ����� ����� � ����� �%� �:� YAP
w�� � � ���� ����� � � � � � ������ �"!�# �0�

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 2 , pmt id FA3918 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 3 , pmt id FA4002 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 4 , pmt id FA3995 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 5 , pmt id FA4499 ,HV 934 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 6 , pmt id FA6875 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 7 , pmt id FA4507 ,HV 975 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 8 , pmt id FA4004 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7

-0.65

-0.6

-0.55

-0.5

-0.45

-0.4

ch= 9 , pmt id FA4042 ,HV 900 [V]

Â
6.2: PMT

-�������	
(1 $&% -�' Ì )

FA3918 : α = (−0.0032± 0.0002)T − 0.5848± 0.0045

FA4002 : α = (−0.0028± 0.0004)T − 0.6486± 0.0072

FA3995 : α = (−0.0012± 0.0005)T − 0.7542± 0.0090

FA4499 : α = (−0.0039± 0.0004)T − 0.6553± 0.0085

FA6875 : α = (−0.0024± 0.0004)T − 0.6210± 0.0090

FA4507 : α = (−0.0017± 0.0003)T − 0.6637± 0.0061

FA4004 : α = (−0.0032± 0.0003)T − 0.6291± 0.0068

FA4042 : α = (−0.0031± 0.0003)T − 0.6661± 0.0059
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-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7
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-0.6
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-0.5

-0.45

-0.4

ch= 2 , pmt id FA1537 ,HV 881 [V]
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%
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-0.85

-0.8
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-0.6
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-0.5
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ch= 3 , pmt id FA1561 ,HV 882 [V]
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%
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eg
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-0.75
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ch= 4 , pmt id FA4447 ,HV 900 [V]
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%
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-0.4

ch= 5 , pmt id FA4483 ,HV 881 [V]

deg
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%
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eg
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-0.85

-0.8

-0.75
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ch= 6 , pmt id FA3478 ,HV 975 [V]
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%
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ch= 7 , pmt id FA4117 ,HV 919 [V]

deg
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%
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ch= 8 , pmt id FA4189 ,HV 900 [V]

deg
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ch= 9 , pmt id FA2782 ,HV 900 [V]

Â
6.3: PMT

-�������	
(2 $&% -�' Ì )

FA1537 : α = (−0.0038± 0.0008)T − 0.6382± 0.0164

FA1561 : α = (−0.0029± 0.0005)T − 0.7034± 0.0098

FA4447 : α = (−0.0036± 0.0006)T − 0.6447± 0.0124

FA4483 : α = (−0.0025± 0.0006)T − 0.6837± 0.0110

FA3478 : α = (−0.0025± 0.0008)T − 0.7922± 0.0165

FA4117 : α = (−0.0035± 0.0006)T − 0.7263± 0.0119

FA4189 : α = (−0.0018± 0.0008)T − 0.7245± 0.0150

FA2782 : α = (−0.0030± 0.0007)T − 0.6481± 0.0129
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deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.9

-0.85

-0.8

-0.75

-0.7
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-0.55

-0.5

-0.45
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ch= 2 , pmt id FA1563 ,HV 900 [V]

deg
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%
/d
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-0.55
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ch= 3 , pmt id FA3939 ,HV 920 [V]

deg
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%
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eg
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-0.75

-0.7
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-0.6

-0.55

-0.5

-0.45
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ch= 4 , pmt id FA2234 ,HV 919 [V]

deg
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%
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ch= 5 , pmt id FA3840 ,HV 881 [V]

deg
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%
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ch= 6 , pmt id FA3836 ,HV 881 [V]

deg
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%
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eg
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-0.55

-0.5
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ch= 7 , pmt id FA3505 ,HV 900 [V]

deg
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%
/d

eg
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-0.7

-0.65
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ch= 8 , pmt id FA4131 ,HV 938 [V]

deg
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%
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-0.4

ch= 9 , pmt id FA4149 ,HV 900 [V]

Â
6.4: PMT

-�������	
(3 $&% -�' Ì )

FA3939 : α = (−0.0030± 0.0004)T − 0.6085± 0.0076

FA2234 : α = (−0.0029± 0.0003)T − 0.7035± 0.0066

FA3840 : α = (−0.0033± 0.0016)T − 0.6017± 0.0321

FA3836 : α = (−0.0024± 0.0005)T − 0.6185± 0.0096

FA3505 : α = (−0.0029± 0.0003)T − 0.7000± 0.0058

FA4131 : α = (−0.0026± 0.0004)T − 0.7601± 0.0074

FA4149 : α = (−0.0018± 0.0006)T − 0.6386± 0.0118
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deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 2 , pmt id FA3918 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 3 , pmt id FA4002 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 4 , pmt id FA3995 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 5 , pmt id FA4499 ,HV 934 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 6 , pmt id FA6875 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 7 , pmt id FA4507 ,HV 975 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 8 , pmt id FA4004 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 9 , pmt id FA4042 ,HV 900 [V]

Â
6.5: YAP ��� -�������	 (1 $&% -�' Ì )

FA3918 : −0.2551± 0.0864

FA4002 : −0.2764± 0.0683

FA3995 : −0.2554± 0.0860

FA4499 : −0.2324± 0.0575

FA6875 : −0.2351± 0.1298

FA4507 : −0.2029± 0.0924

FA4004 : −0.1448± 0.1554

FA4042 : −0.1806± 0.1046
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deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 2 , pmt id FA1537 ,HV 881 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 3 , pmt id FA1561 ,HV 882 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 4 , pmt id FA4447 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 5 , pmt id FA4483 ,HV 881 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 6 , pmt id FA3478 ,HV 975 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 7 , pmt id FA4117 ,HV 919 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 8 , pmt id FA4189 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 9 , pmt id FA2782 ,HV 900 [V]

Â
6.6: YAP ��� -�������	 (2 $&% -�' Ì )

FA1537 : −0.2499± 0.0866

FA1561 : −0.2357± 0.1249

FA4447 : −0.2036± 0.1128

FA4483 : −0.1460± 0.2753

FA3478 : −0.2773± 0.1783

FA4117 : −0.1904± 0.1167

FA4189 : −0.2005± 0.1365

FA2782 : −0.2446± 0.1378
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deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 3 , pmt id FA3939 ,HV 920 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 4 , pmt id FA2234 ,HV 919 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 5 , pmt id FA3840 ,HV 881 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 6 , pmt id FA3836 ,HV 881 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 7 , pmt id FA3505 ,HV 900 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 8 , pmt id FA4131 ,HV 938 [V]

deg
-10 -5 0 5 10 15 20 25 30 35 40

%
/d

eg

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

ch= 9 , pmt id FA4149 ,HV 900 [V]

Â
6.7: YAP ��� -�������	 (3 $&% -�' Ì )

FA3939 : −0.2642± 0.0878

FA2234 : −0.2525± 0.0460

FA3840 : −0.1538± 0.1138

FA3836 : −0.2370± 0.0420

FA3505 : −0.2219± 0.0578

FA4131 : −0.2020± 0.0565

FA4149 : −0.1788± 0.3349
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