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MON
For a measurement of K0

L → π0νν̄ branching ratio, neutron-insensitive γ detector is necessary

to cover K0
L beam region. We designed such a detector using Čerenkov effect, and carried out a

beam test of a prototype module to evaluate its performance.
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1

1.1 K0
L → π0νν̄ �����

CKM ���cWûô� 4 ô´S5��� x��5�UÍ h7jIknm






d′

s′

b′






=







Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb













d

s

b






(1.1)

Wolfenstein �§�5� 4' ¼q9� k ��� h!W7·
VCKM =







1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1






(1.2)

|�b9knm���   õ 4�� ØcW
V ∗
udVub + V ∗

cdVcb + V ∗
tdVtb = 1 (1.3)

| � �¼Vc· Vud ∼ Vtb ∼ 1 | � k3|
Vub + V ∗

cdVcb + V ∗
td = 1 (1.4)

|�b9knm9o´V x���� ç q/� ~!ª Á S¹�pï 1.1
q¹ð5� ���   õ 4��  �3h7jIk8moUS)�§�5� 4' )4px¼¡��5� k��cW¹X!Z.S\[�]�_ ����� S\`�apb >�� h7jIknm

K0
L → π0νν̄ Wlo)S)�§�.� 4' Ð4 S ¡!� S!ª!« q���� bYz�{ch7jlk8m3ï 1.2

q o)S\z�{pS5����S5ß��£^¥ e ¥^ï x¼ð5� m
K0

L → π0νν̄ S (���� W���� � W q9�#Â´t
B(K0

L → π0νν̄) = 1.8× 10−10η2A4X2(xt) (1.5)

|8n�o��¼V}knmcª��c~ X(x) W top quark mass
q¡ !� k Í h7·

X(x) ≡ ηX ·
x

8

[

x+ 2

x− 1
+

3x− 6

(x− 1)2
lnx

]

(1.6)

xt = m2
t /M

2
W (1.7)

h ��¢ �¼Vûk8m ηX W QCD
q9� k�£�¤¥3h ηX = 0.994 h7jIk8moUS5¦ ¯D° · K0

L → π0νν̄ S (�����x¼���5� k�� q9�#Â´t η
x8¡��5� k��7�7hI¢7knm" ª#· K+ → π+νν̄ S (��#� S �#�3q��#Â´t �	�   õ 4��  	�5S�§	¨ |Vtd|2 x¼�#�'� k��c�ch¢7k´ª�«�·'o´V±|©��ª�«±k�� q9�'� ���   õ 4��  ��.S5� x8¡��5� k��7�7hI¢7knmo´VÚ| W�S q B Î�¬)_�Q q9�#Â´t ���   õ 4��  ��.S5� x8¡��5� k�� Á hI¢)·5o´V ° S5;�< x�	5� k�� q��#Â´t ���	®	¯.SY½ µûxY� k��7�chI¢)·�°�� q��#Â´t W/�	�	®�¯ x%±¡� k ���3q P� k³²7� ¯ �Ðx�´ k��7�7hI¢#k8m
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ï 1.1: unitary
�  ��

ï 1.2: K0
L → π0νν̄ S������pS'ß�!£^¥ e ¥^ï
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1.2 K0
L → π0νν̄ ·�¸�¹�º�»½¼¿¾ÁÀ�Â�Ã

K0
L → π0νν̄ Ä�Å�Æ�Ç�È�É�Ê�Ë¡ÌPÍÏÎ³ÐÒÑ+É�Ó�Ô�Õ	Ö¡É�×PÈ�ØHÙ^Ñ�Ú�ÛVÜ�Ø^ÝHÑ�É�Ó π0 Þ�ß É

2γ É	à/ØHÙ�áãâ�ä�å/æ�ç�Ë�Ó/è¡é5ê-ë�ìVí�î�Ð�ïå/ð¡Ð ß Ð	é�Ú/ñ�Ë�òPóôÎ³ÐÒÑöõø÷	ùPú¡û�ü�ýþ Ó K0
L → 2π0(ÄÅ�Æ 9× 10−4) Ø	ÙJÑ�ÚVÿ`å	Ó�ÔÕ�Ö�� 4γ Ø	Ù^Ñ����â γ ë�ÛVÜ�î��	�ÒÑ¡Î�
� Î�ÐÒÑ���¡ý��/Î��V×�î���î���� Ú�������â�� é5ÛJÜ! �"-ë$#%��� γ ÛJÜ!&¡Ø('�)+*�,-ë$-/.

Ðïå�ð�Ð ß ÐHé/Ú�ä	É5Ê�â10+213�4�ý�5¡Ë	Ó�6�7�É	8!9�:1��;+<>=JÑ�����âVÿ�É�?�Ä�Ë�@ Þ å
Ñ�ÛVÜ�&�Ó/8!9�:�Ë�A î���B�C�Ø�Ù^Ñ�ê1��D�E�F%å�Ñ�ÚÒÿ�É�G+H¡Ø�Ó�ä�É��I�8Ð�ñ�J-ë$#%����Û
Ü!&�É1K!L�ËNMé���O�PøÑ�Ú

1.3 Aerogel counter

æ�Q É(D�R�ë$ST�	=5ÛJÜ�&wÎ�î+�(UWV�É�ú$XI2�5�Ø	Ó Aerogel ë$YVé+��ÛJÜ�&�ë�Z�[Vî+� [1] Ú
ÿ�É�ÛVÜ�&�É 1 \�]_^�2�XVÓ 2mm `�É�a¡â 5cm `�É Aerogel â�b�â�c�dIe�f�g�X^â PMT Þbß Ð
Ñ�Ú�aÏÎ�h+i>=JÑ³ê�Ë�������L+j î+��k�l+m+:	� Aerogel ëon�pT=JÑ�Ê�Ë Čerenkov effect ëoq-ÿ
î�â�ä�É�d-ëobôÎ�c�dre�f�g�XVË������ PMT Ë(c/�ÒÑts+u¡à�ØHÙ^Ñ�Ú Aerogel counter É�v+wTx
ë�x 1.3 Ë(yT=�Ú

x 1.3: Aerogel counter É�v+w>x
30cm× 30cm× 2mm É�a�Ë_�Vá conversion ëoq ÿ�î�âzL+j�î���k�l�m+:HË���Ñ Čerenkov d ëoc

dre�f�g�XVË������ PMT Ë(c/�ÒÑ�Ú
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γ Ë_�	Ñ~A�j���Ø�j���� e+e− Ó��+�HØ	ÙJÑ�É�Ë(A�î/â�8z9�:�Ë_��Ñ~� þ(� ý�h�i�Ø�j�����k�l
m+:�Ó(�+��Ø	Ù^Ñ�Ú�������â��+�¡Ð��+�+"¡É Čerenkov L+d+�-ëo���5ê�Ë��Váãâ γ É�à�ë$�+� � Ë
ÛVÜ+=JÑ³ê	�HØ^ÝHÑ%Ú^ÿ�É�ÛVÜ!&�Ë��Vá�D+E�F%å�Ñ!8�9+:+B�C+"ÏÎ γ ÛVÜ!"-ë$�+�¡Ø^ÝHÑ�ê1�	.Þ ���	é^Ñ�Ú
î Þ î�â�ÿPÉ Aerogel counter ë�Y�é���0�2+3�4Hý$5�?�É5Û Üz& ë��+��=VÑ�Ë	����áãâ�é���M Þ
É	ò+ó���ÙJÑ�Ú1x�ë��(�>��. Þ Ñ�����Ë Aerogel counter É 1 \(]>^!2$X Ó�Q���Ë(�	�ÒÑ ê��	Ø^Ý
Ð�é�Ú���� 1 \�]>^�2$XJÉz��z��Ó�×������¡É PMT ë�� ��¡-á¢c�d�"ôÎ1�z£�2 þo¤ e+É�¥�¦HË	Ù
Ñ�ÉØHâ�����Jë$6�Ý��~=JÑ�Î�d+7	���	�Ïá�â�9�§1��¨�©T=^Ñ«ªHå���ÙÒÑ%Ú�ä	É+�+�(¬�Õ�ë$/®
Ñt�IF�¯T°/É�±Òù�²!5%³�ý�´�ëoµ�ì�=VÑ�É/Ó�ÌPÍ�Ø	Ù^Ñ�Ú����â�¶(´r�¸·�É	òPór�+ÙJÑ�Ú Aerogel

Ó(�+¹�Ø	Ù^Ñ�Ú
ä�ÿ+Ø	â�±Òù$²�5�³�ý�´�ëoº»��
 � Ø�Û Ü!& ëoZ�@T=VÑ�É/ØHÙ�å/ð¡â Aerogel counter Î Ó(¼�½
É��PÉ ë$Z�[T=JÑ+É���¾%�Pî�é�Ú�ä�É��I�8Ð�ÛVÜ�&�ÓN0+2�3É�� � 2�?�Ä�Ë�@ Þ å�Ñ³ê¡Ë	Ð Ñ�É
Ø�âoD�EIF�å Ñ~9�§���¿������`Ñ�Ú�� � 2!?�Ä�É�8z9�:HÓ>¶z±�?ÄHË�Æ(P���6�ÀHË�Á�Ð�é�É/Ø�â�8
9�:�B�C1"�Ë�A>=^Ñ«D1E�Ó�Â�Ã%F`å�Ñ%Ú�8�9�:¡Ë�A�=JÑ�B�C�"wÎ radiation length ÓÄ��£!2 þ�¤
ePÉ�¥�¦�Ë	ÙJÑ$���â�8z9�:�B�C�"�É�D�E���Â�ÃIF�å-Ñ Ä radiation length ë�Å�Æ�ê��	ØJÝ�Ñ�ÚT�
�â�ÐÒÑ�P»�öÐ ß�Ç ¹¡Ð��+É���¾��+î�é�Ú
ÿ+É>�_��Ð�È�RÒë�SN�+=PÛ�Üz&+��É�G�H�Ø�O(P�Ñ guard counter Ø�ÙJÑ�ÚzÊ�ËHØVÿ+É�Û Ü�&HË1M

é���Ì>Í�=VÑ�Ú

1.4 guard counter

guard counter Ó Čerenkov effect Î�Î�h�Ï�É�9�ÐÒë�Ñ�Y¡î���Û�Üz&HØ�ÙJÑ�Ú���Ò Čerenkov effect

ÎÓÎ+h+Ï�Ë	M�é���Ì>Í�=VÑ�Ú

1.4.1 Čerenkov effect

Čerenkov effect Ó(Ô+Ð>8¡ëok+l+m+:1���+��Ë(Õ�é��+Ö�Ø(n+pT=JÑ!×�Ë(L+jT=JÑt �Ø�ØHÙ^Ñ�Ú�m
:�É��+Ö-ë v = βc â�Ô+Ð¡É��+�+" ë n Î�=JÑ¡Î

β >
1

n
(1.8)

É�È+R-ëoS/�1=�×�Ë Čerenkov d1��L+jT=JÑ�Ú
L+jT=JÑtd�Ó(m+:�É�Ù+Ú+¯>°�Ë�A�î

cos θC =
1

βn
(1.9)

É�Û+Ö-ëPÐHî�â Čerenkov d�Î+�ÏÎ�î���m+:-ëoÜ+ÝÏÎ�=JÑ!Þ!ß-ëoà+á�Ñ ( x 1.4) Ú
Čerenkov effect Ë�������L+jT=JÑtd+:+â�Ó

d2N

dxdλ
=

2παz2

λ2

(

1− 1

β2n2(λ)

)

(1.10)

α : ã+ä+�+å�È+â , z : n+p+m+:�É�l+k
Ë_�1����æN® ß å-Ñ�Ú
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x 1.4: Čerenkov d

x 1.5: Snell É�ç+è
1.4.2 é_ê_ë
d	������" É�ì�Ð Ñ«Ô�Ð É�í�î�·¡Ë�ï1Ï>=JÑ�×�â	x 1.5 Ë�y>=����8Ë�h�Ï�dwÎ�ð�p�d¡Ë/Ä Þ å
Ñ�Ú�ä�É�Û+Ö�ÓHä�å�ñHå

γ = α (1.11)

sinα

sinβ
=
n2

n1
(1.12)

n1, n2 : ä�å�ñ	å�É�Ô+Ð�É��+�+"
Ø(òrF%å�Ñ (Snell É�ç�è ) Ú
ó ÿ�ÿ+ØHÉ β Ó(Û+Ö�ØHÙbáõô+Ë�ØHÉ��+ÖôÎ³Ó(¼+Ô¡Ð�ÉØ(ö+÷HÚ
ÿ�ÿ+Ø n1 > n2 Î�î��

sinα >
n2

n1
(1.13)

É�È�R-ë$ST�1=1×�â β Ó�ø-ë�#���Ðù� ÐÒÑ%Ú^ÿ5É�ú�û�Ó�ð+p�d¡Ó�;�<�üTÒ�ï�Ï�d�É�Î�����h�ÏT=
Ñ³ê�Ë	ÐÒÑ�ÚÒÿ�É�¬+ý ë$Î+h+ÏôÎ$þ��/Ú
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x 1.6: guard counter
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1.4.3 guard counter

guard counter Ó 2mm É�aÏÎ 10mm É�± ù�ÿ Xbë 8
� �N�1���+å�ËHÐ_���	é^Ñ ( x 1.6) ÚÒû�

���I þ É�����ë$ØT�	=�±-ù�ÿ XÒÉ���	�
�ë�n î+� PMT Ø�� à�Ü�=�Ú Aerogel counter Î`×� â
aôÎ�É�h+i�Ë_�+�$��j+�rF�å	��k+l�m+:�Ë_�	Ñ Čerenkov d ë�ÛVÜ�=VÑ���â!c�d�Ë�±Òù>ÿ XJÉ�Î�h
Ï-ë$� � Ú�ä�É��+��Î�h�Ï+È�R-ë$ST�1=�d É	à ë$c��ÒÑ�ê	�HØÒÝHÑ%Ú�Î�h�Ï+È�R-ë$S��_F+ÐHé�d
Ó1±-ù_ÿ X¡ç1?�Ë���å¡â��øÎ���� PMT Ë�� Þ Ð�é/Ú γ Ë��HÑ�l�:�����l�:¡Ó�d��¡Ë�ÕVé+�1��m
:�Ë(A�î���Û+Ö¡É�6-ÝPé Čerenkov d���L�j�î�â�Î�h�Ï+È�R ëoS/�	î���=�é�Ú���¯>8z9+:�Ë_�	Ñ~�þ�� ý�h+i�Ë_�+�$��j�����5 � ��ý5Ð��+Ó(�¡é�����Æ�� � ����Ø�â Čerenkov d! t����L�j�î�" ß
é�Ú_���$#�Ë(L�j�î�� Î�î��>��Û�Ö���%rF+é��+�â!Î�h�Ï+È�R ëoS/�>F�Ò PMT Ë�Ó�� Þ Ð�é ( x
1.7) ÚÒÿ�É�s+u�à/Ë������	8!9�:�Ë(A î���B+C¡Ð γ ÛVÜ!& ë$�+��Ø^ÝHÑ�Ú

x 1.7: Î+h+Ï�Ë��	Ñ«m+:Ä+¼�É�s+u�à

Čerenkov d ëoL+jT=JÑ����	É	´T£'&)( X þ Ó�* 1.8 Ë�������[,+�Ø^Ý	Ñ�Ú1± ù>ÿ X^É��+�+" ë
n Î�î��	âN´T£-&.( X þ Ó

β =
1

n
(1.14)

Î Ð^Ñ�Ú$�+¯�â!Î�h�Ï¡É	´�£-&/( X þ Ó�* 1.13 Ë����$��[,+�ØJÝ	Ñ�Ú n1 Î�î��+±^ù>ÿ XJÉ�����"
n â n2 Î�î���0,1�É��+�+" 1 ë'2�ï>=VÑ¡Î�â

sinα =
1

n
(1.15)

�T´�£-&)( X þ Î ÐÒÑ�Ú�#�Ë(k�l+m�:1�1±Òù>ÿ X	·�Ë�3,4�Ë(ï�Ï�î���×/â Čerenkov d1�1±Òù>ÿ X
·HË�A�î�� ÿ+É�Û�Ö�Ø�L�j�= Ñ����/Ë�Ó	â'* 1.9 Ø θC = α Î65/é��$* 1.15 Î³É�7�8�¯�9�* ë�øHï
ð�:�é�Ú/=VÑ¡Î�â

1

β2n2
+

1

n2
= 1

β =

√

1

n2 − 1
(1.16)



{
1 | }+G 10

electron proton pion

Čerenkov th. 0.46MeV 839MeV 125MeV

Î+h+Ï th. 1.0MeV 1.88GeV 279MeV

ò 1.1: Čerenkov ´T£'&.( X þ 5T�<;�Î+h+Ï�´T£'&)( X þ

Î³ÐÒÑ�Ú
#�Ë n=1.5 Îo=JÑ�Î�â Čerenkov effect ÉN´>£'&)( X þ Ó β = 0.667 â�Î+h�Ï�ÉN´T£'&.( X þ Ó

41.8◦ â�m+:1��3,4+ï+ÏT=JÑ!×/É β Ë�AT=VÑ�´T£'&)( X þ Ó β = 0.894 Î³ÐÒÑ�Ú�������=+É � Ë(Î
h+Ï¡É�¯���È�R1��>�î�� â�Î�h+Ï�È+R ë-?�@ î��	é�å�ð Čerenkov ´�£'&/( X þ Ë	Mé��Ó�?N®�Ð
�/Î��6:�é�Ú
ò 1.1 Ë/´T£'&.( X þ Ë(A+iT=JÑ�A,B+7�É$C ë$yT=�Ú
ÿPÉ5Û Üz&�Ó Aerogel counter Ë�Æ�P���a¡É�71��D � â!6-Ý�Ð radiation length ëoµì�Ø^Ý	Ñ (1

\�]T^z2oX��(� áFE 3X0) Ú/��� Čerenkov d¡É!L�d���Ø�ÙJÑ$±^ùTÿ XVÉ�7���D �\âo����"I�t6-Ý+é
�+��d�71��D�é/ÚI�z��G,H É�± ù�ÿ XVÓ Ç ¹¡ØHÙÒÑ�Ú�ä�É�h+·�Ô+Ð�71��D é�����â	8!9�:�Ë�AT=
Ñ~B+C�Ö�Ó�I Ñ�Ú����$�â guard counter ÓN8z9�0�2+3�É�¶!±�?Ä�ËÓ(BT°¡Ý`Ø	Ù^Ñ«��� � 2!?Ä
Ë(Z+@T=JÑ�Ë	Ó(��î���ÛVÜ!&�Ø	Ù^Ñ�Ú
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2

guard counter É�=,J � Ð�9�§,K+¹�É+�+��â KEK-PS T1 0+2�3 û��ý�ËL5é�� T580 Î�éù�NM,OP�Q Ø10�2�3�R	´r�%ëoÚr�$��Ú guard counter É 1 \�]>^�2$X�ë-S�á�î�â!k�l+m�:�0+2+3�ë��(���
h+i-ë�Ç�È î��/Ú

2.1 T UWVYXZU![
2.1.1 guard counter

x 2.1 Ë	0+2�3�R	´%�8Ø(Y�é�� guard counter ëoyT=�Ú
1cm `�É+±Òù�ÿ X 8

� Î\�,	+?�É+± ù�ÿ XL
 Þbß ÐÒÑ�Ú�x�Ø�Ó�] Þ å	�HéÐ	é(���,	,
�Ë1± ù
ÿ XVÉ�`rF�Î�×��!À¡É_^ ë6`Ïáãâ5ä�ÿ`Ë�a�b�î���éVÑ�Ú PMT ËÓ�c�dLe��\fJù!´�É H6527 ë��I�
�/Ú 5inch É PMT Ø	Ùbáãâ>ehg���ikj�2 þ É�6�Ý+F`Ó�4+� 120mm ØHÙ^Ñ�Ú�É,l�Ó1±Òù�ÿ X^Énmo Ë�a-ë�ï�å�â conversion ë$q�ÿ	Ftü)Ñ+É�p+��â�qsr�t�M�Oku�v�wyx{zn|h}�~��y������t��!�-������,���,��� x'� ��� }h�������s�/���s��� ���h���,� z��6�h�s�y �¡n~��y�s���L¢�th£�¡�¤¥ x-¦,z�� ���§�¨ ¡,vk©kªh«$¬x'®�� ��¯�° �\¤ ¥ x'®� ��¯_°�° 2 ±,²yx'³�´�� ��� ©kªh«$¬x'®�� ��¯° v ��µ x'¶�· �,¸�°�¯_° uh¹)º¼»,½ ° »�¾L¡�¿À ¼¡�v�Á °�Â   ��Ã�Ä �\ÅLÆÇ�È|ÊÉ � ¤ ¥ x-®
� ��¯_° v ����°�Ë�Ì � ��Í�Î � ��¸ ~$Ï�ÐL¡Ñ���Òn��É � Á ° 2 ±,²kvkÓ�Ô PMT x'Õ Ã �,Ò
��É � ©Lªn«$¬x'®� ��¯_° v Í ¡k©kªh«$¬ °�Ö ¡h�������)x'×�Ø ��Ù�Ú uh¹�É � �hÛ{Ò §�¨ u��� x'� � ØnÜ �,����Ý É ¯_° �\ÅLÆÇ�È|ÊÉ � ¤ ¥ °�¯_° v ���,� x�ÞL· �,¸ ~$¤ ¥ ¡kß)�à¬ná
x'â���Ò,�������Y�\ã,äs� ���n��Ù ��å � ¡�v�æ�çyx'è!é6ên|n����Û ��° u�ë�ì °��,��� vn¹�É
�îíkï�|ÊÉ �
Á{|/��x-ð �°��,¸ ¡�����ñ�ò,¬há$¡�zh| ��� ����ñ °$ó ��v�ô�õ,ö 1mm u�¹�É � PMT vh�
�s���L÷,ø,¢��'ß/�à¬há$¡���Û�Ò�ã,ä��~�ò,¬nánx-¿ÇÛ{Ònù_ú�� ���û,ü�ý vLþ�¡�ÿ� ��� º��h¹�É � y ��� º °��
	 x φ ~ x ��� º °��
	 x θ �6��~�þ�¡�ÿ� ��
Ñkx�� �-� ��� û�ü °���� v�÷�ø�¢yx������y�����k¢ 8 �L�/�6��É 150mm × 150mm × 104mm°����°��
� ��¹�É �

2.1.2 ��� �
! ¬�"��-��Ò KEK-PS

°
T1
! ¬�"«�ª$#nx-¿!Û � ( þ 2.2)

�
þ 2.3 ¡�»�¾ °���� þ&% � û�ü�ý x6ÿ Ý�� û�ü °���� v ! ¬�"k«�ª'# Ö ~)(�* D-magnet + ¨ °! ¬�" ��� � � |yÉ-,�.n¡/��Û ���
TOF counter v 80mm × 40mm × 10mm

°�/ #'021_¬43�¬�x�5�6L�)� PMT �'7s�n� Ýs¯�°
�,~
8�9�Ó ún¡�³k��É � defining counter v 10mm× 10mm× 3mm

°'/ #�0:1�¬;3 ¬kx=<�6n�!�
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þ 2.1: guard counter
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þ 2.2: KEK-PS T1
! ¬�"«�ª$#

þ 2.3:
��� þ
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7��� Ý¯ ° ��~ ! ¬�"&C�D�x�E ú Ý É �,¸ ¡�¿À  � catcher v�F�G��Ò�»,¾�x�HkÁ ��Û �I��J
KL�M °ON �&PI��¹Çº�~)Q�R µ v�Sn¡hò�¬�á$¡��,É'����ñ 4mm T ° �'��¹�É � Á'| � ô�?I��U'V �
Aerogel counter �h¹�É � mini catcher W catcher

°�X�Y[Z ��8�9�\�] °�^�_ �[` °:a
b ��c�. �
| ���'d;��° »�¾I��W�¿yÛ-Ò,���,� � Á'| ¯ Q�R µ W Â�e ���.ñ 4mm T ° ����¹�É � Q�R µ�� ì
��� �,¸ Á{|)�È¡���É-f�gIW Â�e�h �Ê�\íLï�|ÊÉ �

2.1.3 i�j�k
þ 2.4 ¡ �
l ý °�m[n x-ÿ Ý��

þ 2.4:
�
l ý

TOF ~ defining counter
°
o

4 p °rq ª'# /�s #�á�¡���º�A��utk¬��<��~ guard counter ~ TOF ~
defining counter

°$/ ß'v � ° ADC w�x�% � TDC w�xyx=y�z�� ���

2.2 {}|�~
! ¬�"�W'� º6�,� °�����°��Ç� ¡��sº��B�,Û �����,µ�°s¯�°���� �È|ÊÉ �'d4��° »,¾���W'SL¡

2.1GeV
° ! ¬�"Lx6¿ÊÛ ������Ù � ! ¬�" � ¡�W���± ° 8�9 �'� ÔsÛ-Ò,��É ° ��\�] °O�����'���

¡���É �

2.2.1 �������
8�9�\�]�W TOF ¡��sº-HkÁ_��Û ��� TOF ��W time of flight

°�n �h¹/º�~ 2 p °I�r� #�3�x �
ÉO�,£O�L¡���Û�Ò�8�9yx�\�] Ý É � ! ¬�" ��° 8�9�W ���,µn�$� �,� �,¸ ~�R µ° �L¡���º����
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¡��� � ��É ����°,�,¸ Ó�Ô� �¡�x�¢!É ° ¡,�,��É
�,£�¡��sº£8�9yx�¤
]���éhÉ �
þ 2.5 ~ 2.6 ~ 2.7 ¡ � |'¥,| 1.05GeV ~ 1.58GeV ~ 2.1GeV

° ! ¬�"Lx TOF ¡���ºFÏ�Ðk� �O¦$§
x-ÿ Ý��

þ 2.5: TOF(1.05GeV) þ 2.6: TOF(1.58GeV)

þ 2.7: TOF(2.1GeV) þ 2.8: TOF(2.1GeV)
°�¨�© þª ��W��,£ [ns] ~�«���WsªO¬�#A®�

þ 2.5 �Ç�¯W 3 p °�°$� 7�Ê��|ÊÉ �'± �Ç� π+ ~ K+ ~ proton �h¹�É � þ 2.6 ~ 2.7 �Ç�¯W 4 p°�°�� 7k�Ê�\|yÉ ��± �!� π+ ~ K+ ~ proton ~ deuteron ��¹�É � Á ° �� F¡ π+ � proton
° ¤
]

W'²�³��h¹�É � � � 1.05GeV ~ 1.58GeV
°�´ ä�W π+ � K+

¯ ¤
]���éhÉ �L��Ù � 2.1GeV
°�´

ä�W π+ � K+
� ã�µ Ý É �,¸ ¤
] �$¶ � �\��É �

þ 2.7
°
π+
°�· ¬��$x gaussian � fit ��~ · ¬s��¸�µ�x ¨$© � ��¯{° x$þ 2.8 ¡$ÿ Ý � fit °�� ¬¹ �

13.4ns � Â�e 0 ¡���Û'Ò,��É�ºn�Ç��~ K+
°$��� x 13.4 < tof < 13.6 �»� ¸���� Á °���� x
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¼ ØhÜ K+ ¡'½ Ý É π+
°�� z�W'¾�T�¿ � � Ý É-º � ��éhÉk�\ÅLÆ�É � � � K+ W'� � ìk��� �¸

π+ ¡'½ Ý É K+
°�� z�W h�À ��Ò�Á� �

2.3 PMT calibration��µ W ��Â 9��h¡��,Û-Ò�Ã.��|yÉ � ~ ��°���¸ ¡�W 1
��Â 9k¹ � º ° ADC count xÅÄ ¸ � Ú |

Ü�!�<��� � Á °�Æ x c �ÅH�é ~ conversion constant ��Ç'È�ºn¡ Ý É �
HV x=¾$T�ÉÊ�uc�úI��é�É'�Ê�¼Ü c xÅÄ ¸ É ��¸ ¡�W�~ LED x6³k��Ò 1p.e.

· ¬s��x�ËÉ °��'Ì
��¹�É � ���h��~Á ° »,¾I��W 200p.e. Í�� °$�,µ��$Î�Ï�Ý É ��¸ ~ HV xÅÉÊ�®c�ú Ý É¯º � ��é
��� ��� Á&� c xÅÄ ¸ É ��¸ ¡�Ð�Ñ ° �� ¼� ��Ò x��$Û ��� ��H�~kÁ ° Ã,úI��³� � LED

°��&l
x�þ 2.9 ¡�ÿ Ý��

þ 2.9: PMT calibration ³ °��
l

LED
��� Û � õ�Ó ° clock

° 3�ªkñ�#�ß�¡ veto x � Ú É-ºL¡��sº clock 2
� ¡�psé 1

� ��� �
�<���s�� �¡n��Ò���É � Áy  Ý É¯ºn¡��sº¼~ LED ¡���É · ¬�� Æ �-Ô s á�3��Çx�Ó���¡�Ãh|yÉ��
 �¡h��Û{Ò���É �

1. �-}�~ HV x a)b�°OÆ ��º®ÉÕ�uc�ú Ý É �&d;��° »�¾I�$W -2105V �<� ���$� ��Ò LED xÅÖÕ�� �FØkÒ 1p.e.
· ¬s�$x�� Ý ( þ 2.10)

�
1p.e.

· ¬��h��Ô s á�3î� ° ���!� Á ° HV � ° conversion

constant x�Ä ¸ É � Á�|�x cH �ÅH � �

2. Ón¡�~ HV x ��° ���-¡n��Ò LED
°$��µ x Ö�× ~&��Ø p.e. Í��n¡ Ý É ( þ 2.11)

�I· ¬��n�¯Ôs ár3�� ° �yx 1 ��Ä ¸�� cH ��Ùh|�Ü �,µh� ÄÚ�,É �

3.LED
°_��µ x ��° ���6¡h��Ò HV x a)b�°OÆ ¡�c�ú Ý É ( þ 2.12)

�&d;��° »�¾���W -1800V �
� ����· ¬��L�-Ô s ár3\� ° ��x 2 ��Ä ¸,�$�,µ ��Ùh|�Ü a&b�° HV � ° conversion constant

�
ÄÚ��É �Û�Ü Ö WsÁ °O�Ý � c xÅÄ ¸ É�º � ��é,É=W�}��,¹�É � ���h��~hÁ °O�Ý � c xÅÄ ¸ ÉL�6Ó�Ô �� �'Ã,ús��Ò ¯ 10%Í�� ° Ü ��psé � � ��� Û�Þ W'ß4à Ù�� ~�á�� ¯ HV â LED

° c�úÊx�ãkÆ
É �,¸ Ã,ú � ß�ä,ún¡h�/ºåâ Ý � ° � ¯Åæ |h�h� �
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þ 2.10: -2105V ¡�H Ú É 1p.e.
· ¬�� þ 2.11: -2105V ¡�H Ú É¯��Ø p.e.

°�· ¬��

þ 2.12: -1800V ¡�H Ú É¯��Ø p.e.
°I· ¬��ª ��W ADC count ~�«��IW�ªO¬�#A®����¹�É �
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Á °���¸ Ð'Ñ ° Ã�ú��'WOç�¡�è'½ Æ ����Ò 10%Í'� ° ß�ú'é � ¹sÉ ���$Ù �LÁ6|�W overall factor

�6��Ò ° ß,ú�é���¹/º¼~�ê;p ° á�ë4ì�# °�� � °�í ½ Æ W�î,³���é�É �

2.4 ïñð
2.4.1 β ò[ó ô;õ§�¨ ¡©kªL«$¬;ö'®s� � t�¬:÷ �[� #r3$¬�¡$½s� ����µ 0.6GeV �/� 2.1GeV

°�ø4ù�° ! ¬�"
ö�ú�Ò ��� Á ° ! ¬�" ° ���:ö β � Ý É � β á�ërì�#��ûW β

°�Æ öÅãnÆ,� � �üÃ�ú Ý É�º2ö=ý Ý��
Ð�Ñ ° Ã,ú�� ¯ ÓOþ���¹�É � ! ¬�"�ö�ú�Ò�É¯,�.�W �
ÿ ((x,y)=(0,0)) � � ��W����s��� ¨ ¡��	�
(θ = φ = 0) �h¹�É �'¦�§ ö�þ 2.13 ¡�ÿ Ý��ª �IW 1

β2 �O«��IW ��Â 9�����¹�É � ê�±,² ° 8�9 Ù,Ú ��W β
°�ø[ù���
 � ��¸ π+ � p � K+

°
� ±L¡Ip,��Ò�Ï�Ð�� ���n��Ù � K+ ¡Ip,��Ò�W 1

��
100 ªO¬�#ÚA®Í�� ���2#������ � ìk��� �¸���o	� � �$© é_� �

þ 2.13 W Â�e 3 p °������ T Ú�� � É"! β−2 < 1.15 �IW ¦�§ W$# e �$%$& ��')("*,+.- !
1.15 < β−2 < 1.3

��/�01*�2	3�4
0 576 ��8�9;:=< ! 1.3 < β−2 >	? #�@�A�BDC�E,F +�2�3�4$G- !=H �I� ?�J	K CML�N ��O	P >RQ - !

Čerenkov
2 C�S 2	3 ?�T 1.10 >�U,V �W�X- !

d2N

dxdλ
=

2παz2

λ2

(

1− 1

β2n2(λ)

)

(2.1)

HYC T /Z�\[^]	_1� 1
β2

[^`	_1��2	a�b�c�dfehg�i	j %�k ')-ml141n�/=- ! β−2 < 1.15 >�?�o�p�?q C�L�Nrk�s	t ("*�+M- !
1.4.3 u >�v	wRx LXNyk [�z�{1|�}1~Zd"� x=� F +�2 ? PMT k�� / F + !��X�=���.C����1�

n=1.5 C1� [;��b14���j k�� |f��-��	� C z	{�|M�f���I� ��� ? β−2 = 1.25
e F - (1.4.3 u d���

) !��I� F��f��kRL��"H;C¡  > + Q FI� 2	3�4 0 k ? F)¢�£ [ H;C¡ ,C¡¤	¥ >�¦ -h§D/ k 2	3�4
0 k 8D9^:�<�l k�F - ! 1.15 < β−2 < 1.3 C;¨�© 4 H g k�ª x � [ H^C;«D¬ >�? S� �f- Čerenkov2 C�®"A�¯ 4�z�{�|�}�~=d�� x	° PMT k�±�² ° [ A�¯ 4�z�{�|�}�~�d � x�� £ PMT k�±�² ° F+¡³	´ k GR-,eyµ V ¢ g.-�¶D·�¸Y¹�4 H;CML�Nrk�F=º -�» ��k�¼ +�* ? 4.3.1 u > µ	½f�M- ¶¾�¿

β−2
4�z�{�|f�$� ��� �I� d�À V *;Á Q 6�F ( x ����[W2�3 ? 0 k�F -1erµ V ¢ g=-�¶ 1.3 <

β−2 C�¨�© 4 H g k,ª x -�4$[¡Â�Ã o	p,>	? 2�3 ? 0 k�5 +�4 0 k ? FZ¢\£�Ä 3 C�S 2�4DÅ ¢ g- ¶ H;C » ��k�¼ +�*MÆ 4.3.1 u > µ	½f��-�¶

2.4.2 x ÇfÈIÉfÊ
Ë�Ì k,Í,Î�Ï ¸fdÑÐ�+ x Æ C [¡Ò�ÓXd�Ðf+ x Æ C1C�Ô;Õ�ÖfC guard counter k�× °¡Ø�Ù dÑÚ V

F 4 ¢WÛ1Ü 3 2.1GeV C�Ý ¸�ÞDd ª * x ¶�ß1à ? �X�R�á� Ì k �1j (θ = φ = 0) > G=-�¶ guard

counter
d�â Ùf°�x ��ã�¸�ä�4�å Ü ��- L=Nrk�F (�*1æ � [;Â	ç k ? guard counter

d�å Ü �Wè�x
C�é 4�[ J	K$>�? Ý ¸�Þ$dÑå Ü �mè�x / CML�Nrk�ê	ë �M-�l k �M-�¶ o	p d�ì 2.14 k�í �"¶]1_ ? x[mm]

[�`1_ ? 2�a1b1c > G�-�¶ Ë1Ì 4 ÍDÎ$Ï ¸ C Æ C	kD¼ +	* ? y=0mm, +50mm,

-50mm
[ Ë�Ì 4�Ò�Ó C Æ C�k1¼ +�* ? y=0mm k�× ° *���îDï¡ð1d ñ.( x ¶ π+ k�¼ +�* C	ò O�ód�ñZ( x ¶ J	K Æ¡ô � > GR-�¶
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ì
2.13: β

��îMï�ð

•
Ë	Ì
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�	j
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ì
2.14: x

��îMï�ð

• Û	Ü 3 : 2.1GeV

• ß	à :
�	j
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y=0mm, -50mm k1¼ +�* ?	ú @	û�ü > GR-$eþý V - ¶ H g ? 2�4 S	 ° *�/ ¢ PMT k�±�² �- º > k ¾	¿ F�ÿ�� 4$GR- x�� k Ì ®�k ú @��	A$k�� 4)- x���> G=-�¶ y=+50mm >	? PMT
4

5 + x�� [ PMT
4 ø^ù�k â ÙX� g1*�+�-$e\+ N	��
���F��� d Á Q 6�� 0=- L=N k�F -\¶���� F� ×���� 4DÅ V -�4�[ H g ?������ q C Æ C�k ��� k � ×���� 4$GR-�Æ C e��,n�gX- ¶

2.4.3 y ÇfÈIÉfÊ
ô �$k y

��î�ï�ð$dÑñ)( x ¶ x=0
e ° [ y C � d�Ú V *"! B °�x ¶�ß�à ? ���R� � Ì k�× ° �j > GR-�¶�å Ü ? x

��î�ï�ð�ô ��k ��ã�¸�äMd Ü /��;l k=L�� æ H^F (Ñ*1+M- ¶ o	p d�ì 2.15 k
í �"¶]�_ ? y[mm]

[Ñ`�_ ? 2�a�b�c > GM-\¶ ¤ v C�#�� PMT k�5 6þF -�e PMT C��$
��%$� 4 �- C > O�ó ?'&%( k	F - ¶ ° / ° ø^ù.Lf� K1>�? x )�*�� 4 ú @�+ + x$� �� ?", 6 [ y )�*�� ?-�. k������ �RC�/�0	� eyz	{	| �,C	ò >"1�2�>RQ -,eþµ V ¢ gX-�¶

2.4.4 φ ÇfÈIÉfÊ
Ë�Ì 4 Í,Î$Ï ¸ C guard counter

d"3�4�5.d76f+	*
φ 8:9�k 3�4 ��è F 4 ¢hÛ�Ü 3 2.1GeV C

Ý ¸�Þ,d ª * x ¶;3�4	_ ? ø�< > GR-�¶ o�p d�ì 2.16 k�í �"¶]�_ ? φ[degree]
[Y`	_ ? 2	a�b	c > GR- ¶ ±6◦ 5�= > 2�314�Á Q 6 K 4.- ¶ H g ? H�H / ¢ z{�|	}�~�d�� x�� F +;2�4 �%>?� - x���> GM-�¶¡�	b�4��	j k�� |D��-���� ? z,* C Čerenkov

2
4 ���M� � Ì k�× ° *$ô�@¡ß�à.dBA ¼ 4�[���b C�� | 8:9�k ß	à�4 ¼I6 e ���M� � Ì k�× �M-�ßà k�C +�4 � * 6 -�¶ q C x�� A	¯�k z�{�|	}	~.d�� xM� F +¡214 � * 6 - (

ì
2.17

d�� �
)
¶

D k	�=�f� �MC;����� d n=1.5
e �f-$e�[

β ∼ 1 F	C > Čerenkov angle ?�T 1.9 Lf� cos−1 1
n
=

48.2◦
e F - ¶ A�8 z�{�|	}�~ ?�T 1.15 L�� sin−1 1

n
= 41.8◦ > GR- ¶ q C�E 6.4◦ J�F C ß	à�4 ¼

6 eþz	{	| ° F +¡214 ��>?� -HG�I k�F -�¶

2.4.5 θ ÇfÈIÉfÊ
Ë�Ì 4 ÍDÎ�Ï ¸	[�Ò�Ó C$Ô;Õ1ÖfC guard counter

d
θ 8J9�k 3�4 ��è F 4 ¢hÛ1Ü 3 2.1GeV C

Ý ¸	Þ$d ª * x ¶K3%4�_ ? ø%< > GM- ¶ guard counter C�L ¸1� k ? 4�M�d NKO x�� C�P 4 ¼ +�*+M-\41[ q C�P$C;A�Q dSR�T F 3 é 0 Af9 F$U -ml kRL (�*�V Q d ¼ 0 x ¶ o�p d¡ì 2.18 k�í �"¶]	_ ? θ[degree]
[�`	_ ? 2	a	b	c > GR-�¶

φ
��î�ï�ðReÑô �$k 6◦ 5�=$k �f��� � ��� 4�GR-�¶¡§ ? �"H;C�W�5 > z	{	|	}	~�d�� xM� F 6

FYX 214 ��>;� X x���> G X ¶ Ë	Ì 4 Í$Î1Ï ¸ C Æ C eþÒ�Ó C Æ C >	? θ = +6◦ C �f�Ñ� � � �
C�Z�Ü 4�[ F:X ¶ H^C �D� � � ��� > z�{�|�}�~�d � x�� F 6þFJX�C ?�K 9 Q (PMT

e�{ ×�9 Q )

C 2 > G X x�� [ \ � K 9 Q C 2�dB] °$^K_ X Ò	Ó C �	� k ? �� 4 � F _ C > G X ¶

2.5 `ba
guard counter C�ø%<�¯ ¿ k β

4
1 k�5 _�c a���b�4���j k�� | °�x ���$[ Ë�Ì 4 Í�Î1Ï ¸ C Æ

C >�? d 180p.e. e à C 2�a�b�4�f ¢ g X ¶;z�{�|�}�~�/ ¢�g�h � g X �,��� � ��� ? i / k *�j°$^ æ � [ Čerenkov
2 k=L�X ¿�k C �,��ã1Þ ?"lf° 6nm�o � X Æ C ep�$n�g X ¶
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2.15: y

��îMï�ð

• Û	Ü 3 : 2.1GeV

• ß	à :
�	j
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ì
2.16: φ

��î�ï�ð

•
Ë	Ì

: Í$Î�Ï ¸

• Û	Ü 3 : 2.1GeV

• 3�4	_ : ø�<



õ
2 ö Ý ¸�Þ�ã��Z÷ 24

ì
2.17: Ý ¸�Þ k ß	à14 ¼I6 �	� C z	{	|

(a) C�L�Nrk�Ý ¸	Þ¡4���j C1� z�{	|�}	~�d�� x	°$^�_$^ Æ (b) C�L�N k ß	à�4 ¼ 6 e�z	{�| ° F_ 214 S	 ° f X ¶
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2.18: θ

��îMï�ð

• Û	Ü 3 : 2.1GeV

• 3�4	_ : ø�<
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3

z ö >�v�wRx Ý ¸�Þ�ãD�Z÷ C o1p d �Kq � X esr k [ guard counter C"�Ko d7tK!�� X x�� k �u�v �Y¸�� ��ð$d�æ H;FYw x ¶�� u�v �Y¸�� ��ð k�x	�DF�y Ï�z ¸�{;¸Xe °�^ ���M�á�RC /�0	�e �	�	� d|! B °�x ¶ HYC�ö >�? H g ¢ C ! B$k�¼ _�^�v�w X ¶

3.1 }b~b�b�b�
3.1.1 �K�
�$¸ � ·��Yð�{�¸ k���w x Æ C e�ô @���� > Ë�Ì 40mm×10mm

[�� ��� 10mm
[
20mm

[
50mm

[
100mm C��=�f� ��� dS6�� ° [��%������� C MPS-2000

e _ N ¿ 2�2�à�G�dS6 _$^ q g���g C�/
0	� ��� � ÷ � dB! B °�x ¶
H;C o	p d|6 _�^ - Ø � � ª x �mC�/�0�� d|� �	x ¶! B1k 6 _ X 2�� ? ����F$��> 9mm×16mm

[ K��1> 2∼4.5mm×16mm ( � � kML�X ) C�� � 4G � [7��z k�û ñ >�? F _ ¶ H gRd F:X w 6 û ñ k�5 6 � X x$� k F$��  d 2mm×2mm C�¡$C�¢_�x Í � � >"£;_ [ ¤ _ «�¬�C ¥�é�¦ d �§w x ¶

3.1.2 ¨J©JªJ«J¬
����� �'� d Ù® Ø	Ù k=L�X¯)�*�� d i�°K�	x ¶�� � 50mm C	�=��� �'� d #�± Ø	Ù�²�³ #�±Ø	Ù�° ¢ F���  [ K���  k 30mm £)¢ °�x¡Ø	Ù k ÙXQ [ q g$�1g C /�0	� d|! B °�x ¶ o	p d�ì

3.1 k�í �^¶
±0.5%e à C�)�*��K´ Å ¢ g X|´ ú @�+�µ >RQ X ep�$n�g X ¶

3.1.3 ¶J·J¸J¹
10mm

[
20mm

[
50mm

[
100mm C q g$�1g k$¼ _�^ /�0	� dB! B °�x ¶ o�p d�ì 3.2 k�í �"¶

450nm e à L�� F C�� ��º�» /�0	� » d 91%
º ú ¼�½�¾ k�¿Jw ^�_ X ¶:À�g�» ê Ì {	| kJÁ�XÆ�Â$º�Â	ç;Â /�0�Ã » ú ¼ 100% Ä µ'ÅÇÆÉÈ XSÊ

3.1.4 ËJÌJÍJÎÏ Â Ð�Ñ ° ÆsÒ�ÓÕÔBÖ;× Ä�ØÚÙ Û Æ ¿"Ü�Ý Â Þ�ß Ã 91%
º"àÇá7â"ã�ä;Â Þ�ß Ã'å�æ�ç�è:é Â�Ôê

3.3 åYë'Ä¯ì�è"Ê"¿Kí�Ù�îJï�ðòñ Â�óÕô åJÁ áSâ Û Æ ¿�Ü�Ý Â�Þ�ß Ã�å » õ�ö'Â�÷�È�øKù:úSø�ûâ�ü$ý
91% Ä|ç$è�Ê
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ê
3.1: ��������������� ó
[nm] Ù�� ��� Þ�ß Ã�Êã��
:������� �

:������ ��Ø"!�#�å 30mm$ ��% � :������ ��Ø Ï #�å 30mm
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ê
3.2:

Þ�ß Ã������� ó
[nm] Ù�� ��� Þ�ß Ã�Êã��

: î ï�ð ñ Â�ó ô 10mm� �
:20mm$ ��% � :50mm' �
:100mm
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ê
3.3:

Þ�ß Ã����� î ï�ð ñ Â�( ô [cm] Ù)� �*� Þ�ß ÃKÊ
+ 300nm

∗ 320nm

◦ 340nm

× 360nm

• 380nm
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+ Â æ �?Â�,.-�Â�/10�Ó�ø325416�Ò*7�ù:ú Ê 21456�ÒYÔ a Ù�îYï�ðòñ Â�(Õô�Ô d Ä98 ú Ä Þ�ß Ã�
e−ad
7�: ì ÆÉÈ ú Ê ��&*; Æ<: ì�è)= � ó?Â)2�4�6�ÒÕÔ ê 3.4 å3>�8�Ê

0

0.05

0.1

0.15

0.2
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ab
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m
]

wavelength[nm]

ê
3.4:
2�4�6�Ò

���*��� ó
[nm] Ù�� ��� 2�4�6�Ò [cm−1] Ê

? í$Ù ê 3.3
7 ��@�A ô$ÔCB�D ú è�ì$å 20nm í -%Â 5

� å*E5F â�Â�× >;ç�è ø Ù ã�ä � ê 3.4

å�> ôBÈ�â F ú �HGÚå 10nm í -�Â 10
� å*E5F â Ò�ÓÕÔ|Ö;× Ä á�â F ú Ê

3.1.5 IKJ
� ó

390nm L Ï å*E5F â � 254�ø*M$÷ ; ? Â17 Þ�ß Ã ÔCN5O å �5& 8 úQP ��R
S 7�ù:ú ÊUT +7�V.W3X*Y � V[ZC\ å3]^G Ó Ä|ç â � Ù � ó 400nm L Ï å*E�F â � 2�4�6�ÒÕÔ 0 E:ë�Ø 100%
Þ

ß ÄSç�Ù 400nm _�`'å*E�F â � ê å3>�ç�è 10
� å 400nm

7�2�4�6�Ò
0
Â

1
� Ôba'Å è�é Â ; Æced �1f \eg	h åi� á�â): ì ú9P ÄSç�è�Ê



þ
3 ÿ î ï�ð ñ Â �������	�
����& 31

3.2 jlklmlnlo
3.2.1 prq
Y ��st� ÔbNruUvrw�x îÕïJð ñzy?å1�:ç�Ù){�ç)| È è c ïJð � \ Ï 7�x)} � x U� Ô � ú (

ê
3.6) Ê � x 5� Ô�~ ì ú �����9����� �)�5�5� L5� û'â �5& 7t-�ú�x37 Ù + È:ÔC�1��Ð�Ñ��"�5� 8ú�P åK��Ø ����� Ôb: ì ú9PKør7K-�ú Ê� å L=925mm Ù x=20mm Ù n=1.5

� ç�èr� x�����ÓÕÔ ê 3.5 å3>�8%Ê

650

700

750

800

850

900

950

1000

0 5 10 15 20 25 30 35 40

d[
m

m
]

phi[degree]

ê
3.5: d

x
φ ����������

φ[degree] Ù)� ��� d[mm]
7KùJú Ê

ê
3.5 ��ØÚÙ φ = 18◦ �5� 7 d

���5� � ? ú Ê + È � + x�v5�*7��5�5}�� �5� }�ø105��� å ? ú
è�ì 7KùJú Ê + x)v��z7 �U& Ô í + ?���� ��& Ó å φ

x��U�Kø5� ; ?� <? Ø�ÙJë�è 0U� � x è�ì��� é�¡�¢�å ? Ø"£�¤ ø1¥ F"Ê
ë%è�î ï:ð ñzy �3¦�§ å � NUu�vUw�7 � ? F ø Ù�y Ô 120

�'÷ Er¨�© ô�ª�â)uUv�w�x í x í xx�v å*E - ��& ç$Ù%Û5« Ô�� úQP�7)N5u�v5w ; Æ9x$÷�ÈJÔC¬5*7K-�ú Ê�îYï�ð ñ*y � $5® 50mm Ù(§ô
10mm

x)¯ Ôb°U± ç�è3² Y ��s	� �3� ó 543nm
�

633nm
x

2 ³U´ Ô ] á è3² 2 ³U´ xiY �s	� ÔCµ�¶ å3· � â = 3 ¨ x ��& ÔC¸ F�Ù Û�« Ô��"á è3²
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ê
3.6:
����� ��& x�¹�º ê
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3.2.2 »K¼
} � x �� ø � Ó½� ? ú9¾ ¤;Ù)= Ó�xr¿�À � 0U� � Ôb° F â����t�
ÁUÂ å ���z7K-�ú ²Õë ÷�0� � ;�Ã α = 60◦

? x17 Ù Snell
x�Ä�Å ��Ø β = cos−1(n cos 60◦) ²H� á7â Ù

φ = 60◦ − cos−1

(

n

2

)

(3.1)

ë7è�Ù
θ = 180◦ − 2(90◦ − φ)

= 2φ

� ? ú ² +�Æ �Ç0�� � Ô ] á�â Ù
d = (L− x tanφ) tan 2φ (3.2)

3.2.3 È^É[Ê
Ë�ÉUÌ
Í�Î�ÏÑÐ*Ò
î ï:ð ñzy �3ÓUÔ c3Õ ��Ö � ¨�©U× ÔbØ;× ¤ M�ª�âHY ��s	� å3Ù�æ ?)ÚtÛ x)Ü Ô�Ý�Þ ¨�© Ô�7-Kú �HGÚå'ç$è3²
φ
�

d
ø �U� � ? ú �HG�å ã�ä åKî ï:ð ñzy Ô ¨�© ô�ª�â�~ ì�è1² �U��� � ® 7Kù Æ � φ

x��
� ��ß �áàtâb� ; ? F�²
x
x Ó å ��ã�ä ? Ô�å���æ F x17�ç	è å ~ ì�è3²

é Î�Ï9êzë
c ï�ð � \ å �3ì�í�î ç�è�î�ñ W y Ôb° F�Ù�î \5ï ñ �ðØ;× ¤ M�ª�â Ù�æ�å3ñ â è3²
ò êeóKê
Y ��s	� å �3� ó 543nm í	� Þ 633nm

x)¯ Ô ] á è1² }�ô × x)õ�ö � x æ�÷?å Y ��s	� Ô3ø& ç�Ù Y ��s��);�Ã 20cm í�� Þ 90cm
x 5� 7)õ5ö � ÷�å)ù5ú5û Ø Ô�ü �;ç$Ù�T x�ý Ú Ô�}�ø �ú�PÕÔCO�þ 8 ú�P åi��Ø"Ù�æ Ô�ÿ ç�è3²

3.2.4 ���
d

c ï�ð � \ ÷ x�} � å���� 7���Ô E D Ù &�	 Ô�° F â�
 | Ô � á è�² } � x��.-�ô|ø 1mm  �ùJúex17���� é
T x  ������M Æ ú ²
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x d1 d2 d3 Û�« [mm] n

1 ¨�� 26.0 685 679.5 681 681.8 1.4939

2 ¨�� 25.5 686 680.5 681.5 682.7 1.4942

3 ¨�� 25.8 685 679 680.5 681.5 1.4937

Û�« 1.4939

�
3.1: 543nm

xiY �
s	� 7Ux ��&����

x d1 d2 d3 Û�« [mm] n

1 ¨�� 26.0 676.5 670.5 672 673.0 1.4897

2 ¨�� 26.0 677 671 673 673.7 1.4900

3 ¨�� 25.4 675.5 671 672 672.8 1.4895

Û�« 1.4897

�
3.2: 633nm

xiY �
s	� 7Ux ��&����

L

î ï:ð ñ�y é c ï:ð � \ é }�ô × x�õUö � Ô���° ç â�� Ø � DKâ F úex57 L
� NUO å : ì Ã Æú ² ��� � � Ø � D*x�äzx�� Ö x�� Þ åi� ú é x���ø Ù +�Æ � 0.5mm  �½� �zM Æ ú ²

L = 925± 0.5mm

x

x
� ô ß âCN�O å � ú"!�#�ø æ F x37�Á�$ ?�Ú Ä&%���á è3² φ = 0

� ç âKY �
s�� ø�' � å)(+*(,* è è ú 1� %.-�/ å � *�Ù�T + ;�Ã x0
 | % Ó1Ô c)Õ ��Ö x013237 �5& ç�è�² + x4
 | % ξ
�

í   � Ù
x =

√
3

3
× 50mm− ξ

� ? ú ² ��� � } � x0� -�ô�x 1mm  ��� ��M Æ úSø Ù d
�

L å 0 ç â�5 Ý � ô F x17�6 3.2 �* + x���� � ��� å � ù ë7* � ; ? F�²

3.2.5 I�8��� % �
3.1 í	� Þ � 3.2 å�>�8�²

d1 Ù d2 Ù d3

� u1v1w�x í x í x1x
vr7 �1& ç�è d
x49r7�ù�ú ² + x 3 E x49�x � Ã E - � îJï�ð

ñ*y x�N1u5v1w ;�Ã x�÷ Æ åK� ú é x.�:��M Æ ú ² JIS B 0419:1991 åK� ú�� $1® 50mm
x
v5��x; ��< � ��=?> 7 30’

�¯ù:ú ² v5��x��1��ø 30’  �?ù�ú�� 8 ú*� d å � � A�@ å L× 30′ ∼ 8mm ��x � Ã E -BøBA4C ë Æ ú ² +eÆ � �U&���� �4D3\�V c3Õ \,Eð7KùJú ²
n
� 6

3.1 Ù 3.2
;�Ã ��� å %C° F â�F�9	� å : ì�è3²
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3.2.6 G�H
ë ÷ = �����9�	��� ø d å�I � ú"J�K&%�A?L *:M d

x�N & � %C: ì ú ²�O�å ∂d
∂n

%���� 8 ú ² +Æ Ã %CØB2 ¤ M
ª ú9P åi��*:M n
x����P%�Q & 8 ú ²

d

1 ¨ x �1& 75x d
x
�1� �

1mm  � �R�rM Æ ú ² � 9 ¨ x �3& %9¸�S"T F úbx�7 1mm√
9
∼ 0.3mm ��x����KøBA4C ë Æ ú ²

L

∂d

∂L
= tan θ

7 M θ ∼ 37.6◦
? x17 M L U+V x d

x�N & � � 0.5mm× tan 37.6◦ ∼ 0.4mm
7�ùJú ²

ò êeóKê�W�X�Y4Z
L1÷ x � �z�����e� x4[)\iY ��s�� x Ù^]5� � d

\��H-   �   ² Y �es�� x�v1��x4N & � � ¤ Mª Ú %�_ � Æ ��` Ã  
1m a 7 1mm  �½� �zM Æ ú ² + x����Kø θ

x�93\ T x ë�ë.b�c ô Æ ú ²
∂d

∂θ
=

L

cos2 θ
(3.3)

? x37 M +bÆ \ � ú��5� � L
cos2 θ

× 1mm
1m

∼ 1.4mm  ���:_ � Ã Æ ú ² Y ��s�� x�v5� � � 3 ¨
·� T F úex17 1.4mm√
3
∼ 0.8mm  ��x����KøBA4C ë Æ ú ²

d�e
L�÷ x ���*;�Ã ∆d ∼

√
0.32 + 0.42 + 0.82mm ∼ 0.9mm  �½� Q � ô Æ ú ²+�Æ %C° F T n

x����P%�Q � 8 ú ²
∂θ

∂n
=

1
√

1− n2

47KùJú ² +�Æ � d ∼ L tan θ
;�Ã

∂d

∂θ
∼ L

cos2 θ

1
√

1− n2

4

∼ 2186

� SfT M ∆n = 0.9
2186

∼ 0.0004+ x�Q & ô Æ�g ������h�izx�j & 9zx � Ã E -�%C���7k g�l x7%�m 3.7 M 3.8
\ >�8e²j & 9 ��n T)oqp�rtsur5x = \3�,StT�v *RM ����x�Q�w�9 ��j�w�9�x � Ãyx�zt{ D^|�}B~ Õ |E��)������� � � ²
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1.492

1.4925

1.493

1.4935

1.494

1.4945

1.495

1.4955

1.496

n

543nm

m
3.7: ��� 543nm

� � j�w�9 ����� x7z7� ��� � Q�w�9 �����

1.488

1.4885

1.489

1.4895

1.49

1.4905

1.491

1.4915

1.492

n

633nm

m
3.8: ��� 633nm

� � j�w�9 ����� x7z7� ��� � Q�w�9 �����
� { h�i � j�w�9 M oqp4rts�r { j�w�9 ����������� Q�w �y¡ g ��� ������¢
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3.2.7 £�¤h�¥�\�¦B§ g �u�q���q��¨�©�ª {��� 543nm
\�«7k^¬

1.4939± 0.0004��� 633nm  «7k^¬ 1.4897± 0.0004�"®u¯ g ¢}&°�±�²?r�}´³y|  ¦B§q� � � k^¬ {qµ � 2
��¶ ��·�¸�¹�º�u» ¯ ¬�¼¾½��"¿  k�À�¢
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4

Á r)Â^Ã¾~+Ä ��Å�Æ ÇyÈ�É�Ê � �ÌË  guard counter ��Í�ÎPÇfÏ�Ð�Ê �?À�½ ��Ñ�Ò�Ó�Ô ÇfÕ�Ö�Ê�fÀ�½  geant4 Ç0× r)~ ��Ø À^}&°�±�²tr�}´³�| Ç v µ4®�¯ À�¢ µ ��� � {)Ù � }&°�±)²?r�}´³|  x §�¬�Ú^ÛÜ��¢

4.1 ÝßÞ
geant4

{
CERN u» ¯ ¬)à?á ��¡�À�}&°�±�²tr�}Ü³.|t¦ �0â ã0ä p0Â �,åtæ r�ç����q��¢0è7é� }P°�±�²4r^}´³y|�� { Čerenkov ê á�ë+ìt� Ç geant4 ^í^îqï á�ë Ø À êB��ð�ñPÇ¾ò.ó �¾v µ®u¯ À�¢}P°�±�²?r^}´³y| �ô�õ ® � ��Ø ¬ ï�ó�� � Ð w Ø À �&�q�ö����÷�ø�ª � ¨�©�ªPÇyù ¯ À^¢PìÀ � pB��r��?r ��Ø ¬�ú�û�ü ª r ï�ý�þ p4r � û�ü ª rm Ç }&°�±)²?r�}´³�| �ÿ�������� ¢�ú�ûü ª � { ú�û�ü	��
 µ)¯ À��� ����� û�ü,��¡P�����3����� (

ú�û�ü � {��������
100%

û�ü Ê������� {�®�� ���)� "!�#¾��$�% ��&(' ) ¢ ý�þ*),+�� û�ü ª �  3ý)þ*),+�-�� û^ü*��
 µ�¯ À�*� � û�ü ª.- &/'�¢�0�1 ý3þ�)�+�-)� û�ü  �2*3 ��45�/'�6�û�ü - &/'  *7�� � ï µ ¡ Ç98�:Ê ' �� �; Ø §<  èqé � �*� -* � �tå Ä=�	> � �@?BA § ��-)ï�C °�±�² +�C ³9D -� �E5-)�û�ü ��F,G ï"2�3&Ç 4.H ® §�û�ü ��Ø ¬�I ¯ À�¢µ ¡ �����. Á + Â^Ã.J+Ä ��Å�Æ � ���7Ê '.¿ &» �LK Ð Ø À^¢PìtÀ Á + Â�Ã.J,Ä � �����B���� �C °�±)² +�C ³�D ��Å�Æ� overall factor Ç ¶ � ï µ ��� (a
� Ê ' ) M.����u» �LN�O¾® �Ç K Ð Ø À�¢

4.1.1 Čerenkov P
guard counter

0�Q �	RTS�U�V�W&Ç"X � �u��� ��Y 8 Z&Ç[��\ ��� �]�^ Ø ï µ ¡  Á + Â Ç�_ü Ø À�¢�0�1�`�a Ê ' �u�q� ���"S�U�Y�b��t� ° æ�+ J ï catcher c. �8�: Ø ¬�§ ® §�¢Á + Â  <�d�e defining counter � &('gf ^ ¶ � á�ëP� î À�¢ 2�3�"W�h	 �i À î57�ïBj)�k�lÓnm ��Ø À�¢�ìtÀ β
J"oqp"DBr�s -� �t d�e defining counter u���vxw�y �  �õ ¼ Ø ¬�§ ® §�¢ βJ�o(p�DTr�s -* �z�W ®�{*|*} �5&/'tÀ�½ h 6���~,� � 90%�*3 � t d*e defining counter u��� Ø ¬�§(' ¿ Ç�Õ�� Ø ¬�§q'�¢ β Jo�p"D -� á�ë � î À k������ � t d�e defining counter u	�� Ø À�� ���Bþ0× D Ä ��Ø ¬"I ¯ À�¢

4.1.2 ��P
kn����ê��� « Ê ' ê����¾� ��� (p) Ç r tB��»��R ¼¾½�À�¢
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1.
ì 7 p=1

� Ê '�¢ M Ø ê � tnm�w (PMT
� û�« m�w ) - &@'���� ï��� ����� ® ��A�����-

p=0 ���l7Ê '�¢ ��� � ý3þ	)�+�� ��� ï"���.-)� ú�û�ü ���PÇ9� Û�'�¢ ���PÇ�� À Ê ���  úû�ü ª r ï�� Àq� ® §����  3ý3þ	)�+^� û�ü ª rm Ç p �� ��'�¢ ê��B� f ^PÇ����3 « Ø ¬�«��® f ^��� | � î�ï"����Óqm�M[E�� «��  45H/'�¢
2. ê*�B� f ^ ¶ �ÌêB�"�*��Ó(m����� Ø ï� �¡(¢¤£�� <*¥ � (PMT

e � ¥ � ) Ç9¦@§4��� � �¨�� Ç ¼¾½@' ( © 4.1(a))
¢µ ���*�3 « Ø ¬  �¡(¢¤£.Y Ç ü*ª Ø ¬"« � ¡3À ��Ó�¸PÇ9¬ f ��Ø ï����PÇ9W � Ê '�¢ ¨�� �?��+ã�å*¡y &/' ¶ Ç9� Û�'.¿ u» � û�ü�é�®	��¼+ì*'�¢Pì?À +ã�å	¡,R�-�¯ f ^ ¶ ��ï�ê � �¡q¢°£ <�¥ ��u�� � Ê '�f ^ �^¼,ì�' ( © 4.1(b))

¢

© 4.1: ê��5¯"� � f ^���� û�ü�é,® ¯�Ñ�Ò�Ó�Ô
3.
û�ü	��
 µ�¯ À���  ú�û�ü ���PÇ�� À Ê ¶ ?x� ¶ Ç�� Û�'�¢ ���&Ç9� Àq� ® §���  p=0��Ø ï"� À Ê ���  p  r ¯ û�ü�é,®�± Ç9� ��'�¢

4.  /¡q¢²£ <�¥ � (  /¡q¢²£�S�U�Y5¯t�� )
¶ � PMT ¯0ê���� (S�U�Y�¯ < � )

ì - FTG ¯³�´Ç�� ® � ¢
5. ê*��¯ f ^ � PMT ¯(µ	¶ Ä�·�¸ +/¹,R��º ¯ ¬)§@' ¶ ?»� ¶ Ç9� Û�'y¢ M Ø º ¯ ¬)§ ® �¡�¼

p=0 ½�Ê '�¢ º ¯ ¬�§('����  p  PMT ¯ } ��¾�ªPÇ�� ��'�¢ } ��¾�ª� �¿�À�Á ÄÃÂ ¡ J¯ ·nÄ ã�ä�¯��&Ç ¦B§�À�¢ µ ¡ Ç�© 4.2 �Å7Ê ¢
6. ê ��Æ ¯ À"Ç�È Ç ¼¾½ ï�ó���¯�Ð�l�¯�Å�Æ ¶ÊÉ ÷�ø�ªPÇ�Ñ�Ò Ø ¬ p  ¶ ��'�¢
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© 4.2:
} ��¾�ª

r�< - p
�^¼+ì�'�¢�á�ë Ø À Ê Û7¬ ¯�ê���.� §�¬ p Ç�Ë Ø <�ÌÍ'"¿ -�ê���� ®	�^¼,ì*'�¢®*Î ï PMT ¯ } ��¾�ª�	� §^¬  "2�3�Ï ` Í �	&@'���è7é ¯�C °�±�² +�C ³�D -� µ ¡ Ç[Ð�ÑØ ¬�§ ® §�¢

4.2 ÒÔÓÖÕ�×ÔØÙ×ÛÚÝÜÛÞ
4.2.1 ß@à@á@â rú�û�ü ª r Ç K lBÊ 'fÀ�½ �ïT��� ��� ¯ y

J"onp"D ¯ã5+ Ä Ç ¦B§^À�¢ y
J"o�p�D -� û�ü�é®���ä w � 45��'?À�½  r u(¯"Ï ` Í ��ä w §�¢Pì?À �*� ����� ¯"\5- &�¡�¼ ý¾þ�)�+�¯ û�ü ªÇ�Ð�Ñ Ø^®�� ¬ M[å §�¢ » ¯ ¬ r ¯ K l3� N�O¾® ã�+ Ä ½�Ð H�À�¢©� r=99.3% ï r=99.5% ï r=99.7% ¯ Ù ¡�æ)¡  « Ê ' C °�±�² +�C ³�D ¯�Å�Æç½��*�n¯�Ð�l�PÇ�Å7Ê ¢ ®�Î ï overall factor  Ù ¡�æ�¡ y=0 ¯è�é.-���Ð��ê½ � �y»��R�� ½�À�¢ë�ì � � ï r=99.5% ¯qM,¯ � k�í�å � � ¯ ¬�§@'�¢ µ ¯�Å�Æ ¶ÊÉ r=99.5% ½ Ø À�¢

4.2.2 î»ï�ð�ñ/ò.à@á@â rm

�. ¾ý3þ�)�+�¯ û�ü ª rm  > ½g�(?yÅ�Æ3 ª*ó Ø^® §�ô ½ § ��¯� )ï 2.1GeV ¯ π+
Á + Â�õ�ö º ü Ø À���� ï ö�÷ Á + Â ¶»É á�ë Ê ' Ê Û7¬ ¯ Čerenkov ê � ���.- ú�û�ü ���&Ç[� À Ê À½ ï�ý�þ	),+� .øTù�A ��® ' ¶ÊÉ - &@'[ô�è7é ¯��ú�-�û�k7ý3þ*),+�¯ û�ü�ü*� ¾�ý ¬ � ' ¯� �ï
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© 4.3: y
J�oqp�D

(��� ��� )þ�ÿ  y[mm] ï�� ÿ  �ê���� ®	ô
overall factor  
r=0.993 : a=0.57

r=0.995 : a=0.55

r=0.997 : a=0.535
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�*�3¾ý3þ�)+BÇ���ý À"�*� ¯ θ
J�o(p�D - &/'�ô µ ¯ J�o(p�D -� Á + Â �2*3 � � � À�½�úû�ü ���uÇ�� À�� ® ý Čerenkov ê ��á�ë Ø ï�ý�þ*),+���» '"û�ü*��
 µ ' ¯�- &('[ô ÙBµ - µ ¯J�oqp�D ¯"ã�+ Ä Çyù ¯	� rm Ç K l Ø À�ô© 4.4 � rm = 0.7 ï rm = 0.8 ï rm = 0.9 ¯ Ù�
 æ 
 ���7Ê ' C�����T+�C�� D ¯����ç½=����¯Ð�l�����Å�� ô
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© 4.4: θ
J�o(p�D

(����ý�þ�),+ )þ�ÿ  θ[degree] ï�� ÿ  �ê���� ®	ô
overall factor  �� Û � a=0.59

3 ����¯ �»)�!�+ Ä +� q? 
 M#"%$'&/�)(�* �  ,+�-/.�0.- & -/132,¯54�ú76 Q98 rm ������:;�< 8>= ý5? 8�@>A : ôCB ¯�$�D�EF+3-/G�HI(�J�K�L�M9(*ý 8 1 ½C-NE�O�P rm = 0.8 �RQ�S���:
?C��T�$ ôVU%WVX K�L�M rm

W ��M�Y[Z]\�^R_ ó98�` ý>$�D�1C2 W �7a%!#b�cdb�M9E'+3-fe�g�L�M
(*ý ô
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4.3 lnmporqtspu
v�w L�x%D�$V�[a�!yb�cVb%��S3z>{�| X KI}�~�T>{�j������db�j��Rk��5�32 (,��$��

4.3.1 β �������
�

4.5 } β ������k W j������	b�j��Rk W �����R���	��j������	b�j��RkVL�M���b9��ZyT>{ π+W�� �y���R$���+�$32 W j��5�9��b�j[�#kVL W�� 1	����� defining counter � W ��b�� WV���#�C�� g���T>$����� (F+�-)  8>¡ -¢(9z 8 1�£I¤�4�¥9¦�§ �R¨�© T>{9zF:R�ª }91�«>¬��®�¯>°�± �y² $�³�(�z�M�P WV´�µ (β−2 > 1.3) L�¶�· WV¸�¹ �yº X T�{�z�:¢»7¼y}½ z>{5¾�¿À:	$�D�1 geant Á�L ionization
WVÂÄÃdÅ � �RÆ 23Ç#(�È]T>{ B�W5U MIÉ�ÊV°�± W j����

�db�j��Rk � �32 (F�	$��>¦�§ � � 4.6 }���Ë	�
2 W j������ b>j��Rk�L9M�4 X9Ì ZÎÍ9Ï�T�(�z W L overall factor M>Ð � {Cz�(Cz�� ionization8>` z5Ñ�0�M β−2 > 1.3 L ¸�Ò�Ó�Ô98 0 }9ÕF��{9z':y�FÖ���{�× WV´�µ L W5¸ M δray }FÖ9:>Ø WÙ Z @>A :y�
1.2 < β−2 < 1.3

W5Ú9Û L�M ionization
8�` z�YÝÜ 8�¸�¹�8 ¶nÈ]ÕF�	{9zF:R�,×�ÞCM ionization

}'Ö�:�ß�à�á�â3b ã�ä W>å D�}�æ,ç�èéá,êdëCL π+
WVì < 8�= �%T�{5�®�¯��3�Rj7�íáïî �9ð å z

L�T ð Ü å D7ZÎñIO7Ç¢Þ�:R�ò9ó ��ô9õ Ë':#ö Ó�83÷�� Æ ×�Ë ionization }�ÖC:	ßCà	á%â�bVã9ä%M Bethe-Bloch
W�ø9ù L�úû L � : [2] �

−dE
dx

= 4πNAr
2
emec

2z2Z

A

1

β2

[

1

2
ln

2mec
2β2γ2Mmax

I2
− β2

]

(4.1)

NA : Avogadro
Ô

re : ü�ý Ò�Ó�þ�ÿ
me :

Ò�Ó3W ó ¹
c :
¸�ì <

z :
ô�õ ö Ó3W5Ò��

Z :
ò�ó W���Ó����

A :
ò�ó W ó ¹�Ô

Mmax : ��� W�	�� L Ò�ÓC8�
��� :��������%ß9à	áIâ�b
I : ����� Æ ß�à	áIâ�bå�Ù T��%M���%Õ Ì ��� gÝZRT�{Cz�ÕCz W L density correction Z shell correction

W�� M���
T>{9z! y�
× Þ�}�æ�ç�è á W#" a%$]b�cRb �'&�( TV{	ú û Ë) �Z+* β−2 = 1.25 } ~9T5{ dE

dx
∼ 2.1MeV g−1cm2

Z]Õ, � guard counter -9L�M>æ'ç%è á 10cm
W/.��10 E2 å D3* æ�ç3è á W �4 � 1.18gcm−3 Z

Ë, CZ65 25MeV
W ß�àRáCâ%b � ã>ä%Ë2 '7C}�Õ8 � π+

W Ñ�9)*	ß>à�áCâ%bdã>ä � ñ�:%T�Õ�z Ñ9W �®>¯��I�#j�� á�î M n=1.5 Z T�{15 280MeV
Ù30 *�ß>à�áCâIbdã�ä � ñ�:%Ë2 CZ;*'5 305MeVA ÇÎ�®�¯'����j�� á îy},³ T A�A=< 280MeV L3>�I}%����j�� á î �#? O@ A7�}CÕ! R� ½ ð <

���Rj�� á î W%B1C M 293MeV }9Õ! R�'×�Þ � β−2
W5Ì }3D�Ë�Z β−2 = 1.25

A Ç β−2 = 1.23 }
P>ÞE �7�}CÕ@ y�Cj������db�j���k W ¦9§�M'× W ú û }3��F�T>{9z! R�
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�
4.5: β ������k

• G�H : IKJ�a b
• L�M :

B1N
• O�4 : P�D
• overall factor: a=0.66
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�
4.6: ionization

W�Q�` },Ö� ®�R W�S z
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ª }%*�9®�¯F����j�� áÝî;T�UIL� � È]Õ ð  �8V } ½ z�{�¾�¿W R��� ½ }�M�ÁI}X�¿ å Ö�Ü
} ionization }FÖ���{�Õ ð  �Y�§�MCE8 %Z[ZK\�Þ] 0 *VÁ W ú û A Ç β−2 } 0.02 ^�4 W�_ �#` åa  R}3b ð  �7 0 \ A=< * � 2.13

�#c,d Ë� R}�M3egfghIL9E8 y� � 4.6
A Ç5Ø inonization

�ji�k
Ë8 �7�},Ö < Õ ð <+0�l�m ³�Þ] An Ó M Ü A�0 O�Õ9z��B × L%*�� ½ W���V ZÎñ%O[Ç¢Þo multiple scattering

�
geant Á%L i8k T�{ B9W�U M%É�Ê�°�±W j������db�j���k �qp ÕF� å �>¦�§ � � 4.7 }���Ë	�
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�
4.7: multiple scattering

W�Q�` },Ö� ®�R W�S z

multiple scattering
W i2k }'Ö>�R{gr8 ;^�4IÕ ð <60l�m ³RÞ9{�z� ;n Ó�0 Üts 0 O! #�I× W 7s[ÇA* multiple scattering M ��V�W %{�L�M9ÕCz 0 ��u �#v ��{9z! �7 0 \gsw y�x W5U3W���V ZyT�{>My�� W Ö�Ü)ÕFØ W30 ñ%O7ÇNÞE R�

• ��b9�3a�J>kV}�~3T>{ guard counter
� >��}PgDI}3M � {Cz>Õ9z

• ��b9� W ��� ¹%W egz�{
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• |�}�},Ö� A~���� W�S z
• æ,ç'èíáK��H 0 e�>�K�%r! å�� } Æ ×) ���®�¯
×�Þ�Ç W g V>W Ü���� 0 �ÄØj� � zs�� ©��1� ���3e d �%r! R�

4.3.2 x �������
�

4.8 } x ���'��k W j������	b�j��Rk W ¦�§ � ��Ë	�
£I¤3��¥�¦�§ ��¨�© T�{9z8 R�

4.3.3 y �������
�

4.9 } y ���'��k W j������	b�j��Rk W ¦�§ � ��Ë	���¥�¦�§ �#� È ¨�© T�{9z8 R�

4.3.4 φ �������
�

4.10 } φ ���'��k W j������	b�j��Rk W ¦�§ � ��Ë	�
θ < −10◦, θ > 10◦ �3� � È���¥�¦�§ïZ[�CÞ�{9z8 R��»[¼#�e d Ùg0 *�� ½ W���� {ïZyT>{��3y

� W Ö�Ü Õ ��V�0 ñK�ÀÇNÞo R�F×��>j������ b�j��Rk�����9®�¯9°�± �R² å ³dÕCz5Ñ�92*5®9¯K���� Æ ×�ÇyÕCz��j��{Cz! �����I}��Iz�È�ÇAs)����9K��®9¯�Ë8 0 * ô�� � ¸ � PMT }�� <[�
È ð ��}�f Ô ��5®�¯ �#� <�� Ë åg� * PMT }3 3Ë� ;�g9)��¡�È[\�¢gsg��r8 y���3s%��æ,ç�èéá��u�H (x £%}P�D3Õ3H ) }2¤g��{3¥¦�§2* 1 ����®�¯ Ù9� � PMT }�� <6� È	Ø��'Ø�r! j^�42r )� ñ)�ÄÇNÞw y� φ  ,¨3��© �#0ª È Õ! )� æFç�èéá)ugH)���®�¯�°�± �y² å ³q¢�j,�����¬«�j[�
kdÁ¦���[³�ÞE ¸�Ó)0 ¶nÈA®�{ È1 0 *����%}�� x � Ü'�g��¯�hKs�� PMT }�°� ���{ ¸9¹ �± z��Cz! ��� {)�%r! R�

4.3.5 θ �������
�

4.11 } θ �����²3��³������/«³��q²���¦�§ � ��Ëd�
θ < −10◦ � Ú�Û ��¶�·¦�g¢>Þ 02´ Ç¢Þ] 0 * x Þ�y�µK��£I¤ � È ¨�© �>{9z! y�

4.4 overall factor

×�Þ ð ����³����C�/«3³��j²���¶�ÇNÞ å overall factor � Ì }g�3� � Õ�§ïÇ ½ �q0¦´ ÇNÞ å ��×
Þ9} ½ z�{�ñ�·�Ë� R�ð ¢3* overall factor 0 §�Ç ½ È �2V �A��{5ñ%�ÄÇ]Þw ��3� PMT � calibration }�¸%z å conver-

sion constant ��e�z�{K�%r! (2.3
w �#¹�º

) �
c(conversion constant)

� ���ÄÖ < ØA» È�¼�½3Ë� ¦� ¸�¹ �3�g�ÄÖ < ØA¾ È�¼g½Ä³RÞ] R� x �V¦
§ a(overall factor) ��¿Ä³�ÈÎÕ8 y�I×1��¤/À 03ÁÂ<tÃ �y{�z8 js�Ä�Üts � ´  å�� }�|�ÅgzC} ½ z
{ a, c, a× c

� Í�Ï,� å (� 4.1) �
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�
4.8: x �����²

• G�H : IKJ)È1«
• ��� ¹ : 2.1GeV

• O�4 : P�D
• overall factor: a=0.675
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�
4.9: y �����²

• ��� ¹ : 2.1GeV

• O�4 : P�D
• ovarall factorG�H�IKJ%È�« a=0.67G�H�É�Ê a=0.55



Æ
4 Ç ³������/«³��#² 50

80

90

100

110

120

130

140

150

160

170

180

-30 -20 -10 0 10 20 30

p.
e.

phi[degree]

phi scan

MC
exp.

�
4.10: φ �����²

• G�H : IKJ)È1«
• ��� ¹ : 2.1GeV

• �1Ë�£ :
B1C

• overall factor : a=0.62
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4.11: θ ���'�²

• ��� ¹ : 2.1GeV

• �1Ë�£ :
B1C

• overall factorG�H�IKJ%È�« a=0.59G�H�É�Ê a=0.56



Æ
4 Ç ³������/«³��#² 52

scan a c a× c

β(mylar) 0.66 2.13 1.41

x(mylar) 0.675 2.07 1.40

y(mylar) 0.67 2.07 1.39

φ(mylar) 0.62 2.39 1.48

θ(mylar) 0.59 2.48 1.46

y(black) 0.55 2.31 1.27

θ(black) 0.56 2.31 1.29

� 4.1: overall factor � conversion constant �5Í�Ï
Ì ² Â á Ô)0 ·%ÕCz��g�Í�ÎKs,Ø#ÏCÞIÕ�Ð 0 *�G�H 0 IKJ)È�«���Ø��o�+É�Ê,�'Ø1���� � ÈtÑ

Õ! >Ö,Ü Ù�Ò IKJ�È1«�É/Ó)��r�Þ3§¦* a � c ��r! ;^g4gÔ��¦��Õ�Ð8 >Ö,ÜtÖ3Z)\�Þ] Ò ÉgÊ�É/Ó¦�
Ñ�9K� Ì ² Â á Ô%0 ·%ÕCË�×! ¬�g��Õ�ØW�5ØA¥¦��Õ�Ð ÒI¦J)È�«g�'Ø����+É�Ê2�'Ø��g� S Ð 0 r@ /� Ù ��Ë�Þg§2*�� ½ � ��� {¦� PMT � ½�Ù s%��Ö
Ö�Ú�Õ)ÛÀè'«%Ü��Ý�9�Þ�9%Õ,Ä 0�ß \@ A7 0 ñ¦�oàNÞE Ò��s���*d×#Þ Ù Ù swà����Õ�ØE�	Ø;¥���Õ�Ð%Ö�Ü Ù�Ò �R conversion constant �/ez3{�� overall

factor ��§=àAá2â/��r8 ;^g4K�Vëgh@ã c,dä  js'ØAÏ9Þ9Õ�Ð 0 */�8Ú3â < ��� å 7%��¥)��Õ�Ð Ò ×��å)Ö%ágÐ�Õ�æ�çwã�® ä åg� Ög� conversion constant ��Ågzwãjè�z%Ö ä  ;é�êwã ´ á Ù�ë�ì Ö!íîðï 4���ñ]ã�ò2ó1ô îðõ�ö%÷)ø!ùqúwû@î Ò

4.5 üþýÿ������
r=99.5% �;��� overall factor ã�����Ö
	�� ù��� ����«�� ÷������ à��@â�������ô�Ð �! Ö)ò�Ð�Õ�"�#�$&%gñgæ�'wã)(�* ä ù��÷�� â ë Ò,+�-�.0/�1 ����� rm Ö%á�Ð�Õ�"32�46587�9%Ö

	�� ù: " � â�ô � Ú ë ÷ ��;=<
>�? / ;A@:B ÿ�C ÖED ä ù:F�G "�4IH�Ø65)JLK Ò overall factor
1

M àAá¦âqÖ�á�KÕ�"�æ�ç ÷LN ô � Ú ë ÷ �gó 1,OQPL1
R 	 1 ë ��S�" PMT
1

conversion constantã#è,T�S�U,T ä ùWV,X%÷�õ�öL��ø!ù8Y
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5

K0
L → π0νν̄

1
Z�[�\ U�T�%gñ]SE^ î ë � 1�_ `�a SEb�cKô γ d N e HWf�g 8 h 1
i H�jlk6monpSq ù
Čerenkov counter(guard counter) ãsr�t6f ë Y ó 1 d N0e 1E`�u,v,w61 ë �,� 1 x�yl> / nãsz,{6f,��� / ��|KÜI}�ã�ò,ó1ô@Ú ë YL~ 1 æ,'p�E�,��S +L-�.
/ ãs�6K ë í 1 � " _
���31 ���� � S�D�f�g 180p.e. ��� 1
��� ÷)ø8ù��÷]��� Ú ë Y3� ë � ÿ������ å�HWf�g&���A2)� ù:�,�

S�9 � Sp�6?s;�@�n�� ÷��,�6��ùW�� 9��pf ë Yë ú f�� PMT
1

calibration
1 ë � 1 coversion constant

1 U]TLS�� ÷¦ø�� � overall factor H
f�g 10%��� 1 b�T ` ÷��¡  ë Y
¢ S�£�¤ �8¥ � ù ë ��S�"8í   H[è�TKô&U�Tgégê ÷õgö���ø8ù)Y¦ S!ó 1 |��§} 1E¨ ' � (,* �8ù ë � geant4

�
© / ��H �8ù ;¡<�>�? / ;ª@8B � ò2ó�ô   ë Y~ 1 ë ��S]j�k3m«n 1E¬, � H¯®�° � � U�T6f ë YL~ 1E± �s² K ë ;¡<�>�? / ;ª@8B 1&¨ 'p�,j
k�m«n 1 ÿ,�,�,� � 99.5% H � � M #�$E%�ñ ¨ ' � (,* �l³%ù�%÷����¡  ë Yë ú f��]� / � 1E´ � ÷��,���§µ ��� ù H¯%�ñ�H�;¡<�>�? / ;ª@8B 1�¶ S�·�� ÷p¸�µ � ë Y ó1
¹�º ÷�» ì 1 ïp¼ 13½:¾ ��ø8ù)Yp� ë � »6¿ 1 ;=<&>�? / ;§@�B � " PMT

1
��a�À � 1
´ ��Á� ` �8Â,Ã f�g�Kgô�K ÷ ��ó 1EÄ,Å K�í)Æ P �%ø!ù8Y
guard counter

1
γ d N � H _ `�a b�c � S ¼ K�g�" »6¿ "�Ç]íW£�¤pf�g,K�ô,K Y ós� µ0� 	L�ù ë ��S�"�%,È 1 %�ñ ��É S�Ê6Ë��]� / � 1EÌ ��Í ö�Î 2s� ù c,�p�Eb,c � ô�5 1�Ïp/3Ð ÷gõ�ö

H�ô ùsY�Ñ�Ò,ÓL��Ô0Õ f ë ;¡<�>�? / ;ª@8B �s² K�� M � ~ � µ 1�Ï6/�Ð �s² K�g γ d N � Í _`,a b,c � � t,Ö �l³�ù H ÂL× g�K ù8Y
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Ñ�Ò,ÓA�sØ �¯S�Ù�Ú   g��&ÛÜ� 1EÝ SKò&Þ,ß�S%ô �&� f�Ú Y ò
à3á�f&â,ã �
�QY £�¤ 1Eä�å ���æ × gEç§2   Ú§H,HEèQS�Þ�ß �sé K,g�çI2   ÚEê�ë�ì�í,î�S�ïð�ñc,ò�f �
�QY¡� Ú,�Eóªô�Höõ,÷
S�ø   gEù6K,ÚEú�û�7,ü�ýLS�ïÜ�þc�òpK,Ú]f �0�QY�ÿ���� ü,ýLS�"�£�¤LS��,f�gEü�� � ù ³]� f
Ú Y ï ��c�ò�f �Q� Y6� Ú����
	��
A2������
�
�
�¡2��]�������
�A2����������
�¡2��]� _
 "!# 2$�,S�"�� / ��|��I} Íª< / |&%QB�')(65 �+* Þ,ß�S�( �0� f�Ú Y-,��§µ c,òpf � �QY-.�/ S��
K ¼ è)Ê�06f�gª����Ú-1�2�H43 �4(   Ú-5�S�ïð� c,ò�66f � �QY
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