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Abstract

In inelastic scattering experiments with a radioactive beam, the angu-

lar disribution of the inelastically scattered particle provides information

on the angular momentum transfer. This feature is useful to deduce the

spin and parity of an observed state. It is scheduled to perform the
23,24O(p,p’) experiment in inverse kinematics to search law-lying states

of 23,24O. In inverse kinematics, the scattering angles are distributed

within about 2 degrees in the lab. system. Hence, high angular resolu-

tion about 0.1 degrees is required for the tracking detector to determine

the scattering angle.

As a tracking detector to determine them with high angular resolutin

for the experiment, we developed a multi-wire drift chamber (NDC). In

this thesis, I investigate the performance of NDC using β and cosmic

rays. When we use Ar(90%)-C2H6(10%) as a counter gas, the position

resolution of 191.3 ± 4.3 µm has been obtained. On the other hand,

when we use He(50%)-C2H6(50%), we have achieved the resolution of

118.5 ± 2.8 µm, which corresponds to the angular resolution ∆θLab of

0.052 (0.049) degrees (r.m.s.) for 23O (24O). I thus conclude that the

performance of NDC sufficient to determine the angular distribution has

been achieved.
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û:ü |Lª ¥ Ã%ù�ú	×°Ù�Í�µ Ú ø�ú�ûþý
23O → 23O∗ → 22Og.s. + n (+γ), (1.1)

24O → 24O∗ → 23Og.s. + n (+γ). (1.2)

�2Ã0/L��ùbà�Ó/þ<{ 1 ×1wN>�ùNú	×¨Ù�Í�µ Ú �J�è��ûJ�Sÿ�q 22O(23O) �����D�E°Ã����°ÿ γ ´±ÙNä���é ± û%Fo '#ã � &cù#ÛLt�{�����74ûJF�ä��0é ± û%~�>ÞÃ 4 � ����� ]���� Ú
(Ei,

−→
Pi) r¡Y�)�7¨û���Ó�ù:/:9÷|N���
D
E (23O∗ | 24O∗) Ã o '�ã � Minv

ÿ��
µÞù0/!9­�V� ò ± û ý
Minv =

√

√

√

√

(

∑

i

Ei

)2

−
(

∑

i

−→
Pi

)2

. (1.3)

ä��s~
>!Ã
	#Ã���Û¨´�µ Ú:ä É Erel ÿS|
�
µ¨øSÇÕé ± û ý
Erel = Minv −

∑

i

Mi, (1.4)

Ó Ç±é ± û�F�����øa| Mi ÿ%ø�D
E�r�ö�è�7'û�

~
>°Ã2ã � ø�ú�û%FaY�)
øJ�!� ò ± ü Erel Ó�|¨ú�ûsø
D�E�×°Ù�Í�µ Ú�� Ã�ù
ú���8 ES ( ×%w
>��� ´�µ Ú!ä É ) r<=�t
{�| ô�õ C
` � Ã%���	´#µ Ú:ä É Eex �S��µÞù�/!9
ÇÕé ± û :

Eex = ES +Erel (+Eγ). (1.5)

Eγ Ã%Y
):����éÆÓ�á	û>Ã�ÿ%ÿ�q����
��C
`!ù��#èÕé ± ü�����ø@ú�ûSF�Û� ÓFá@û o
p )�q�r�ìSÉ�ícÓ�þ<{�=�t@û¡  ���#¢�£�¤�¥ ø�ÿ�| o '/ã � &
ÿ�|aª ¥ ù���7V/L�%á����°Ã/ü#�S|Ju��
� ô�õ C
`¨Ã��0t���� ¢ �� �&ÆÓ
á:½S{�t	û�F

1. ��Û¨´�µ Ú:ä É#�J}#å
~�>°Ã ����� ]!�b� Ú ù�/	ò"!S|Nù�ú�~
>!Ã����� ]V�Õ� Ú Ã%Y�)°Ã�#�ù�/N½�{�î ò ± û�ü��J|#��� ì2É/í�ø@ú
û<}#å�~
>°Ã ����� ]!�Õ� Ú Ã�$���9Fù�/N½�{J��������%4á û ± û�@Ó<�#á�taF

2. �/Û	´�µ Ú!ä É#� 1 MeV øÁ¨ 100 & 200 keV (rms 8 ) ¬���Óc|('tS��������î ò ± û%F
3. ù�ú�~
>:�*)*+!ù�,�×J7'û/üN��|�-*.���/±é�áS²��s³�§�øax�y0��ùçèZSá�Ô���00æ�"	Í16���î ò ± û (

�L�N¢ ��1�� ) F
þ�ñ þ�á�� òc|��2� 3 ø*354#ü �L�
¢ ��1
�!ÿ��6! þ�Ù7�!tSð98Þý ° ø
ÿ>á
t�FJu�����D
E¨ÃN6°Ì�Í ¿ �n����U�rS�J)L7'ûSî�ø�|J�/é¨áS�
�
�
�Y
)�� ���N¢ ��1N�¨Ã#ü#��:�;ÆÓFá�û�üN�>ø�ú�ûsF0�2Ã���Ó�ùJÛ�tN{@ÿ�Ê�s¶�� ×!·�Í�¸4É�ÃN» ¼ Ã°Å��!Ó<� û9= {a��>4ø�?A@¨û�F
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1.3 BDCFE G�H IKJFLNMÃjPORQkj lnm

 0.01


 0.
1


 
1


 0.5
  
1
  1.5
  
2
  2.
5
  
3


|  

j
 L


 (q
R

) |
 
2
  


θ
Lab
 [deg] 


L=0

L=1

L=2


 [deg] 
θ
CM

(a)

(b)

Ð 1.1: (a)
���N¢ ��1���S�T�rVU9W ¢ �#ù��
X�7¨û>üN�@Ã�Y�½�Ô�Z
[�í#F\ _�Ã#üN�(]�^!�avaw
���°ùaÛ�t
{�_!t�üJF (b) u
�
� ô�õ C
` � Ã�`�ab 8�cÆÓ θLab ( ÷�ü�ÿ θCM) Ã�Ý�ß�F

Û � Ó%á@ûVdN>
q�r�ì�É�í Ó�þ¡{�=Lt�ü1  ���N¢�£
¤�¥ ø�ÿ%|%ù�ú�~N>�*)(+4ù�,�×S7	ûsF��2Ã ���#¢ ��1N��S�T�r7U
W ¢ �#ù1��X�7	û�ü#��Ã2Y
½�Ô�Z
[�í!rSÐ 1.1 (a) ù��:7SF \ _	Ã#ü
�Su���Û2eV�>á�vaw�����r�f�g
û4Ó^|NxLy#¦�§�ø@Ã%���
�
� θLab Ó CM §	ø@Ãs������� θCM Ã9	�ù�ÿ�|ª ¥ Ã�Ý�ß�µ0��è 9ih�Û
F

θCM = θLab + arcsin

(

A

a
sin θLab

)

. (1.6)

����ø A ÿ�}#å�q!Ã�ã � (L| a ÿSB!�Sq4Ã2ã � ('ø�ú�û%F 24O + p j#Ü
Ã����
|a}/å�q 24O Ó B:��q p Ã�ã � - (A/a) �SçèZSt�ü#��|��������
θLab �
z�/�Ø 2 ©^ª ¥ Ã�k�l�ù�m�n!é ± û%Fo

1.1(b) ù�|#u���� ô0õ C
` �qp `9a b 89csrX�����
� p�t�u rv�07SF� p /L��w1�
��������� p �V"(xAy�z%|�Ø p `
a�w�z °9{ a��N��| �
� wt�} {V~
� r����9�
t {*� �S|9���
y�� �����6��rS��� } {�� ���������� rV� {�������� ������� � ? p��6  w�¡9¢
£9¤A��¥�¦�§�¨q�9© ��ª 2 «¬�­ w�®�¯ } {*��° �(£�¤
®
±6² 0.1 «´³
¤A��£9¤
®�¯5µV¶9� } {V·�¸ £¤
®�±�²�µv¹qº�»�¼�½6��¾���¿*À�ÁÂrv� {�� £�¤�®�¯ p ¶���w�z�Ã
ÄFÅ�xÆ p £9¤q© ��Ç�È
É�Ê9Ë
Ì�p £
¤�µ�Í
� } { ¾
�A�qÎ {�� } �*Ï�Ð�� 24O
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p�Ñ�Ò*Ó ¡9¢5Ô�Õ2Ö
� −→
P (24O) × −→

P (23O) +
−→
P (n) Ô�Ø�Ù9Ô�Ú � �Û¡9¢9£¤ÜµVÝ °6{ ( Þ 1.2)

�
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Þ 1.2: ¡�¢*£(¤6ÔVÝ ° Ø � 24O Ô Ñ9Ò�Ó ¡*¢6ÔVÕ�Ö�� −→P (24O) × −→
P (23O)+−→

P (n) Ô�Ø�Ù9Ô�Ú � �Û¡2¢
£�¤�µ�Ý °A{��
ß ¼ Ë9Ì�à w�º ¸2á z�� ª Ô�£2¤2®2±�²6z −→

P (23O) � −→
P (n) Ô �9° �−→

P (23O) Ô�£
¤�¶9�q�����â×v� {���ãDä z } ��w ß ¼�å9æ Ë�Ì�ç Ô�è9é�»¼�½Â× ��á�ê�ë�ìîí ��ïFðòñqó�y"ô6õ MDC (Multitrack Drift Chamber)µ�ö�÷�øA�2ÎÜùò� } ��ú 14Be � 19C Ô Ñ�Ò�Ó ¡9¢�¥2¦ [3] ��ûv� ª Ô ·�¸Ó ²9��ü�ý�þ á9¸qÿ�������� ����� MDC ú��
	 á���
 Ë�Ì9à −→
P (24O) Ô£
¤�Ô����
¶���µ��6�   �*° Ô í ��ïÂðòñqó�y7ô6õ NDC µ���� � ��£9¤®2¯�Ô��9¤�Ô�Ù � µ���� ��á2¸qÿ��

MDC ×���³9¤�Ô�£9¤2®�±6² 0.10 « [4] ���â�"þ2þ
��� 24O Ô Ñ6Ò�Ó¡9¢q�2Ô(���
y! ��#"���Ô����q��ÀA²Ü×v� ÿ��$����� ������%�Ô�����µ$�� ¸ ��ýA��ú'&)(�*���æ�+�Ô�¶��),�Ô Ó ²)"9� ð µ$�q�.- á
¸6ÿ���������.�0/ 2 1�ú ê9ë�ì í ��ïÂðiñ�ó6y7ô�õ NDC Ô�2�39��/ 3 1�ú�4�ï�56 y"¥2¦
� ª ��á / 4 15ú87�× ° ×:9);�Ô�<�=Üµ'>@? ÿ��
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A
2 B C D E F GIH J K L M

NDC N O P
� 1�Q.�.7SR�� ¿�T�U�V�W�X�¥�¦�Ô�Y ° Ô ��
 Ë9Ì è�é9»5¼�½�× ��áö�÷ � Y�� ê�ë�ìPí�Z ïFð ñqó�y7ô6õ NDC Ô�2)3�ú�º ¸�á >[? ÿ�� 7�Y

NDC Ô�£
¤�®
±A²�Ô]\�^�ú*º ¸9á >
? ÿ��

2.1 NDC _a`
2.1.1 bdcê�ë�ìPí0Z ïFð ñqó�y"ôAõ NDC ����¿)T�U�V�W�X���e�ú)f Ó�Ì�g�h VÔ ÑqÒ�Ó ¡�¢�ú�©
i ÿ���
 Ë9Ì Ô�è�é9¶�U5ú ç ¸Aÿ »5¼�½[QqÎ ÿ�� NDC��å9æ Ë
Ì Ô0j
k�l)m�µ · �
¤ ( n�o
p 100 µm

¬2­
) Q�� ÿ[q ×�µ
�#r×�s á ö�÷ts�Y]u NDC Ô�e)vw��x ê)y Ô�z 6S{ µ ç ¸�á]|�}�~�� µV®)�� ÿ8q ×�ú[�Aù�x�� ¸�~�� ú�©.i ÿ å�æ Ë�Ì Ô�»�¼'j�k�l�m�µ ·��Sy�� Q� ��ÀA²8�]�[QqÎ ÿ u� U�s á�¸Aÿ ÑqÒ�Ó����8�.� Q@�0x NDC �0r��)����ú 2 ����k�ý�þ�x

2 �
Ô NDC Ô�å9æ Ë�Ì »5¼'j�k0l)m
����x�rw����Ô �)
)� *��@����ð� µVÍ�U � ÿ u8¡V»�¼�½
� X Ø�Ù ( ¢���ØAÙ ) ú sense wire (anode wire) £¤ �<þ
Y sense
~ ×#x Y Ø�Ù ( ¥8¦�Ø�Ù ) ú sense wire £ ¤ �7þ@Y sense~ µ ª þ
§�þw¨ ~ R�º | � ÿ u

11



2.1.2 ©«ª
NDC Ô$( ~ Þ�× ­ ~ Þqµ�Þ 2.1 ú�x�7�Y
z 6�{ �[k6µ�Þ 2.2 ú�ü � u)7Y�z 6�{­¬¯® Ô�°�±�,Üµ�² 2.1 ú�ü � u � »5¼�½���³ ¸ ú0¦���x��9º],w´µ �]¶ ~ Ô sense (anode)

~ ×�· ~ Ô cathode
~ Q]¸�¹�ý�þ ÿ u

X
~ ©«� Ç X’

~ � sense wire (anode wire) £S¢���Ø�Ù�ú ¤ �<þ
Y ~Q�x Ë
Ì Ô�¥.¦�Ø5Ù�Ô]j�k�µ�¶8U � ÿ Ô�ú ç ¸�ÿ u Y
~ ©º� Ç Y’

~ �
sense wire (anode wire) £�¥�¦9Ø�Ù�ú ¤ �"þ�Y ~ QSx Ë
Ì Ô0¢���Ø5Ù2Ôj�k�µ�¶�U � ÿ Ô2ú ç ¸�ÿ u�».5 6 Æ µ�¼½s0Y ~ ��xw».5 6 Æ µ$¼Âý��¸�~ ú�¾�s á n
¿� �®�À�i[z 6�{ Ô�j[k6µ0RÁ��s�Y���k�× � ÿ u È sense

wire Ô)´�x�Â Ç ú�x�Ã5ú$j�k � ÿ sense wire Ô�Ä à ú��0x potential wire£ sense wire ú�¦)�5ú ¤ �7þ ÿ u q þ�� X
~ x X’

~ x Y
~ x�©�� Ç

Y’
~ ��Å�Æ5Ô cathode

~
(cathode

® £ ¤ �"þ.Y ~ ) µ µ á�á ³ ¸ ú�ÇsùÖ½ÈÉu»�¼�½�Ô |)}�Ê�Ë � 96 mm × 96 mm Q�Î ÿ u|�})Ê�Ë
96 mm × 96 mm¿� �Ì 6�Í anode-potential : 3 mm

anode-cathode : 3 mmÌ 6�Ía¬ °�± anode wire : 20µmφ Au-W/Re

potential wire : 80µmφ Au-Al

cathode film : 7.5µm Al-Kapton

window film : 7.5µm Al-Kaptony � anode wire : 16
�

/
~

× 8
~

potential wire : 17
�

/
~

× 8
~

cathode film : 1 Î /
~

× 9
~

window film : 1 Î /
~

× 2
~

² 2.1: z 6S{ Ô�Ï½��².u NDC Ô |�}�Ê)Ë ¬ ¿� �Ì 6�Í x�z 6�{ Ô��]Ð /® Ô�Ñ�ý ¬ °)± ¬ y ��ú*º ¸9á�Ò � u
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Þ 2.1: Ó2Þ.� NDC µ�( ~ �Á�:ÔwY�ÞSx ­ Þ.� NDC µ ­ �Á�#Ô�Y�Þ�u
ASD (Amp Shaper Discri) Õ�õ í � anode flame ú � ùÖ¼ºiº�7þ@Y�4.×ØSÙ ��Ú�õ�ú)�0Û � ùÖ¼ºi ÿ u[Ü)×qÔ�¼ �½Ý × cathode

¬
potential �AÔ· æ)+�Þ)ß)à8á�� X-1

~ x X’-1
~ Ô�â�ã�µ$ä[åq¼
s á�¸qÿ à ~ ú�º ¸
á¸6ÿ u
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Þ 2.2: sense
~ Ô[z 6�{ ¸)¹8u anode wire Ô�å Ò�æ s#x potential wire �ç[è s á
¸qÿ u�Ó�Þ8� NDC µ�Å�õ Æ �)
 Ø�Ù��d�ÉÔ�Y�Þ�u�é
£�ê½� þ á¸qÿ�ë ®
£ |�}�Ê�Ë µ�² � u ­ Þ8� NDC µ0Ó)�d�ÉÔ�Y�Þ�u0¢��2ú�ìí�<þY�z 6�{ ú��)- á å9æ Ë
Ì Ô X Ø�Ù�Ô ��
 j�kAµ�¶)Uísîx�¥�¦�ú0ìí�7þY�z 6�{ ú
��- á Y Ø�Ù9Ô �)
 j
k�µV¶�U � ÿ.q ×�£�Q�ï ÿ u ’ µ�¼�sY ~ � ’ µ�¼Fý�� ¸�~ ú�¾ís á z 6�{ j�k6µ�n�¿� 8Rð��s á�¸6ÿ u
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2.1.3 ñóò�ô
õ
¿�y�× ~ ��xS¿�y'×�z 6�{ ( ö�÷�õ í z 6�{ ) ×!ø�"�y0ùSú� ºz 6�{ £�û³5ú�¦���ú$,�´ µ ú ¤ � þ.Y�z 6�{ ~ Q�Î ÿ u�¶�º�Ô�¿�y$× ~ ��x Ë�Ì Ô�)
 Ø�Ù��d��ü�ú X1-

~ x X1’-
~ x Y1-

~ x Y1’-
~ x X2-

~ x X2’-
~ x Y2-~ x Y2’-

~ ×'ý�þSu8»�5 6 Æ µ�¼ðs�Y ~ ��x@»)5 6 Æ µ�¼�ý�� ¸�~ ú$¾tsá nw¿) �®�À.i�z 6�{ Ô]j�k�µ�Rt��s]Y]�wk�× � ÿ u q þ�� í�Z ï�ð ØÙ2ú�ÿ[i ÿ���� Ô�¿�U Ó Ô����Üµ�±
Í � ÿ Y ° Q2Î ÿ u�¿�y$×�z 6S{ ( ö÷*õ í z 6�{ ) ×�ø)"�y�ù8ú� �z 6�{ Ô)´ µ ��xsû�Ô�¿5y�× ~ Q�� 3 mmQ�Î ÿ u
2.1.4 	�

��� õ
Õ���õ í ~ �Sx
Õ���õ í ® �ð�#¹ ù�x@¿Üy�× ~ ú�¾½s á ¦���Q�x[¿�y× ~ Ô�Å�õ Æ Ó�� à ×���� à ú�¿�y�× ~ �ð� 3.0 mm Ô�´ µ���µ á�á��þ
§�þ�� ~ R�����k�ý�þ ÿ ( Ç ùiÖíÈ�¿5y�× ~ �����AÔ�Õ���õ í ~ � Å |� ÿ

) u
Õ���õ í ~ Ô ~�y � � ë QS· ~ QqÎ ÿ u[Õ!��õ í ® � 7.5 µm Ô
Kapton ú " ~ 200 nm # 2000 4Üy%$0×Rð'&*õ�(�)�Ô Al

�+*�, x�ý[��ú
" ~ ú y 4Üy�$�× ð-&(õ%(
..�/&0(�132�45#76�8:9�;�.)Y/<=) �?> s�Y@�
. �BA
C sED�F�G�u
2.1.5 Window õ

NDC H#Ä
I ��J�K G Window
~ .�°8±!L)Õ��=MON ~ HBP�Q�ö] �R�ST�Í N�Õ8»VUEW 7.5 µm Q
XYG�u Window

~ L:$�Z:W[N�\�j!]�^�Y�_3D
F:G�Y�<�x)Ä�IVHa`@b�c _�÷ T�Í�d�e�f�g £
XYG�u
2.1.6 h@i!j�k�l[m�n
¿[W�×ºz T�{ ( ö@÷/MoN�z T�{ ) L]xw» Z ö@WS» � ÆVQED�$�Z�WpNq\�j

]�^�Y�_�G�uEr�\�s�LSø/t�W0ù�ú$ ºz T�{ H'Õ�� MVN ® ]�uBvwcB_�G�u \
s�Þ�ß�à�á�L Õ��=MoN C H�ø�t�WSù�ú�  C .�x�y�z�{YX3G0u@Õ!�=MVN C
]��
F�D3L�| ~ �+}�~ ]����ís:x � _�§=_ 1 MΩ W .
&�MVNq��� �B� s
D/����]���H+< SHV

Ø]Ù ��Ú%]�Û�� � G0��ø�t�W]ù�ú�  C ]���F�D3L�¶~ �B}�~ ] ������� � _�§=_ 1 MΩ W .
&�MVNq��� �B� �BD�����]���H
< SHV

Ø�Ù ��Ú/]�Û�� � G��
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2.1.7 �����������������o������n
�3� MONB� T��3�w� .��� !L �Y� MON�¡�¢BM/(Y]�£!¤
]�¥§¦©¨�ª � _«:¬�­�®�¯ M:° � ��D��@± 2.3 . ASD (Amp Shaper Discri) ²�MON'] ³

�
´�G
µ�.�H�´:G � ASD ²�M¶N©.B·�¸@L TRH ASD AD TYPE34+10 {
XYG0���� p¹0º/»
¼!L LVDS (Low Voltage Differential Signaling) »
¼
{3X3G��Y± 2.3 . ASD ²�MON½.�¾�W¿¸� OH'� �
� MVNÁÀ�Â3W ­�Ã .�Ä�ÅÆ Ç L È 2.2 ]EÉ@´0�

± 2.3: ASD(Amp Shaper Discri) ²�MON½. Ê
Ë3����Ì�Í%Î�L0��Ï�Ð�Ñ�ÒÓ�Ô�Õ3Ö ��×�Ø0Ù�Ñ�Ú�Ò Ó
Õ3Ö ] A
C c�_�G MWPC Û MWDC
C�Ü �

 �Ý Ó ²�MVN�{3X
G � � W=Þ½��ß�à�M0á�M���â:ã�ä ®�å R ­ M ¯ M Ü æYç
°?è!éEê�¹�Î�]B¥ë¦Á¨�ª0Û�´�F�ì3íE] î�ï�c�_�D�F:G����% �¹�ºYL LVDS

»�¼Y�%Ê
Ë!ð Ü ¾�W¿¸� oH anode À�ÂYW ­�Ã Ü Ä�Å�L È 2.2 °+ñ�ò
�

ó Z:W[N ¾�W¿¸�  ¾
W�¸�  �3� MONôÀ�ÂYW ­�Ã
GND 1 2 ch1

...
...

...
...

GND 31 32 ch16

GND 33 34 GND

È 2.2: ASD ²
MëN Ü ¾
Wõ¸�  ( ± 2.3 ñ
ò ) H �:� MoNÁÀ@Â:W ­%Ã Ü Ä
Å Æ Ç
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2.1.8 NDC ö�÷
�3� MVN+� T�� ch H NDC

Ü
X ø�ù Y ø�ù Ü ú�û�ü�ý!Ü ð�þ¶H Ü�ÿ��Æ�Ç L���� Ü�� ¦-{�X�GE��� Ü ðBþ�]�	�F/D�L%± 2.1 Û�± 2.4 
3± 2.7 ]� F�D
�����:{�É���D�F�G �

• X � Y-1 → 8.25 ch

• X � Y-2 → 8.75 ch

• X’ � Y’-1 → 8.75 ch

• X’ � Y’-2 → 8.25 ch

� � ������� 8.25 ch HEL 8 ch � 9 ch
Ü

wire ° 1 � 3 ]����:´@G��OH
Fpí�� �/{3X
G0�

± 2.4: X-1 � « L Y-1 ! Ü#"�$ � "�$@Ü&%�' �w��( « ± (ASD ²�M*),+- Ø3¹�.Eø[° "�$�Ü È '0/2143 ´5. ) � ú�û�ü�ý�Ü ð þ56 8.25 ch �
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± 2.5: X-2 � « 6 Y-2 ! Ü#"�$ � "�$@Ü&%�' �w��( « ± (ASD ²�M*),+- Ø3¹�.Eø[° "�$�Ü È '0/2143 ´5. ) � ú�û�ü�ý�Ü ð þ56 8.75 ch �
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± 2.6: X’-1 � « 6 Y’-1 ! Ü7"�$ � "�$�Ü#%4' ���2( « ± (ASD ²�M8)
+ - Ø3¹�.Eø�° "�$!Ü È '9/:1�3 ´�. ) � ú�û�ü�ý ð þ56 8.75 ch �

± 2.7: X’-2 � « 6 Y’-2 ! Ü7"�$ � "�$�Ü#%4' ���2( « ± (ASD ²�M8)+ - Ø3¹�.Eø�° "�$!Ü È '9/:1�3 ´�. ) � ú�û�ü�ý�Ü ðEþ 6 8.25 ch �
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2.1.9 NDC ;=<��?>A@[��BDC
NDC

Ü
Cathode !E6 � ÃGF�HAIKJ )©²
Þ*L�M�¡�ã ÃON {�P�QGRTS�UV . �OW Ü «=X �4Y�ä:°[Z�\�����À:àOM^]:M_�^`4aEbTc�d��'�7e�f3´�. æ

P_+7g4h � PKiEb �Oj U V . �
�O��b�Y%ä#Z4\ �[� �7e�f��
k Ü Y%ä Ü#l
S�bm	 V U=É:´ ( ± 2.8 ñ�ò ) �

1. Window-A Flame
��� Y�ä�°�Z4\�´�.0�

2. n�³:´�. Spacer Flame b�o � S «�p ( Í 3.5 q^rDR 1.5) °�sutTU
v
Flame

Ü ðEþ�ø@ùKw�Y�ä�+ l SE.&x
3. Window-A Flame

/
Cathode-1 Flame

Ü�y bKY�ä�+
c4d:´�.#x
4. Cathode-1 Flame

Ü z7{ b#|!ª � S « 4 q φ 6.0
Ü�} å�~ ��� nÜ ! Ü ø_w�Y�ä�+ l SE.&x

5. Cathode-1 
 Anode-X1 
 Cathode-1
Ü4y b�Y/ä�+
c4d�´�.7x

6. � Ü !_k�µ � 4 � / � 5 �
+
�o¦���R�S�U�vT����b Window-B Flame�O� Ü
Cathode-2 Flame b�Y/ä�+
� ¦�����x

7. Cathode-2 Flame b�o � S «Tp ( Í 3.5 q�r?R 1.5) °�s�t[U7v FlameÜ={YÜ
φ 3.5

ÜO} å�~ bKY�ä�+ l S5.#x «�� t�vG� Ü p 67v9� 2 � Üp / 6&��Ä ' v�	���¦[Y/ä
e4f ' b&o � SOU V .#x
8. � Flame b�67v�� 7 � Ü φ 3.5

ÜO} å�~ b Ä�Å:´�.���� b=�?����v φ
3.5
Ü�} å�~ +�| V U V . «�X v Window-A Flame

Ü e4f��[w / Y
ä Ü L�M ­%Ã (?) +�	 � +�.#xD� Ü L�M ­�Ã ° � j Umv�Y�ä�+7eOf
RTSE.&x
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± 2.8: NDC ��� Ü Y�ä Ü�l S�x Window-A Flame
��� Y�ä�°TZ�\�t[v

Spacer Flame
Ü p ° � ¦ NDC ð� �ø�ù�b�Y/ä�+ l S5.#x=¡¢b Cathode£ ÜAz&{ bT| V «�~ �[� n Ü ! Ü øOwAbKY%ä�+ l S_.&xT����b Cathode-2

Flame
Ü p ��� e�f¤LTM ­�Ã ° � j U=v Window-A Flame

��� Y�ä�+
e
fGR�S5.#x
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2.1.10 ¥ ¦ §?¨
NDC

Ü
1 © Ã Ü7ª�ÿ ��« Ü �[°�± 2.9 bEÉ@´�x

± 2.9: NDC
ª�ÿ �A« (garfield-7( [5]) b@ìK.�ï�¬ ) x�² ­�M ¯ M�Y�ä_b

He(50%)-C2H6 °
® V «4¯ b
vK�Oµ�° V ÿ � ��± ç +�² � S « Vcathode

= Vcathode = -1900 V
Ü�/�³/Ü
ª3ÿ �_«�k�´�.
x=µ�¶?6 anode wire :

(x,y)=(-0.15 , 0.0) v potential wire : (x,y)=(-0.45 , 0.0) v (0.15 , 0.0) v
cathode

£
: y=±0.3

/ ��j U � ¦·v�¸K¹ � ì Ø�ºK¹ Ü
»=ÿ 6 cm k4´�.Tx
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2.2 ¼¾½¾¿¾ÀÂÁÄÃÆÅÈÇÉ�Ê k46�v�Ë 1 t[U V . 23,24O
ÜTÌ�ÍKÎKÏKÐKÑ�Ò�Ü�Ó�Ô Õ�Ö k#Õ 1 t[UV . Õ�Ö ©AÖ�L � Ö¿ÞmbBÄ�t×v:Ø=¡DÙ�M N 23,24O

ÜTÚ=Û �=± ç °[ÜmÝ
´A.�x
± 2.10 b�Õ 1 t�U V . Õ�Ö Ü ©¢Ö L � Ö�Þ
°?É�´7x�Þ l �p� NDC1 v He

Bag v NDC2 v�Ë�|Dß ® Làv�á4a�â�Ï�¶ ã /×ä � ´�.#x NDC1 v / NDC2

6&å�f!ð�bK´O. «KX NDC1
Ü Þ l v NDC2

Ü � l b�6 Ë�|[°KæTç?. £ +
´�.#x%È 2.4 b�67P�Q4è�Ï Ü Ò�é�ê�°BÉ:´
x
Ø�¡uÙ=M N 23,24O

Ü&Ú�Û ��± ç 6
�O� Ü ê¢b�ë�ìY´5. �
•
® MAíAM[îKï�ð4ñ
– NDC ð=k Ü ® MAíAM[îKï�ð4ñ
– He Bag ðmk Ü ® M�í_M�î�ï4ð�ñ (He Bag

� t Ü&òOó µ[Ü�Ý )

– Target chamber
Ü Ë�|�ô�õ�k Ü ® M�í_M�î�ï4ð�ñ

– NDC 
 Target Chamber �=k Ü å�f_k Ü ® MOí�M^î�ï�ðOñ
• NDC ö ú�Ü0ÿ � ��± ç
�4÷
v Ú�Û ��± ç�ø ÜKÝAù�.mú X b&vO�7û5ü�M�í�M�î=ï�ð�ñ bYì
. Ú4Ûý ù θ0

ø ïK¬9t (2.2.1) v�¡Eb NDC ö ú�Ü ÿ � ��± ç5ø 100 µm
/×þ41

tTU Ú4Û ��± ç σθNDC

ø ïK¬�t (2.2.2) v����Eb θ0 / σθNDC

ø
ÿ�� t#ú
Total

Ü#Ú�Û ��± ç σTotal

ø ï=¬�ù�. (2.2.2) x

2.2.1 ��������	�

�
���� b�\��GÙ�M N���������� M���©DÖ¢L��5Ö��! #" �%$�&�')( ø+* ù
x
W �%'�(,�.- / v¢ü/MOí�M^î�ï�ðOñEb./m. Ú�Û�ý.0 θ0 +�1 X#2 SE.&x

• Ø4¡�Ù0M N 3
23O (T=71 MeV/A) 4�/65 24O (T=72 MeV/A)

• NDC
�

window 7 y�8:9 54 mm v�c<; Y:=�6 window 7 y b6>` b&c4d9t�U V .7x
• c<; Y?=A6 He(50%)-C2H6(50%)

/ ù5.&x
• ü�MOíAM�î=ï�ð�ñ øA@CB .=ú X v 2 D � NDC

y bFE�R 380 mm
�

He Bag
ø�G ��x He Bag

�)H \9�&67vJI I�K M 4 µm L�ù�M&x
• N�M?O?Ö LQPCR�M[]@M?S 2 Ù0M N � l�T � NDC

�:U �E�mk
v?V4|
ß�üuLXW�Y�5KU V M&x!VK|Dß�ü�L � \9� � £ b?Z7vJ[��]\+^ 50 µmø ®C_�M7x
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`
2.10:

þ<a t&ú NDC
� äCG �cb�d `

(
T 7 ` ) xcegf?h<i<j�� �6k<l am Ù=M?n�o)p K?q ^ RIPS

ø ®J_<r�ogptsvu)w�xzy�ú 23,24O Z RIPS
�

{ �6|
}c~ G ùCM Q magnet
øA���A� $�&���� ���!�<�_ùCM�� Q magnet�<U6� } ä�G xzy_ú 2 D � NDC
} /.���g���5ã�� � 23,24O

� �<�:�)���� ü�\ � ø���a ù�M%�
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ü0M?�g^��7ïmðKñ } /%M��!� ý�0 ZA�!�)�+� B 2 y�M ( ����Z APPENDIX�g�
)
3

θ0 =
13.6 MeV

βcp
Zinci

√

x

X0

[

1 + 0.038 ln
( x

X0

)

]

[rad]. (2.1)

β c : �g� Zinci : �<�� :¡ �%¢�£ x : ¤g¥ ��¦ x X0 : ¤�¥ ��§ �<E
�©¨ � x/X0 W �,ª Mc¤�¥ � ü�M��J^��:«�¬g­#®�¯�°J± � M � }  �M6�²C³ ��´ 2.3

}%µ  �¤<¥ �c§ �:E¶® �
·:¸ ´ 2.4
} Z NDC

�6¹ pgº�»gw�
x/X0

� 4
/�5 NDC ¼g½ � x/X0 ® *C¾ ��´ 2.5
} Z NDC

�?¿ ��À
Á

(He Bag
� VgÂJÃ�Ä �<ÅgÆ )

�
x/X0 ® *C¾ �

¤�¥ § �gE X0 (g/cm2) Çg� (g/cm3)

He (20 È � 1 atm) 94.32 1.66 × 10−4

C2H6 (20 È � 1 atm) 45.66 1.26 × 10−3

Ar (20 È � 1 atm) 19.55 1.66 × 10−3Å�Æ
(20 È � 1 atm) 36.62 1.20 × 10−3

W 6.77 19.3

Al 24.01 2.70

[��]\z^ 40.58 1.42

I q�K M 39.95 1.40

´ 2.3:
µ  %¤?¥ �+§ ��E ( [6]

�?�
) � $g&��#� � } 4<_�r � Target Cham-

ber /C�ÊÉ | �6�g�¶Ë0M�n<W�ÌgÍ ¾ Mz¤:¥ }!Î _:r�Ï�Ð ¸ � ·?¸ $g& �)Z
NDC

�%Ñ ;�Ò?=�Z He-C2H6(50%) ®+ÓgÔ ¾ M�W ��Õ�Ö K�q ^ $�& ��Z�×
=Ø\ÙÔJÒ�=�L�Ú+r Ar(90%)-C2H6(10%)

- ÓgÔ¶Ú ¸ � � ��Û · � } Ar
�

§ �<E - Ï�Ð)r)_�M6�
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¹ p<º)» µ  �Üg¥ x/X0

He-C2H6(50%) (20 È � 1 atm) - 0.79 × 10−4

anode (× 8) W 1.20 × 10−4

potential(× 8) Al 0.75 × 10−4

cathode (× 9) [��Ý\+^ 2.36 × 10−4

window (× 2) [��Ý\+^ 0.53 × 10−4

NDC + He-C2H6(50%) - 5.63 × 10−4

´ 2.4: NDC
�+¹ p!º<»!w � x/X0 �!Þ q6ß)��à:áJ�câ�ã �<Z � ¦)ä x(cm)

® � x = πRw
2/C L<Úzr â<ã Ú ¸ � Rw Z.Þ q�ßC��å)æ � � C Z<ç �gèq?é � Î · � � ç �:è�q:é)� ¨!��Þ q�ß ®cê?ë } Á�ì x+Ð)rg_�M%� (  ?4 �

�g� Á�í�î }zï�ð ®A� B Mz¤<¥
Z NDC1
�)H�ñ � ��� ¤<¥J� ª M�L?Úcrâ?ã Úcr)_JM6� ² � ¸<ò NDC1

� ¤�¥ � Z â?ã }�óCô ��_� g_?� ² � eõ Z NDC1 ��ö�÷�®�ø a Ú ¸gª L � Ë�M?n�W � NDC2
� " � ~ G ��ù H

xcy ¸ S } /.� � Ë�M�n:� � �g�g�g�CW�ø a xcy�M ¸:ò � ª M�� )

¹ p:º�» µ  �Üg¥ x/X0

À
ÅgÆ

380 mm (20 È � 1 atm) - 12.5 × 10−4

Á
ÅgÆ

65 mm (20 È � 1 atm) - 2.14 × 10−4

ÂHe 380 mm (20 È � 1 atm) - 0.67 × 10−4

Ã ú ��û n?ü�ý!þ H � ñ I qJK M 4 µm ×2 0.28 × 10−4

Ä V<ÂCÃ6Ä [��Ý\+^ 50 µm 1.75 × 10−4

ú �6û n!ü]ý�þ� 
Ú (À+Á+Ä) - 16.4 × 10−4

ú �6û n!ü]ý�þ ª � (Á+Â+Ã+Ä) - 4.84 × 10−4

´ 2.5: Ë=M!ngÉ | T � NDC S 2 V:ÂJÃ6Ä · � } ª M+¤<¥ � x/X0 (
¸gÿ

Ú NDC Z���� ) � Á Z NDC � a��.G ���
	  #" � ú ��û n�ü�ý�þ�®��ò 2 y�
g_ ��	 } ª M Å�Æ ®���� ¾ M6�
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´ 2.6
} Z 23,24O �c�����������
� T

����� ��! ���J^��:«<¬)­"���
2.1
}$# º�
 23,24O �c�)� � p % β ®'& ¾ �

�)�¶Ë(��n T p β

23O 71 MeV/A 371.8 MeV/(c s A) 0.368
24O 72 MeV/A 374.5 MeV/(c s A) 0.371

´ 2.6: �)�¶Ë �?n()
*�� ! �)�C^ �<«<¬g­��c� 2.1
}+# º"
 23,24O ���

� � p % β ®'& ¾ �, É-� NDC � x/X0 ( ´ 2.4)
�

He Bag s/.:Â.Ã�Ä s ÅgÆ � x/X0 ( ´
2.5)
�

23,24O ����� � p % β ( ´ 2.6) � 0�®z� 2.1
}�1 �ÝÚ%r3254Ay ¸! ���76��:«<¬)­<�#®A´ 2.7

} & ¾ �
�)�¶Ë(��n He Bag

ª � / 
�Ú x/X0

! �)�86 �<«<¬)­<� θ0
23O 
�Ú 22.0 × 10−4 1.24 mrad
23O

ª � 10.5 × 10−4 0.83 mrad
24O 
�Ú 22.0 × 10−4 1.18 mrad
24O

ª � 10.5 × 10−4 0.78 mrad

´ 2.7:
! �)��6A�?«g¬�­g�)���)�¶Ë �?n:9 23O/24O �;%3< � He Bag

ª
� / 
�Ú=� à�á }�Î�> r�& ¾ �
2.2.2 ?�@�A�B�C
³<³ ��D � NDC ��E"� ~8F Á<í�î 9��g� Á<íJî }�G
HJI Ô ¾8K(L ®$MN ¾"K �?� } NDC �(E;� ~�F Ágí.î ® 100 µm %PO�QÝÚ$R!�)� Á�í.î

σθNDC ® â:ã Ú � { � } ! ���76A�:«�¬)­g� θ0 % σθNDC ® Û�S Ú ¸ ¼½����g� Ágí�î σTotal ®T& ¾ �
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,�U�} O:Q�Ú ¸$V-W ®�& ¾ �
• NDC � ¦Cä(X�Y ��Z+[ } ����K ~"F Á�í�î \

100 µm

• 2 ]�� NDC ^��-Z$["^ _�` l
\

454 mm ( a 2.10)

�g�#Ë��3b-�%ö<÷8D NDC1
�

2 �+c�Z�[�dJÉ-� 2 d (x1, x2) ®�e ô �6ø òK �c�g�¶Ë���b�D ��f
g$h"i } NDC
} ��j ¾�K!¸?ò  :¡��c�g� θ Dc�<�� � Hc}$k�l ��< K :

θ ∼ tan θ =
|x1 − x2|

l
. (2.2)

³ ��%�<�ö�÷©®nm > R�2�4 y K  :¡;�%�:j<���"� Á�í�î σθNDC D � �g���´�xcy K :

σθNDC =

√

σ2
x1

+ σ2
x2

l
. (2.3)

NDC � ~�F Á)í.î σx ® σx = σx1
= σx2

= 100 µm %oO-Q Ú ¸ �<� �
σθNDC D �

σθNDC =

√
2 × 100µm

454mm
= 0.31mrad, (2.4)

%�
 K �
{ � } � ¼g½��%��� Á�í�î σTotal ®A´ 2.8

} & ¾ �
����Ë �nb He Bag

ª � / 
©Ú σTotal

23O 

Ú 1.28 mrad
23O

ª � 0.89 mrad
24O 

Ú 1.22 mrad
24O

ª � 0.84 mrad

´ 2.8: ¼<½"���<� Á<í�î ���g�#Ë ��b
9 23O / 24O
�

He Bag
ª � / 
�Ú� à)á }!Î-> R(& ¾ (σTotal =

√

σθNDC
2 + θ0

2) �
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p
3 q r s t u v w x

y:z �-D � NDC ��{ î3|
} }!Î�> R ~�� K � · � D"� ò-��� ×-��� Ô
Ò3� Ar(90%)-C2H6(10%) ®�ÓgÔ#Ú ¸ àgá �%ù��T��� ��� F Á:í)î �:��¾K � I ¯:{�®���� � � �$�:Õ 6 ����6o�-�-��%T�;� He(50%)-C2H6(50%)

®�ÓgÔ¶Ú ¸ à�á � Î�> R ��� K$��� � �$� ³ y�4�� � QJ� 2�4 y ¸ )n*#®� % ����Õ 6(�n�"6����7�-���
��� I ¢
� ®T� ��¾"K+�
ù��'�:� � Q � D �3�: 8�$¡ â 932�4Êy K β ¢©®zÔ > ¸ � ê X � β ¢"D

¥ � 9 £�x�� �8! ���76Ê�?«:¬g­"� ï:ð 9 Å < > ¸?ò�� � F Á<í�î � � Q� D+��x�
 > � ²J³ � �:� F Á<íCî � Q � D$¤8¥3¢#®zÔ > ¸(�¦ 
8§ ¸!� Q¨�:��©�ª;D � ,"U ��Ì=«A� ª�K (
y�¬�­ � ¹�®�¯ %�D °
 K )

�
1.
Ñ
± Òn� � Ar(90%)-C2H6(10%) ®cÔ > ¸ β ¢:²:Q

2.
Ñ
± Òn� � Ar(90%)-C2H6(10%) ®cÔ > ¸ ¤7¥�¢:²:Q

3.
Ñ
± Òn� � He(50%)-C2H6(50%) ®cÔ > ¸ β ¢:²:Q

4.
Ñ
± Òn� � He(50%)-C2H6(50%) ®cÔ > ¸ ¤7¥�¢:²:Q

NDC DgÉ(³)Ô�% U ³�Ô�� 2 ] ª�K�� ��´:�
® NDC1
�

NDC2 %oµ;¶K���·8¸ D NDC2
� Î-> R({ î ×��¹� ® ¦ 
�§ ¸(�³:³ L 4'D+º:»�É � c3¼"� ½3¾�® ,:U � � H ��¿�À�¾7K+� (

¸?ÿ Ú � ç�ý�ÂÁ,ý�Ã���a � a 3.4
����� a 3.9 Ä ��� �

• X1 → X1

• X’1 → X2

• X2 → X3

• X’2 → X4

• Y1 → Y1

• Y’1 → Y2
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• Y2 → Y3

• Y’2 → Y4

3.1 Å�Æ�ÇÉÈËÊÍÌËÎÐÏÑÈ
��ÒÔÓ:��Õ8Ö
6�×(� � D � Ã
� ��Ø�Ù !nÚ 6�ØÜÛ��-×:ÄTÝ:Þàß �âáäã �Ú 6'ØàÛT��×�å NDC ÄTæ8ç+è8é � H �$ê F ß ��ë ��ì���6 Ú�í 6��(î�ïÄÜ� Ò'Ó:�¨%
ß+ð ( a 3.4

� a 3.9 ñ�ò )
� ð:ó�ß � ¤7¥�¢:²�Q7��å�D-Ã���:Ø�Ù !:Ú 6$ØôÛ'�8×n��õ�ö"9(°�÷ K ( ø 3.1

� a 3.1)
��ù y�D�¤8¥n¢-²Q8� � D � «ûúà<�÷ ü:ý�þ¨Ä�ÿ�ÞÜß�R�������Ä���� K ð��
å
	 K��

Plastic scinti. õ:ö
β ¢�²
Q PL1β 30 mm × 30 mm × 1 mm

PL2β 45 mm × 45 mm × 5 mm¤�¥n¢
²:Q PL1µ 100 mm × 100 mm × 10 mm

PL2µ 100 mm × 100 mm × 10 mm

ø 3.1: ��ÒTÓ��
Õ�Ö:6�×
���$õ:ö � PL1 D NDC �
���-Ã:� �
Ø¨Ù�� Ú6�ØàÛ��-× � PL2 D NDC � X ��Ã:���nØ;Ù�� Ú 6'ØÜÛ��-×�ÄTø�� �����
β � ��� µ D �"ë y��!y β ¢�²
Q�Þ��Â¤�¥n¢
²�Q�Þ¨Ä�� � �·8¸(�

β ¢�²
Q � Ý-Þàß�ð 90Sr/90Y ¢"! (Qβ− = 2.282 MeV )
L 4$#j�x%y K β ¢%� � ú"&�'�D�Ã��3�
ØâÙ(� Ú�) Ø�Û*�7×
Z3å
+ 1 cm (AP-

PENDIX ñ�ò ) å"	 K ð
� � å-, K�. « β ¢ �0/�1;Ä32�4 K ð�� ��� NDC

�5�-�-Ã��3�
Ø�Ù
� Ú�) Ø�Û0�7×��76�ç98 1mm
� ß�ð �-: ð β ¢%�7;< 8�=�>?�7; < �@+ 1840 A?� 1 � £�x@B-ð�� � �
�5C )ED�F�G"H þ�I3ú

,�B �8ë �:ð�� β ¢�I NDC �7J�K"L�MON (99 mm × 99 mm) Ä0P�Qôßð ù ��Ä�R�S
��T3ð�� � β ¢�²�U � Ý:Þ
��T�Ã�����Ø;Ù�� Ú�) Ø�ÛE��×
8
NDC �7J�K"L�M ��V ß�W�X"A
£ZY@B�[7��\ � ß+ð �
]�^ � ¤�¥(¢:²�U�å98 ��_�` � β ¢ ��acbed T(f�g-8�h B(i�ß*j;ßlk�¤¥n¢%������mn8��?�(o-��[�p�\�q�r"s 1 t"'�uv�lw"÷"B�i ë ��ð��(k�xy�z ²�U"å�Ý�Þ5�-T�Ã
{(|�Ø�Ù
� Ú�) Ø�Û0��×��
[ p�\58 NDC ��J"K
L�M}��~�'�u-� 100 mm × 100 mm (10 mm 6 ) q�ß3k�����m�Ä*���-ð�i
(
ë �@���"k�x y�z�� ÒTÓ"������m%8 0.13 cps '�u�ó��3ð ) i
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�
3.1:

� Ò�Ó
��Õ�Ö ) ×���i PL1 8 NDC � �-��Ã
{�|:ØâÙ(� Ú-) ØÛ��-×�k PL2 8 NDC � ^ �-Ã�{7|nØ�Ù@� Ú�) ØàÛE�-×
ÄTø5��i ��� β ����
µ 87k ë(d � d β

z�� U�Þ���x y�z�� U�Þ¨Ä�����i
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3.2 �������
�@�9� Ä � 3.2 q��
�7i � U �@� 8 β z�� UZ��x y7z�� U�å�~���ó(I@k(Ã
{�|nØ;Ù@� Ú5) ØàÛE��×�k7����>������-����������k CFD ����U�k Delay�5� 87 �÷ T�i ù@dcb �(�"U9¡nq�¢�B"W�8(k APPENDIX q@£ ¤�ð�i :ð�Ý�ÞÜß+ð�¥5¦�§���¨�©%�@ª�«Z¬ APPENDIX q�£
¤8ð�i TDC � Time

range 8 3.2 µs å(k common stop ¥
�v­äå í ��×"®�¯
°àß�ð�i

�
3.2:

� U ���-� i NDC j b �3î�ïZ® AMT-TDC � start q�± d k
PL1β,µ � PL2β,µ � coincidence înï²®�³ b ¤
W AMT-TDC � common

stop q*± d T0i coincidence î3ï%® 2 µs '�u
³ b ¤ T�ð
��� Delay 8�k ( ´: ß5µP÷�B�I ) gate generator å@¶�Þ�ß�W�B9T0i : ð coincidence ¥
¦(§7�
¨ � VETO q�87k input/output resister j b � busy î�ï·®�± d T@i
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3.3 ¸º¹¼»¾½À¿
Ó�|(Á"Â
Ã²® � 3.3 q@� �(i7Ó�|�Á"Â9Ã%8�Ä�ÅnÆ9q 1/4 p ) Ø�Ç9È·®Ý�Þ�ß�W"B
T�i¨ß�j;ß�÷�I b NDC �"É�±�Ê�8 4 mm å9	9T�ð���k 4 mm

→ 1/4 p ) Ø9��Ë�Ì�×�Ù�Ø�¦nÍep ) � ì7Î��
×(�5®�Ï�ß0W7Ð�ÑÜß�W�B5T�i

�
3.3: Ó�|�Á�Â9Ã"i"Ò )*Ó N(�@Ô:ý²®*/���Õ�å 1.2 atm q@/��Üß0W-Ó�|

®0Ö �7i�Ö < �?q�×?4(Ø%Ù b3d ð�Ö <9Ú�Û
Ü ¨%Ý ( Þ��ß­à¨ Ü ¨-Ý ) å�Ö< ® Ú�á � T�i Ü Ý"{
���âÒ�×(� ) ® a W(k@âÜß µ�ã�Ô�I�ä�÷�å d W�B�Tù ��®�æ"ç5� T7i
Ó�|�è7Ì%é�8@k 20 cc/min '�u8å�ê�ë�Û�� � ßlk�Ó�|�è@Ì I�ì9å-��ð@�

(10
� è(Ì
� ) 87k�Ö < �-�îílï"å�ð-�:÷9B�µ b B�w8÷9B(Ö < (

Ü Ý
{��
�âÒ+×�� ) I 10 ñ 20 s%q 1

� µ b B
	9T�'"u ) å�ê"ë�Û�� � ß+ð
i÷�ò(k Ü Ý�{�����ó�ý%q�8 Apiezon oil ®�ô"õOö�W�òc÷øk Ü Ý"{����7�
��N*ù-8 6 mm ú9	
T ( �9A-� 1% '"u-��û�|(�-��Ë�ü�I¼­7ý0þ �àÿ�� )Ü ��� � ¨9|"� ��� q�� b�� ®
	��
� T���
²¬��²÷øk�Å��
8����
N�ù����
,�Y(8@´ : ö µ���B�i )
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3.4 β
� ���

NDC ���������î®���U�  T"!�#�k"$îÉ�%�m&� � Uî®0ä�����!
i � U%q
87k�')(
I"*�+ q7° b3d T β z-, ®0õ B�!(i�ô"õ�ö.! β

z/,10
90Sr/90Y

ú
k Qβ ¡ 0 2.282 MeV ú2�9T7i�!�3-öEk z/, �54�6%q 087 Y 0.1 mm

� Al 9�I��O÷øk�:/;OY d T β z �=<���>�Î
¨@?"A 05B/C � d�D ÷FE·Y?µ
��T@i
β
z�� U � ��GIH �KJ H�L9® � 3.4 q5M� (i NDC

0
β
z ��±�;�N j b

X1 6"k X’1 69k Y1 69k Y’1 6
k X2 69k X’2 6"k Y2 6
k Y’2 6 O���TD�P q.Q�ènö.!
i
β
z"� U�ú 0 k/R"��U"����rîq 5000 p ÓTS �FU _ k � Uî®�ä��-�V!
i
$nÉ=%�m 0.W-X D ÷�°&! Y

$îÉ�%"m ε =
NDC ( R�6 )

PL1β ⊗ PL2β
. (3.1)

X é���$nÉ.Z)[ 0 R-$%É�Z5ú"\�]-I�$îÉ
Y d !�p ÓTS �_^ ®a`1b" �T@i

�
3.4: β

z9� U � �-GTH �cJ H�Lei zd,10 90Sr/90Y ®@õfe�!�i β z�0
NDC q X1 6�N j b ±�;2 -T�i
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3.4.1 β gihfjlkIm�n Ar(90%)-C2H6(10%)

cathode wire O potential wire q"���� -T0�"�î®�o d�p(d Vc k Vp ú
4}öEkvý=A2q"rts S � ® Ic k Ip ú�4@ �i Vc = Vp = -1300 V �IO"u Ic

= 10 ñ 20 nA k Ip = 40 ñ 50 nA úd�dvVw
k Vc = Vp = -1350 V ��O
u Ip ñ 500 nA x(ú ] Ô?q²ý�A2qVrts S � w7�"�� @v�i1�V� ��y ú�:"�
w�zTu5{/edv�O�|/} bld v"�
ú�k5~���û
|/w Ar(90%)-C2H6(10%) �fOVu
q 0 k |Vc| ò D�� |Vp| ® 1300 V

U)� q��-��ö�!�i
ASD r)A ­ q��)�� &v
|�s�H��îÍ�¨À­���� Vthre

0 k VME q�s�A �
��� , w OFF �5�-��ú 0 k Vthre . -200 mV ú��1��p ��� p�� 0������
��µc�2vVw(k VME qfs�A � �@� , ® ON q� �vfO k Vthre ®7ò D o -1.0

V q�ö.�9Ù ��� �&��p �
� p��-wV��}���j��"!�i ( �%q X1 6lO X2 6îq02� p��/w2�·÷��) �e��@��wd�)v7i1� ��0 k X1 6lO X2 61��Ä��?q0Ð"Ñ
ö�! ASD r�Av­��5�ºµ*q�� cathode �"�lO potential ���1� � �"�-�-�
{
p S w)�)vd�2O�w����V &��¡1O�¢TO�ö={�|-} ��� v5¢ ) �f��£ ��� £��
w 10 kcps ¤"u�ú)� �2� � TDC � Time range 3.2 µs � �)¥ �1��£ ���
£��-w
± ÷F¦@§�¨d
 0 0.032 úd�dv�!�#���©(þ �aª��"J�« ú TDC � ch¥�¬ A � ®���Ù-v���­5�5®�¯5ú�° C/±�² ú@u�v DdP ¥ �dv5¢.³2´ ¥�µ A)¶
®*¯9°�ö={�·�{"� Vthre . -750 mV ú2� ���2� £���® ±-² ú&uV!V¢
¸

3.5
¥ $îÉ�¹�ºd» ¥�¼½� ��e�R-6���¾�$²É5%�¿O®=M� (Vthre = -1.0

V) ¢t­5�.6�¬�À"��w � e)Á1­c$%É�%�¿Z¬ � µ��2v�¢�� �20 ��À���w � e
O���G�¨f��Â?ú�Ã�Ävö�!�À�Å�Æa$²É�ú1u/v D�P ¥ �@v�!-#"ú���v�¢fo?ö
{�� Vc = Vp = -1200 V ú�L-Ç�È�A ¥=É ö.!�¢¸

3.6
¥ $?É=%�¿�OK$%É5¹"º/»&�-Ê5Ë�Ì�M�ö5!V¢.Í�Î�w�¾-$1Ïa%/¿iÌa4

ö��"Ð/Î�OKÑ-Î�w)o � p � �.6 úd�.$1Ï.¹�º�»�w 1 (M1) ú)�dva��
�O 2

(M2) ú��dva��
@�.$1Ï=%/¿iÌa4cö={-edv�¢ X1 6�O X2 6Ò� M1 �5$�Ï
%-¿�wVÓÕÔ���Ö�{�e2v�w�� Vthre ≤ = -1.5 V

¥  �v&O�� X1 6½O X2 6��
M1 ��$�Ï=%-¿ 0�× �.6½OaØV¤/»ix(ú «�Ù  �v (APPENDIX Ú-Û ) ¢
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¸
3.5: $fÏa¹�º�» ¥�¼�� �"e�RV6@�a¾�$�Ï�%"¿ (Ar-C2H6 (10 %) � Vthre=

-1.0 V) ¢ Vc = Vp = - 1200 V ú�L-Ç�È�A ¥=É ö.!�¢
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¸
3.6: $fÏ
%�¿ O@$fÏa¹�º�»Ü��Ê�Ë (Ar-C2H6 (10 %) � Vthre= -1.0 V) ¢

Í�Îdw�¾�$fÏa%�¿/�aÐ�Îdw multiplicity 1 �.$fÏ�%�¿/��Ñ�Îdw multiplicity

2 ��$1Ï5%/¿ÝÌ�4@ �¢
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3.4.2 β gihfjlkIm�n He-C2H6(50%)

He
0Þ�)ß À�Å ¥ ®� &v W àfw 41.3 (eV/ £/á S ® ) ú��Z÷â� Ar �

26.4 (eV/ £/á S ® ) O�ã�ä@ fv&Oc��u�e�¢fo/�)!/#2å�æ�À�çTÌ � Ô(ö��è ��� � � �-e/w��/é�
�ö�! quench gas �5¨d
2w 50% O � ed!�#�� Ar

(90%)-C2H6 (10%)
D ÷�Æ�:)À�ö ¥ Ô�e�¢

À-çTÌ «2ê v ¥"ë/� �-ìd�2í ¥ ýaA�q"rÝs S ÈîwVï�æ�ö�� Vc = Vp =

-1900 V �1OVu Ic = 10 ð 20 nA � Ip = 120 ð 150 nA ú��dv�wV� Vc =

Vp = -1950 V �&O�u Ip ð 200 nA x7úOý
A�qVrIs S Èñw.ï/æ2 2v5¢�o"�
!�#�~-�-û/ò/w He(50%)-C2H6(50%) �iOVu ¥�0 � |Vc| O |Vp|

0
-1900

V
U2�)¥�ó ��ö�!�¢
¸

3.7
¥ $iÏ�¹�ºd» ¥�¼½� ��e�R-6���¾�$IÏ5%�¿ÝÌ=M� (Vthre = -1.0

V) ¢ Vc = Vp = -1600 V ú2L)Ç�È�A ¥.É ö�!�¢¸
3.8
¥ $&Ï=%�¿�OK$1Ï5¹"º/»&�-Ê5Ë�Ì�M�ö5!V¢.Í�Î�w�¾-$1Ïa%/¿iÌa4

ö��/Ð-ÎlOKÑ-Î@w M1 O M2 ��$1Ï5%/¿ÝÌ�4}ö�{)e2v�¢
~���û�ò ¥ Ar(90%)-C2H6(10%) Ì�õde�!�´��5$fÏa%/¿@ô.Î (

¸
3.6) O0.õ �c÷ö� He(50%)-C2H6(50%) Ì�õ�e)!�´ ¥-0 � X1 6&3 è w × �.6½Oõ �O÷ M1 ��$&Ïa%/¿�w�Ó÷Ô��2Ö5{/ø�÷â� X2 6 05× �=6�O�Ø�¤/» ¥ �2Ö

{�e�!V¢1���-!�#�� X1 6½O X2 6 ¥.�l��� v M1 ��$1Ï=%/¿&��Ó �)0 �� £���scù-ú)w × �56 ¥ ãdû){ � e1�dO�wVü@ý)3�Oa|)} �
� v.¢ ( R/þ-�ÿ � � £���s�ù-ú ¥"ë e-{ 0 APPENDIX Ì�Ú-Ûd¢ )
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3.7: $@Ïa¹�º"» ¥�¼�� ��e.R�6@�a¾�$fÏ
%"¿ (He-C2H6 (50 %) � Vthre=

-1.0 V) ¢ Vc = Vp = - 1600 V
ÿ L-Ç�È�A ¥=É�� !�¢
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¸
3.8: $@Ï�%"¿ Of$@Ï�¹�º�»Ü��Ê�Ë (He-C2H6 (50 %) � Vthre= -1.0 V) ¢

Í�Îdw�¾�$fÏa%�¿/�aÐ�Îdw multiplicity 1 �.$fÏ�%�¿/��Ñ�Îdw multiplicity

2 ��$1Ï5%/¿ÝÌ�4@ �¢
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3.5
��� �����

NDC �����/À-çiÌ����2 @v"!�#V�
	��"ÎiÌ�
�e������ C�� �Vþ-�iÌ��� Ö���¢�� ¥�� û�� DdP ¥ NDC ��� ����� C!� � 0 �#"-À%$�Å&�('/;!�
�*)+'�;!,-» � C!� � ¥�- Ô.�%/�º�0 ��1 ÿ3254 � NDC ��6%7/À-çIÌ98
��:@v9;�<=�(0&ý?> � v�¢
	@�"Î�þ-� ÿ�A ��B ó ��À-ç�C ¥ 10000 £�ù5DIÈFE « �/þ-�ÝÌ(� � Ö
��¢#	���Î-þ/�HG3�JI?K1ÈML=K�N ¸ Ì ¸ 3.9

¥(O :V¢�	P��Î È�Q.R�S%T ª
DIÈ#UVS½È A 0.13 cps ¤�» ÿ�2 ÖJ��¢
W�W ÿ3A � X#Y�� TDC ò!Z [tÈâú)í � "-À!$�Å&�(\�]��@� ¥(^!_ :@`a3b ��c�d3e&f"ë�g!hji=k=�

(3.5.1) l3m f a3b ��c ÿJnporq �#s-þ 1 íoHt Q9uÝÈwv�x�Dzy�Sj�({ �P| Ìr}H/P` dje fVë�gjh#i�k :H` (3.5.2) ~(;�&f lj����R�ò f Ar(90%)-C2H6(10%) Ì(
 g �%��� NDC ��� ��{ �|
(3.5.3) l��!�&R/ò f He(50%)-C2H6(50%) Ì(
 g �%��� NDC ��� �

{ ��| (3.5.4) Ì O :#~
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�
3.9: 	@��Î-þ3�@GP�%I?KiÈ�L&K�N�~ β Î)þ��HG5> A���� f l Y’2 �P�

í o 	��"ÎH�#'���: `P�H� f NDC Ì#� g �
~

42



3.5.1 ���@�=�?���
aPb ��c A l golden event ( B�� ÿ M � 1 ���"ù�DTÈ ) ���P� f�ëPgh � � Ö
��~
t Q(u���GP�#{��2í o �=�# �¡H¢H� ^�_ (STC : Space to Time Con-

version) � d�e Ì O :#~

• £ 0 m STC

	��VÎ�� NDC
f#¤
¥ f '!� �Vh!g `H>M¦%�P:H`H>§l#¨
©5ª q `���ù�D

�«© A 	��"Î ��'!���H� f � o Y ¤ � ÿ32 ` ¬
dN

dx
= C (const.) . (3.2)

x
A

anode wire ­aü%® f >.Ö#�&>�¯���°!± dH² (x
d@²

) ��³j´�l=µ � ÔA�¶=· d=²
(y
d&²

) ��³!´�­9¸@:�~ W �?>J¯ t Q(u¹��G3�#{3� A l%m�ºÿ ¸�»=` ¬
dN

dt
=
dN

dx

dx

dt
= C

dx

dt
. (3.3)

��Ö h t Q(u¼��G��#{��?­V½�{�: `@> t Q�u¼�¾³j´ � n¿ozq ` ¬
x(t) = C ′

∫ t

0

dN

dt′
dt′ (C ′ = const.). (3.4)

� ø TDC
A

common stop
d º � � ÿ l!º�À!� t

A
TDC � ch T > A

EPÁ3�@��� �PÂ�Ã f � ` :

t = −T + t0 . (3.5)

t0
A
t ��Ä�Å(®�í o§Æ�ÇjÈ �@`P�H� f 8H/P�Vá=u#I�K&� ÿ32 `�~W � ��h n¿orq � t Q(u¹�É³!´5­�£ 0 m STC >�Ê�Ë�l X0(t) >�¸H:�~� í � � � o X0(t)

A�2 Ô9X ÿ anode wire í o � x
d&² ³�´Pl&X!� A

y
d@² ³j´ ÿ3254 ljÌ�Í Î ÿ�A anode wire �#Ï%Ð�Ñ Ç&o �?­9\!] � ��íÒ ��ÓH�
ÔTÖ h3g `�~ x � (y � )

A
4 � 2 `%� ÿ l Õ�> ë � a�b f�ë ¯

anode wire �#Ï%Ð�Ñ Ç�o ��­V\�] � �"í x � (y � )
f Â �(h

24 \ 4Ö2
`�~ W � 4 ���� �¡5­ · Î ÿ fit

� l fit
ÿJnporq ���@�5>cþ���à�>���×

� χ2 �#;¼µ.Ø5ª g#Ù �3»&­�Ú � a�b >Ö:@`�~
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• Ô%×3ÛjÜ
a�b ­ · Î x(z) = a0 + a1z

ÿ
fit
�9h n¹o.q ���@��>�þ�� ÿJn¹o.q ���

��>(��Ô!× (dx = xi − a0 + a1zi l�Ý%Þ i
A
i � È�ÿ ���@�H­9¸�: )

A �
��ß%à!Ó�­Öá�â3�J/#l W q ­VÛJÜ�:@`Vãj0H� 2 `(~�Ô%× �(���#ß%à%Ó�­�Û
Ü � � � � STC ­ STC1 >9Ê�Ë�l X1(t) >§¸H:�~jÔ!×�{��&­ dX0(x) >
¸H:5>�l STC1

A m!º ÿ#ä@å5ozq ` ¬
X1(t) = X0(t) − dX0(X0(t)) . (3.6)

W ��Û%Ü�­9æ 4èç � l!Ô�×!{P�&­ dX = 0
f�é%ê ª9»&`�~�jë ljÔ!×%{��@�3u!ìzK.íHì3DJî Â © f A l3IJï���ð�>(LPñ
S t.ò �Jó

���@�!ô�ÄHÅ@> � `���� f(ê�õ%ö3÷ ­�ø å ��ù!ú!ºPl
dX0(X0(t)) = (X0 − 0)(X0 − 3.0)(P1 + P2 ×X0 + · · · + P6 ×X0

5) ,

(3.7)

­(
 g ��~

•
a�b �!c � ��û

�
3.10

f £ 0 m STC l � 3.11
f Ô�×�Û!Ü�� û ­ O :#~ W � û A lHR�ü

He(50%)-C2H6(50%) l�ý�ø�þ�ÿ Vc = Vp = - 1900 V �?>
¯
� X �?�û ô 2 `�~

44



0

25

50

75

100

125

150

175

200

225

0 50 100 150 200 250
TDC_Xplane

co
un

ts

0

2000

4000

6000

8000

10000

12000

0 50 100 150 200 250
integral_TDC_Xplane

co
un

ts

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200 250
TDCch

st
c0

�
3.10: £ 0 m STC � û ~ ý�øPþPÿ Vc = Vp = - 1900 V l R�ü

He(50%)-C2H6 (50 %) l Vthre= -1.0 V) � >#¯�� X � f â gjh � O�� ��~
Ï È � � A X �=��B!�=� golden event � TDC ü%Z=[¼�wï ( � u
I?K?��

) ­�� � 2�� »H�Hµ���~�Ð È � � A Ï È � TDC ü%Z@[ �wï=­9½!{ � �
µ��
~%Ï@Á	� � A TDC ü�Z=[ � ï
��½�{���­�
@I%ï��H����ô������ �
TDC � ch ­9"�þ�$�����'!����� f ��� ª(»�� µ�� ( £ 0 m STC) ~
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3.11: Ô%×�ÛjÜ�� û ~�ý9ø�þ!ÿ Vc = Vp = - 1900 V l�Rjü He(50%)-

C2H6 (50 %) l Vthre= -1.0 V) ��>J¯ � X3 � f â g�h � O!� ��~�Ï!�
� � A ÛJÜ#"Jl�Ð��$� � A Ô%×!ÛjÜ � � � ô 2 `�~ È � � A l�Ôj×��%�$�
ß�à�Ó�­Ö¸ �9h3g `�~ & g ¸ O A l(' g ®@ô�¸¼ª q `�Ô�×!{P�&­ X ) ô*�+ 4 f,�

gaussian ô fit
� ��>j¯��3À.-���­9¸ �(h3g `�~PÁ#� � A!È

� � ­ Y ) f0/�12� �@µ�� ( Ô!× ) ô 254 l3&�4 A gaussian
f ��` fit ­

¸H:�~
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3.5.2 5	6 798;:!<�=�>@?�A�B&��CED%FHGJI�ALK�MN�O A
APPENDIX ­QP�R3~

n �,��©
zi S ®$T o i �VU���³!´
a0 S ®@ô	��\!]	���
a1

t Q�u¼�èv@x�D.y S�¢��.W���X�Y
∆xi i �,�����#{�Z |
S1

∑n
i=1 1

Sz
∑n

i=1 zi

Szz
∑n

i=1 zi
2

D S1Szz − Sz
2

ri i �,�#Ô%×
¸ 3.2:

^ ©,���([
\ ���.]�^,_#l · 4

x = a0 + a1z , (3.8)

ô�¸a`#b `�~j{�c ∆rk _��JdJef��{�Z | ­ ¤ � ( ∆xi = ∆x ) g�b@`,g
EPÁ	�@��� f0hji ` :

∆rk =

√

1 − Szz − 2Skzk + S1z2
k

D
∆x .

∆rk _ k �H��Ô%×�{���­ gaussian ôHu!ìzKVí@ì#kJî � �Hg�¯3� σ g �(hn�orq ` ( s�l�m ) ~
X(�.n�Ø�o�p e=f �
` (a0,a1) �.q���r�Y,_�sPÁ	�@��� f%hHi ` :

∆a0 =

√

Szz

D
∆x,

∆a1 =

√

S1

D
∆x.
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NDC �(�P�!l X �H_
n = 4, z1 = −21, z2 = −15, z3 = 3, z4 = 9

S1 = 4, Sz = −24, Szz = 756

D = 2448

∆r1 ∼ 0.618∆x

∆r2 ∼ 0.786∆x

∆r3 ∼ 0.786∆x

∆r4 ∼ 0.618∆x

∆a0 ∼ 0.556∆x

∆a1 ∼ 0.0404∆x

(3.9)

Y �H_
n = 4, z5 = −9, z6 = −3, z7 = 15, z8 = 21

S1 = 4, Sz = −24, Szz = 756

D = 2448

∆r5 ∼ 0.618∆x

∆r6 ∼ 0.786∆x

∆r7 ∼ 0.786∆x

∆r8 ∼ 0.618∆x

∆a0 ∼ 0.556∆x

∆a1 ∼ 0.0404∆x

(3.10)

g�t�`�~
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3.5.3 uJvawjG�xVyjz�{ Ar(90%)-C2H6(10%)|#} 4�l!�,_�~��¼������þ!ÿ ( Vc = Vp = -1200 V l -1250 V l -1300

V)
f â g�h�� t�� �#~ a�b Z c&f ë g!h STC ��Ô!×�Û%Ü�_ 2 � � t$�

�#~ 2 ����ÛjÜ�ô
Ô%×$_ é%ê�� l�� ��� q s È ÛjÜ?­ � t?��g�l��Jï���À
-Vg��
ï#��ð,�j���Hk�� ©������	b���g g �f�.��������� � ��Ôj×!ÛjÜ�_
2 � f b��$g�q��a�#~
��b Z c?f ��e n¿oÖq �3�,�
{�Z | ­�¸ 3.3

f�� b�~J¸ 3.3 À�� ∆xk_��j�,�����#{�Z | ­Ö¸ � lJº 3.9 lJº 3.10
f �$e��H� � �#~ ∆xmean _�%�����$�#{�Z | ∆xk ��ø��P±���­$g�� �.�Hôa�#��~ ∆a0 g ∆a1 _�º

3.9 l!º 3.10 � ∆xmean ­0��W �0 �¡£¢¥¤ ����ô#�#��~�t ë�¦ · 4 fit �
º x = a0 + a1z � ë i � S ® (z=0) _ NDC À�§�� cathode �,�.���Jg�0 �¨ ��~

þ�ÿ - 1200 V - 1250 V -1300 V

∆xk [µm] X1 376.6 ± 7.5 284.3 ± 3.8 211.1 ± 2.9

X2 368.6 ± 8.9 283.1 ± 4.0 210.8 ± 2.8

X3 344.7 ± 7.1 241.7 ± 3.3 189.1 ± 2.6

X4 346.7 ± 6.0 244.9 ± 3.4 187.9 ± 2.7

Y1 397.2 ± 5.5 271.8 ± 3.1 193.2 ± 2.5

Y2 385.7 ± 6.8 267.1 ± 3.1 192.6 ± 2.5

Y3 311.5 ± 4.5 227.8 ± 2.6 178.6 ± 2.3

Y4 318.3 ± 4.2 231.0 ± 2.7 179.8 ± 2.4

∆xmean [µm] 346.6 ± 12.1 251.7 ± 7.8 191.3 ± 4.3

∆a0 [µm] 192.7 ± 6.8 139.9 ± 4.4 106.3 ± 2.4

∆a1 [µm−1] 14.00 ± 0.49 10.16 ± 0.32 7.73 ± 0.17

¸ 3.3: ý�ø�þ�ÿj�@� �({	Z | �3©�� (Ar(90%)-C2H6(10%)) ~ ∆xk _��
�,�.���3ª�Z�«@­Ö¸ � ¦ º 3.9

¦ º 3.10 ����e¬�H� � ��­ ∆xmean _.�%�������ª�Z�« ∆xk ��ø��P± �5­�g������Hôa�	��­ ∆a0 g ∆a1 _�º 3.9
¦

º 3.10 � ∆xmean ­���W �0 �¡£¢¥¤ ����ô#�	��­

49



 100

 150

 200

 250

 300

 350

 400

 1150  1200  1250  1300  1350

po
si

tio
n 

re
so

lu
tio

n 
[ µ

m
 ]

- Vc = - Vp [V]

position resolution, Ar(90%)-C2H6(10%)

®
3.12: Ar(90%)-C2H6(10%) ¯%° ¨ ��g�±����(²,�.�$��ª�Z�«#��ø(�a³´
∆xmean

3.5.4 uJvawjG�xVyjz�{ He-C2H6(50%)|#} 4�l�µ,_�~���¶�����þ!ÿ ( Vc = Vp = -1700 V
¦

-1800 V
¦

-1900

V) �Jâ ¨� �� t�� �3­
ý�ø�þ�ÿ Vc = Vp = -1900V �Hg ± ·0�#¸ ¹@º�kL¶»_ Ic . 10 nA

¦
Ip = 50 nA ô#����� ­ β 4�l�µ$¼H½�e�¾�·Q��¸�¹@º�k@¶À¿�Á@Â ¨ ��_ ¦|#} 4$� rate ¿3Ã ¨ �(�%ô��a�%­ � T � t(¿ ¢ ¦ HV Supply ��Ä�µ�ô	_
·¥�a¸3¹Jº�kH¶¬¿ 1 µA s	Å�Æ ¤ ��Ç�È trip b#�	½aÉ0� �Q (¨ ��¿ ¦%Ê(Ë
Ip = 50 nA Ì��a�3����¾3Í�Î ¢¥Ï ¦�Ð�Ñ Ä(µ2Ò   T ¢JÓ ¼�ÔÖÕ 20 ¼�Ô× �%Ø�Ù,Ú�� trip b��$g ¨ ÉQ����¿a�a�3Û3­#��Ü�Û(� Vc = Vp = -1900

V Ì	_�µ Ë Ú(t�Ý�ÞH�(_�ß�T�t ¨ T�¾	Ò ¤ t ¨ ¿ ¦Jà ¢ � Aging ¯ � t
É�á#g.��½�e�â�ã�b��Qä$«�å�_��#�.­
�#æ�ç�è ��½�e ¡!¢f¤ Û3é,ê�ª ç «�¯0ë 3.4 � � b�­ ë 3.4 ì�Ü ∆xkí ��²,Ü�é�ê3ª ç «�¯fë�Ò ¦ î 3.9

¦ î
3.10 �#½$ï�ðH�$Ò.Û3­ ∆xmean

í
�(²�Ü�é$ê3ª ç « ∆xk Ü.ñ��a³ ´ ¯$ò�� Û.ó�Ìa�#�.­ ∆a0 ò ∆a1

í î
3.9
¦�î

3.10 � ∆xmean ¯0ô�õVÒ  �¡£¢¥¤ Û�ó�Ì#�#�.­�t�ö ¦$÷�ø fit Üî
x = a0 + a1z �3ö�ù��Qú�û (z=0)

í
NDC ì�§�Ü cathode ²,Ü.é�êJò

Ò  �¨ ��­
ë 3.4 ¯Qü��$ò ¦ X1 ²£ò X2 ²,Ü%ó�¿ 15 µm ý(þ�ÿ ¨ ­��#� ¦������
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� Ì í ¦���� Ü	��

��� ¢ Ü���� ( ����ó ) ����åJ¯ � � Ò�Û�­@Ò��jÒ��
¿ ¢ ¦ X1 ²£ò X2 ²�Ü ��� ª�� í ¦ ��
���Ü�����Ì����� "!#�%$�&('	Û
Û�) (

®
3.5.4) * ����� � ¿#+
,�Ì í ��'#-J½�$�& ����� � Ü�.�*/��
#�

Ü��
�$Ì�01�32 fit parameter ¯54a°76829*L¾aÒ;: í X1 ² ò X2 ²	°�Ü
STC table ¯�°�<36%2��>=�Ü9��?#¿�@�A�Ì�B(2C-�D ÜCE�* X1 ²�* X2 ²$ÜF 

G�ºIH�J�ÜCK à ¿�L ç3M ¯Qÿ�N àPO &�'%2Qä M å�¿7B�2 Û�)�* X1 ²
ò X2 ²"!�Í�ÒP& à;Q ! F 

G$¯PR£òS6�Û
)�Ü�T�UJ¯�V(W32C@�A$¿7B72�-

Ð�Ñ
- 1700 V - 1800 V -1900 V

∆xk [µm] X1 184.1 ± 2.2 151.3 ± 1.8 132.8 ± 1.9

X2 181.3 ± 2.1 150.0 ± 1.7 131.8 ± 1.9

X3 170.3 ± 2.0 135.5 ± 1.6 118.8 ± 1.8

X4 174.5 ± 2.1 136.9 ± 1.6 116.7 ± 1.8

Y1 170.0 ± 2.2 131.0 ± 1.7 112.6 ± 1.7

Y2 169.4 ± 2.1 129.8 ± 1.6 112.4 ± 1.7

Y3 168.4 ± 2.1 128.5 ± 1.5 113.1 ± 1.6

Y4 168.1 ± 2.0 127.9 ± 1.5 115.5 ± 1.7

∆xmean [µm] 173.1 ± 2.2 135.4 ± 3.2 118.5 ±2.8

∆a0 [µm] 96.3 ± 1.20 75.3 ± 1.8 65.9 ± 1.6

∆a1 [µm−1] 6.996 ± 0.087 5.472 ± 0.127 4.789 ±0.114

ë 3.4: X�ñ Ð�Ñ !�½
2�L ç;M Ü�Y(N (He(50%)-C2H6(50%)) - ∆xk

í�Z
²,Ü.é�ê�L ç%M ¯fëVÒ[* î 3.9 * î 3.10 !#½�ï¬ð]\$Ò.Û�- ∆xmean

í�Z ²
Ü�é�ê�L ç;M ∆xk Ü�ñ�^a³ ´ ¯�ò�$�Û�ó�Ì7B�2�- ∆a0 ò ∆a1

í î
3.9 *î

3.10 ! ∆xmean ¯%ô�õVÒC&#_ QS` Û�ó$Ì3B32�- X1 ²Eò X2 ²HÜ�ó�¿
15 µm ý(þ�ÿ;'�- X1 ²£ò X2 ²,Ü �
� L(� í *"��
��#Ü��
��Ì����� 1!�;$�&�'	Û�Û
)�* ���(� � Ü#.�*a��
��#Ü��
��Ì�0	�32 fit parameter ¯4a°76	2�*@¾	Ò8: í X1 ²£ò X2 ²a°$Ü STC table ¯.°
<8682��b=.Ü��?�¿�*�� × @�A�Ì�B32�-
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®
3.13: He(50%)-C2H6(50%) ¯�°%'�Û�ò�±3Ü Z ²,Ü�é�ê�L ç3M Ü�ñ�^a³´
∆xmean

3.6 c dfehg d]ikjmlonqpkrtsvuwnhxzy
á�Ü9{$Ì í * β ø�| µ�*�}7~ ø�| µ�Ü����%� Q *��]����
	�[�(�a¼	ÜC4� Ð�Ñ ¯�� | 6;2�-��>���#
	���(�aÌaÜC�(�����
��* NDC Ü����	�
� í�7� Ü Ê ï;Ì�B32�-
• ��������� í 23,24O Ì�*;�(�#J8��� í�� 70 MeV/nucleon -
• NDC Ü����"�
� í He-C2H6(50%) -�7� !C4 � Ð�Ñ Ü����(T�Ua���86�-
1. '%�
';�������� �¡>¢IJ¤£ Ð�Ñ Ä�¥$Ì�¦b\C§�¨"© ø � | ¥86	2 ( ª

3.15) -
2. ���
 �¡a¢«Jt£­¬�¥�Ü�®	'8�9¯�KHÜ�®	'3°jòI±(¥£Ò9& ( ¦b\9§(¨1²

50% ÜJò�³ Ü ) ¬(¥ Ð�Ñ ó�Ü�Y(N ∆ V ò´¯�KjÜ�µ7¶�¨ MF PH Ü
ÍC·b�P¸3¹82 ( ª 3.16 *	ª 3.17) -

3. 70 MeV/nucleon Ü 23,24O Ü��7�
J	����º7» í * 90Sr/90Y � Q Ü
β
ø�¼ }%~ ø �b=�ÜC½�¾ Ð ��¿�À"!�Á(¹#* � 310 ¶�Âa³�' ( ª 3.18)

á�Ü 310 ¶�Ü � í * MF PH = 2 (∆V/49) ÜaÍC·;� Q * Ð�Ñ Ü � Õ
410 V !�Ã>Ä�6	2�-
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ª 3.14: X1 * X2 Å"!.ü Q[` 2 ��� Ü;��
����
���(��å7-%X%ñ Ð�Ñ Vc =

Vp = - 1900 V *%�
� He(50%)-C2H6 (50 %) * Vthre= -1.0 V) Üjò�³�Ü
X1 Å,Ü ��� Ü.é�ê�����å (

� �7Æ
) �C�%ª�!�* X2 Å�Ü ��� Ü�é�ê�����å

(
� �3Æ

) �5�	ª�!��%6�-
Ç;'3ë�� í *�È8'�û8É�ë�Ê ` 2 ��� L7�"� X ËÉ�Ì�Í ï5!	Î gaussian É fit Î�Û�ò#³3Üaì9Ï�ó>��ëÐÎC&�';2�-
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Ñ ��Ò«�(!9Ó�Î.ÛCÔ�Õ -1700 V * -1800 V * -1900 V ( ���� �¡]¢ÖJ¤£×¬�¥
ó í -1.0 V) !�Ø('
&�}3~ ø�| ¥%É3é�ê�L ç7M �9¸�¹7Ù����(*�é�ê�L ç3M²�½/Ú[Ûh:I�329Ô�Õ í -1900 V É(B72	áaò5²#Ü(�%$�Ù�-(D�Ý�Ù
)�*�½�¾�Ô��¿�À>!��;68294 � Ô(Õb� -1900 V ò;ü�ÞÐÚ
2�ò[* 70 MeV/nucleon Ý
23,24O !��%68294 � Ô�Õ í * -1900 V + 410 V É�*�ö"ß�D -1490 V ²�4� Ô�Õ£òà�(�aÊ ` 2�-
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X3, He(50%)-C2H6(50%), beta-ray

Vthre=-0.75 V
Vthre=-1.00 V
Vthre=-1.50 V
Vthre=-2.00 V
Vthre=-2.50 V

ª 3.15: �f�# �¡b¢àJá£´¬]¥�óâÝ�®Ð'a!/ß	2�¦ã\�§"¨â© ø Ý�Y]N
(He-C2H6(50%) * X3 Å ) -�¦ä\(§]¨â² 50% !1��2£ò8³;ÝbX	ñ]ÔbÕ
(Vcathode = Vpotential)

í * Vthre= -0.75 V ÝJò#³ -1454 V * Vthre= -1.0

V ÝHò�³ -1476 V * Vthre= -1.5 V Ý�ò#³ -1503 V * Vthre= -2.0 V ÝHò³ -1523 V * Vthre= -2.5 V Ý�ò#³ -1540 V ò9�32�-
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data

MFPH=2(∆ V /49)

ª 3.17: ε = 50% ò5�;2PÔ(Õ�ó"Ý�Y�N ∆ V òà¯�K1Ý�µ�¶�¨ (MF PH) ÝæC·(- (He-C2H6(50%) * X3 Å ) -�¯�K1ÝCµ�¶�¨ (MF PH)
í *(���� �¡"¢J¤£å¬�¥b�P¯�K"°HòI±�¥ÐÎ9&�_ Q�` Ù�ó ( çéè Vthre = −0.75V → −1.5V� QPê MF PH = 2 òI±�¥ ) - ∆ V ò MF PH Ý7æC·>� fit Î�Ù�ó>�5ë øÉ���Î�Ù (MF PH = 2 (∆V/49)) -
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0.49 MeV/cm

0.0016 MeV/cm

24O
Proton

ª 3.18: He(0.5 atm)-C2H6(0.5 atm) ì
É7Ý 24O ò9ì�À>Ý
�3�#J1����º»�- 70 MeV/nucleon Ý 23,24O Ý#����J;�#�Cº�»�í 0.49 MeV/cm
í *9½¾�Ô��(¿�À"Ý#�7��J1�
��º�»(í 0.0016 MeV/cm Ý � 310 ¶!ò5�;2�-
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4 ï ð ñ ò ñ ó ô õ

ö�÷ ¥�ø�ù�ú(�3�1Ý�Ù�)7Ý�û(ü�¿�À7ý7þ(¦b\�ÿ���Î�& £����âÒ��	�%�
 � ( �( NDC) ����
�Î´*�� M���� ���3�3$�Ù�-��1!9¦1\P§�¨�*�4 ���� Ô�Õ(*�����L�� M *��� �L�� M !�Ø�'�&#¸�¹;Ù�- He(50%)-C2H6(50%)�"!3'�Ù9}%~$# | ¥&% Q *$�&��L'� M !�æ;Î5&�½�4�( � � Ô�Õ*) -1900 VÉ�B�2,+,�S²#Ü-%/.å*0+�Ý1��³�Ý2�&��L'� M ) 118.5 ± 2.8 µm É�B($�Ù�-+�Ý�����L�� M É3)�* 23O (24O) �(�	!$4�''5��� �L�� M ∆θLab = 0.0526
( 0.049

6
) 7CÃbÄ�6	2#Ý#É98':�L�(�� M ²�_ Q[` Ù1�I�-;�<1= Q[` 2�-

( Ù
°	Î>8����'?0@�É-A�BDC�E'F�G�?0@�41ß2H,I��$J8 %ÒLK�M�N��#É�Ý-O��P �RQ'S�T-U	)'V�W�ÎX5,Y�(-Y�Z )

2009 [- �\']-^�¥1Ý 23,24O \3_�7$4,Y�5�8
û�ü�` � í3a*O/ÒbM"�Xc�¥d B
Ù�ef7 NDC �2!&Y&BgZh+�Ý�\3_%É 23,24O ø	Ýgi-j�k-l�m�n��a�"
o Îp8aÊ0q27�rts�uwvyxz�|{*}�~���¥ d B&+3�P²��,�bÊ2�	B�Z\f_	7��3�*='5�8 NDC 7��âÎ"5 ¼ B�¹b³���B����t)��;Ø9���tqR�	BgZ
À cathode � potential É3�"��Ô�Õ�~D���'5g���g�'�&�0~�c��/Î�8�����(� � Ô�Õ�~X��B3+f�>8 Á X1 ��� X’1 �"Ý��0�g���f�3Ý����(Ý����g�*��8
Â potential wire �2 '
	@�(¡�R¢fO�£¥¤guh¦��2§��	�2�����	�,~ d B3+3�¨ A&B�Z X1 �z� X’1 �t���*���,���0���*�&7-©*ª�5&)g8h«9¬�­*~2�-®d B,+3�¯8�ý�þ'�'°	���'±�²�³	��´'µ�~D¶'³ d B0��Y3·g¸2�'¹h~R] d�º�»¼ A,B�Z potential wire �g �
*@�(¡��¢3O�£¥¤�uh¦½��§��	��¾��t7�©0ª"5)g8¥¿0q27 Aging ~"�ÁÀ9+&� ¨ 8&Â�Ã d BXÄ��$� ¼ AfB9¸�e$Å'Æ,Ç�È ¼º'» ¨ A3B�Z3É�� ¨*Ê Â�Ã ¼ o q��3(,=g�&Ë�8 potential Ì&�-�X��Í�Îh~�,��8 cathode Ì3�-�2�'Í�Ît~$Ï-�-Bf+,� ¨ 8����3��~DÐ&Ñf7"ÒÁ� d +3�(ÔÓÕ �
*@�(Ö�D¢&O�£¡¤$u¥¦½��§-�170×�B trip ~�Ø	�&Bf+&� ¼ ¨1Ù B�ÚÛ À½Z
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5 Ý APPENDIX

Þ r3��ß�àÁáX�gâ-ã (5.2 ä ) 8hO�¢ P upQ�S�T,U (5.3 ä ) 8�����åtæ�ç���'�f�há¯Ç'c'à	�-©"è'8�é�Æ�ê�ë	��ì&íg8��� '�'î3� (5.4 ä ) 7�ï,Y�5)g89ð'ñ-Ð'ò�Ð�ò0ó�ô�ò�õ���ö�÷'ô�ò�ø�ù-�'ë�ú�÷'ô1��û'ü-ý�þ�ÿ [7] �� �����,ÿ [8] �g¶����
	���
Ôª"Y���� ¼ A,BgZ
5.1 ����� ��� �������! #"%$!&(')+*-, ¦/.10-u32&¢�46567�E���Í
8�~:9<;¥ª2¸>=�?�@'å*æ�ç0�+ACB ¨<DE Z�.F0fuG2�¢IH�~Dé-Æ d E>J Í�ê�ëK4�5*É��6L�MN�6O¡·6P�.N0&u32	¢H$� Þ r&~XÍ
8 d E Z�Í
8K�f×RQTSVU�¸2Í'ëN4�5�.W0-uG2&¢1HC�XS�Yh¿2�¸gÍ<ZK��×�·6P sense wire ��[�\*·6P )]*>, ¦2ª35 sense wire ^�_1�+`Í�Z�a�b ¨ ��c¡¿��Cd�e�f�g�h-ikj-ªXP�§0Ñ*¿>l E+m jg�
n]5 sense wire�6o�p�qgÍ�ß ¼+r Sts E ¼ 5Nj���u�v�hDå1æ0ªw5gÍ
8�Í'ë	� )�*-, ¦yx�zh-{��ts E j3á6�&×NQ|5 J Í�ê�ë1��ì�í�}�~�hX� E jfá ¼ æ>� E6m.F01�32	¢��6��? ª�¸ J Í�ê�ëK�0×FQ�5tx+� t0 � r SÁª�¸CA��-Í'ëK4)�*>, ¦�c<� v

¨ Í�Z�H�h-�<�Öª�5tx�� t1 ��d�e�§0ÑNh:iVj-ª>P sense

wire �'¸��WQ�� Ó m j$�1á Ù 5�Í'ët� )]*X, ¦ Å��
� x 46��� ¨��1� E�
x =

∫ t1

t0

v(t)dt. (5.1)

Í'ë	� )6*>, ¦�c<��465 Þ q,�>B��<5 Þ q�Î�5�Í�Z1�����X���1s E à ¨WDQ�5�Í�ZN�f× EX� c ¨ �	¸C����pF 9¢*á½��ë�áX�>¡'  ¨+¢ À�����pR 9¢��ï£QT¤t¥ ¼+¦ l E áCj Û ¨ 5 )6*-, ¦�c��F4�AC§Ôá:¨ E>m Í�ë1� )6*-, ¦c<�N4]A
©Nª�� 5 µm/s «<�N��¨ E+m

5.1.1 ¬®­R¯K°²±�³F´)�*>, ¦T.F0t�32�¢�4 J Í-ê'ët� X @�5 γ @K�&×NQ Þ qtµ��>S<Y¡¿>lE AC��Í�ë�h:5 Þ qg§fÑ	¿ � E j3áX�&×RQ�5<4FUX¶
P�o�p<qhá�ª:P�å*æ ¨Ù E Ú<·���Í J à�h>� E+m�¸1¹ 5 Þ q$§&ÑR�$ïW¥�P]�1º E6m
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Þ qWµ��2Í�Z�h:»�¼�`R¥+½F�]s E á¾5 Þ qg§&Ñ ¼ ikj E>m>¿ ¥�Í
Z ¨ 4��?
=�?�@��f×$·-P�ÀÂÁÃl3¸�Í�ë á�¬]Ä���4�É+ltÅ+l3�2Í'ý3Ì�Æt�X����sE Ú�· ¨�D E>m j+Ç2Í J ¼ ���Ws E z��<µ-È Þ q+¼'ëÁáÊÉ�ËNÇ>¡�ÌKhXÍ1¨Î m�Ï ÄK��4<Ð
Ç������1Ñ�Ò�ÓFÔ (cm/ms ÄtÕ�Ö]Õ ) 5�¡�ÌRz��
×1á3Ø���<��p� �Õ1h:� E j,á3ÑfæX�R¨�¥ m A�Ù�5�Ú�ëN4�Ú
Z��1Û]Ü�P]Ý<Þt� � cÓXlC5+¡�ÌRx��
4>ßkà�¨�á��W����pF �Õ�hGâKã Î E�m j+ÇC���CpR �ÕCÑtµÈ�ä�q+¼�ëFÇ Ï ÄK�wå1�<��pR �ÕtÛ�Qyß®à�¥�Z<¤��
4 Ï Ä��wæ1Ñ�Ó1ÁX�-ç�Vè P+À²ÁÃl E (2 ��Ú�8 )
m ¡�Ì�z�Ç6Ú'ëFÇ�é�êt���]pR �Õ�4�Ú�ZÁá�áCë�Xì�ß è 5 2 ��Ú�8®h-ikj-sCÚ�Z�ÇCí�½®h:îRï<ð1áCj�ñ�ò�ä�q+ìRó�Ñ+ôKõE6m

1 7<öFÇ�é�÷W;1¥kÁÃl E ä�q�òW4�j�Ç�íC½N4 106 V/m «���ò D E�mjCÇ 2 ��Ú<8<ø�«�ò�À²ÁGlRð�Ú�ë£ë:Ú�Z®��Û�Ü�P � c£Ó>l E+m j]Ç�Úë�ë )6*>,�ù µ
�<µXÈRä�q+¼'ëûúÊ¡�Ì è P�ÓRÁ-�>Ú
8�h:i�j>s m�è ð
ÑtÜP�j+Ç6Ú�8�ø<«F41ü�ý��>þ�� ù ÿ Ú � d�e (Townsend avalanche) ú����l�5���UÊø<«Kh	� Q�
 è ÓRÁ-�>É�Ë�Ç
���-Ú � h��ÂÔ E>m Æ�����Ó���QGÇÚ � Ç6Ú � Ç>ì����K4���ÇWü1ý���þ�� ù Ç6����� Î �
dn

n
= αdx (5.2)

α 4�ä�q1�6æ1s E�� 1 ü1ý<�>þK� ù�� Ë (first Townsend coefficient) ú
���]lC5Cí�½ ¸<¹ Ç�Ú
ZN�Xæ è P 0 ò D QyÚ�Z1���£ú�úCë+�-ì � s E�m ÚZ�¼ �t4 sense wire \�ÁXÇ�!
8K�X���ts E Ç
ò α ë sense wire \�Á-Ç�!8KÇ#"XË α(x) ú è P����VÓ�l E+m ä�q]ìRó�� M 4 α(x) h%$<¼ è P��Á�l E �

M = exp

(
∫ rC

a
α(x)dx

)

(5.3)

$�¼t4�ä]q>ì<ó<Ç'&�(�¨%)�*WÇ�+
aCb-,�.<ð]Ü�P+Í�¨ Î m ��õ�Q sense wireÇ�)#* a \�Áw5FÐCl ¸#/ òW4+Ú�Z10��RÑCÒ�Ó�Ô�¨VQ ø326PWä�q]ì�óFh>Í¨�¥�¨�¥54565)#* rC õ�ò7$<¼1s E�mj Î è P78:9C¨�; < ¹ ò#=�> � ?�@�?�AB,tÛ�Ü7C�ÀûÁ3l1ð 1 ��Ú � =ä�q�ì�ó1,RÛ�Ü�C�> sense wire ,%DFE ��àXo<p1q�ú è C�GIH1Ó�lKJ m ¨L >
H�M�o�pWq�h�N�OPGBH�s-J�,�= 105 «��NÇ>ìRó7�RÑ78:9]ò�Q#J m [1]

5.1.2 RISUTWV
X�Y ä
q<Ç�Z�[\,5= ¿ ¥��
À�Ú�öP>�]�¥�ä
q+ì1ó�� >�]R¥7^
Ë��R¨K��h�
_ sWJ%`�aRÑ�Q�J m õ
ð�> XPY ä
q#=�b�÷ > 2 c��NÇ
ä�qRh'd�¤ è C�e¥�Á�l
J m
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Ð�Ç%fPg�¼�Ç5h�úi��=�> Base gas ú��P��l�>%f\, Ar hj=-k-¶Kú�s1J%lä
q�ÑjmC©FªP,�Z�[kÓXl1J m l1ä�q#=�Æ5m�n�o
¼ � ò�Q J�ð�¶7>B���:Ú �úXÇ>¡�Ì
,RÛ1ET�ûÁqp1ðC�<��rR �ÕP=%s<�utwv�xR����rR �ÕP,�y�.�p1J{zú}| Ô�>�~��NªP,XÚ��t����r� 
Õ�,��5�kÓ�p5>�]F¥�ä5�6ìRó��:�GâW�j�Wõð���? � � ,��²Á	� � W ½ ( ��g Ï ÄI��æI9IE	,���?�� � Ñ�� Î é�ê
�� r
��Õ ) �:â1��ú�� Î��P�-��� ë�lRä���Ñ�Z [�Ó�p
J�� è � è ��Ñ � >
G\HCäj�®ú è C�l1äj�WÇj�{��e{��ð��P��>��P�-�j��@�ÚB�	��z��Kz�ú���Ô� � p1J:ìtó��
= 103 � 104  �¡ õ]ò�ò Q J���Ð�¢�£W¤ =�> avalanche ¢ø   ò��¥k�J�¦�� £ �-��� ¢�§P¦P� ¨�© A (Ar ¢��#� 11.6 eV) ò{Q�J��
]
� � rK��Õ ¢�ª � = cathode «¬� Ïj­ �3åW�
J{ztú�,RÛKE�ª�Ú � ���
g è >RÓ � �#J avalanche �5®Wà¯�°z����1z�¢%~P±tÑ+ß®àFÔ²�#JRú³� �-�
��@<Ú:�5®tài�3z%���ë Î hKú	�#¢�fPg�´K=�> Quench gas ú'����p5> /�µ ¢�ª<Ú � �'¶FïWJð5· ,�¸tï � p1J�� Quench gas ,�=º¹�ü��i»-¼�rK½CÕ�r��I¾%¢6É5£ � ´�P¿�À Ñ�e{� � p1J��1z'p � ¢ ¿�À =�>�ª � @\H �	Á#.�����ó�ÂW��¦��PÃ
� ( v�x ÃP� >5s#Ä�ÃP�-�:¾ ) �:â�ã�>Nõ�ð Ï�­ �Ãå°�'Á{.#�P��ÅWÆ�Ç ÈÌI�	�°z è C7>�ltäj� �:� @\HWÓ�p1J6ó�ÂW�5� � r-�
Õ�¢%ª � �7É�Ê{�WJ
z1ú:Ñ�òNà5J��XPY ä5�W, Base gas ú Quench gas �'d � è CjeW�{JWzWú�,tÛ
EË>5�
�
�j��@�ÚB�'�°z��Kz�ú'��ÔÍÌ�´W��äj�6ì1ó��:� � � p1J-Ú�öB�jÎ�¸{�WJ
z1ú'Ï�òNà5J#Ð1Ñ%,��{J�� [9]

ä�� mjÒ Ó��
Ô�Õ:�7Ö�×�r (eV) W Ø (eV/ Ù ­ �¯Ú )

]�Û�Ó � α � �
Ar 15.7 26.4 26.3

He 24.5 41.3 42.7

H2 15.6 36.5 36.4

N2 15.5 34.8 36.4

Air 33.8 35.1

O2 12.5 30.8 32.2

CH4 14.5 27.3 29.1

Ü
5.1: cÞÝ	¢�ß��{,�Ú{�
J W Ø ( [1] Ð-E�®�e )

5.1.3 TWV°à�á
â�ã�äUå³æ
ç �'è
é#,�Ó�ê���Î�¸-�KJjëj>PGIH�ì�í�îI¢7ï ¿ ¢Pð��KÏ

99.99% ñ /7òWó
ô C�����õ�p#öj� � ������÷j¢%øBù�=�ñ ú�¢%bûE�ü�Q J��
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G\H%ìIí�,���g:ý%p{þ�Ó5ÿK=�>��%Ç-¢�ßj��´5ÿB,���� ô C���Ù ­ �����
g1�
J��
	��\�#,7l1ßP��»���oK=�ÓPÿB¢�
���� h Ï 0 üWQ{J7��m��-üj>
ï ¿ ��,����7p\J O » H2O =7Ó ¿ �7Ç ¡ Ï�]���> Ü 5.2 ,��3ý�pKJ1Ð
Ñ%,�Ó�ÿ\¢�
���� h =����P¢�Ø:�! �J�� Ü ��¢ N =#"%$'&�(#9IE¯¢�È*)+ > t =-,/.�
*�0&�(1� Ü ô > t = (hN)−1 ¢21�31Ï�Q{J��
÷�¢�þ5·�>-4�5�6
¢�Ó ¿ ��Ç1ßj��Ï-798-�:�;:=<��?>*@Iý;A�B�C�r �#¢D ]�E#F �#G �IHP¸1�1J��
ñ�JP¢�øIù �:� B â�ã%ä¬å æ{ç �iè1é�E�Ó�êI�5Î�¸#�-J�ë�B ß5��ð��*�K
99.99% ñ�J5üP��õ7p#ö�� � ���j�5� L BPß�� ¢jð��-v +  �ð����
¢�1

3 K Ü 5.3 ü#L0M � pKJ �
ß5� h N (sec−1) t (sec)

CO2 6.2 × 10−9 2.2 × 1011 0.71 × 10−3

O2 2.5 × 10−5 2.1 × 1011 1.9 × 10−7

H2O 2.5 × 10−5 2.8 × 1011 1.4 × 10−7

Cl 4.8 × 10−4 4.5 × 1011 4.7 × 10−9

Ü
5.2: ÓPÿ�
���� ( N Ã�O�P ) � [2] Ð�Q'®�e��

n 1 2 3 4 5 6 7 8 9 10

ε(nT )[%] 63.2 86.5 95.0 98.2 99.3 99.8 99.9 99.97 99.99 99.995

Ü
5.3: n vPð��-ü#¢�ß��Pð7���

5.2 RTSVUXWZY []\X^`_a�b
V ¢ â�ã�ä¥åÍæWç �ièWé�E�B�"#$'&*(2c�Q¯¢�d�6 v üPß�� G �Idôfe �:� B�g*h-&*( t i�õ�j/k ô þl �<�¢5ßj� G ¢�ð���� ε(t) �nm-·2h��o�a
b �7ü ß�� G ¢�p�·'h À b � x(t) ≡ V ε(t)  rq�s{�0h���t�u�v*wK

x(0) = 0 ü�g9h��
d{� ô þ�ß � G

K�x*y E-z2{K�|h� n}2q ô B âjã�ä å æ-ç �%è\é#¢
Window ~\¢�� � �0�;���{�!hl �B{ñ�ú#¢1Ð1Ñ	���1Ï%���-�!h-�

dx = vdt− x+ vdt

V
× vdt (5.4)
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��� ü%B*� 1 � K 5��!&2( dt ��¢Pß�� G ¢�d��*6���B�� 2 � K 5*�0&
( dt ��¢�ß
� G ¢�� ¿ 6=� Ü ô�e*� h�� dt ¢���Ò
¢����;�*� ô�e B
v
w V � vdt ¢0�9 ����1�0h� �B

dx = vdt− x

V
× vdt

1

v

dx

dt
+

1

V
x = 1 (5.5)

 I��Q�B ( ��� ) � 0 ¢ x
�*�lK
x = Aekt k = − v

V
(5.6)

ü2g�Q�B x �*B dx
dt = 0 ¢�� ��K B

x = V (5.7)

ü2g2h��:Ð�� e � (5.5) ¢ �lK B
x = Aekt + V (5.8)

 ¡ Bõ�h�� ��� ü#B*t�u*v*w x(0) = 0 Ð0Q¢B A = -V  ��£Q¢B
x(t) = V

(

1 − ekt
)

= V
(

1 − e−
v

V
t
)

(5.9)

 ¡m¤��h��
ñ2JKÐ�Q�B1ß��Pð�¥�� K

ε(t) =
x(t)

V

= 1 − e−
v

V
t (5.10)

 ¡m¤�=Q¢B 1 ¦ ð�¥-�!h�¢*E
§�§0h�&2( T = V
v ��¨=� e B n ¦Pð-¥-ü#¢

ß�� ð-¥*���f �<-©��� ªB
«�¬�­�E7ñ{ú�®��1Ï/¯±°�²0h :

ε(nT ) = 1 − e−n (5.11)

� ²l� Ü E%³!hl ¯ñ{ú�®
Ð{Ñ�E/�!h��â7ã�ä¥å�æ
ç'´ è-é�E�µ Ó ê¤��Î�¶!³!h�ë K 99.99% ñ'J ( ·!��Q 9 ¦
ñ2J ) ß��PÏ ð-¥¬ý�²�h
®9��¸
þ��#õ#²Wö
��°f� � �
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n 1 2 3 4 5 6 7 8 9 10

ε(nT )[%] 63.2 86.5 95.0 98.2 99.3 99.8 99.9 99.97 99.99 99.995

Ü
5.4: n ¦Pð-¥-ü2®�ß��Pð�¥��

5.3 ¹»º½¼V¾�¿VÀÂÁÂÃÄ Ó�Å�ÿ'Æ-Ç�Èl���fÉ�k9³!h! �<�B���Ê
{�Ë9Æ#ÌÍQ¢Î ô�Ï � h �  �E9Ð
QÑÅ5ÿl®�Ò�Ó!Æ�÷-²0h�� � ®�Ò�Ó�®/Ô
²2®�Õ0��Ö'× K B�Ç�Èl��®�Ö5ÿ�Ø|E
Ð%h�Ù�é�Ú ´ {�Ë{ü�g�h���÷�®�þ/Û#B � ®�Ò�Ó�®%Ô
²���Ù�é�Ú ´ªÜ/Ý {�Ë
 ;Þ�ß#��Ù�é�Ú ´nÜ/Ý {�Ë K%à ãªá é-â Moliere ®%ø*ã0E9Ðl�?ä � BP÷�®
Ê�å�æ�ç K {*Ë�Ê9Æ��°ý �  �#è ü K B*é�ê�ë!ì���æ�ç�ü-í°ý�²0h���÷�®
rms( ,/.*�*î2,��*ï )

K�ð �-ü�L�M�°n²�h [10] :

θ0 =
13.6 MeV

βcp
Zinci

√

x

X0

[

1 + 0.038 ln
( x

X0

)

]

[rad] (5.12)

β c : ñ*å Zinci : ��ò�Å�ó�®�ô Ä x : Ç*Èl®�õ�ö X0 : Ç�È�®�÷*ò�ø
÷*ò
ø]ù K Ç�È0ú�û0®�69ü%B (a) µ á*ý â0þ/ÿ�®�ô
ó!Æ����/÷�ò�E!Ð!Qá2ý â�þ*ÿ'��� � B á9ý âlþ�ÿ�Æ 1/e E->�@'³�h��/ü'®	��

��� (b) µá�ý âlþ�ÿ*®��*ó��0Ð/h������*k���������h���
�� ��!��|® 7/9 ®����
�;í!³��

"
5.1: Ù#ÿ�Ú ´nÜ�Ý {*Ë=�$#�%'³!h'&�(�®�)�� *,+ plane - 2

ð�. �0/1 ³!h��I� 5.12 ®�Ù%ÿ�Ú ´ªÜ/Ý {*Ë�Ê θ0 - "
2 ® θplane ����354 e*� h��
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��6�7 " 5.1 ü 894�6:);- ð ��ü=<�>�?��|°�²0h @
ψrms

plane =
1√
3
θrms
plane =

1√
3
θ0, (5.13)

yrms
plane =

1√
3
xθrms

plane =
1√
3
xθ0, (5.14)

srms
plane =

1

4
√

3
xθrms

plane =
1

4
√

3
xθ0. (5.15)

� (5.12) §=°BA�§9h2Ð=C��:7 x/X0 -�Ù#ÿ�Ú ´nÜ/Ý {�Ë��;��D�?E�*h')ü2gGFH7 x/X0 Æ#��ö �	I Æ0Ù/ÿ2Ú ´�Ü
Ý {*Ë��$JEK9h � ùIÆ�üML/h-�

5.4 N OQP RTSVUXWZY\[ ]_^a`cbdUfe5gVhjiZkmlondU
N OmhXpZqZWZY\[

r�sut F ∆x ®�v;w#æ�xzy;{�|�·�v;w	}u~���{:�_�
6¤ù�L�7�����);�
°�v_w�æ�x�y*ÆG��®�Ð=C:��������� ���9³;� I�� {�8'³	�

n s ®��
zi Ö����£° i s�� ®����
xi i s�� ü�®�}M~:vzw
∆xi i s ®�vzw#æ�xzy

Å�ó|®�Ò*ÓE-	7z�	�
x = a0 + a1z (5.16)

ü�í
�=�_��� a0 -�Ö��'ü=�:v;w	7 a1 --Ê�å�����3T4����z�:������ î � ü (a0, a1) {$�lÛ=�'����7 r��;��� I�� ü=-�7
S =

n
∑

i=1

(

xi − (a0 + a1zi)

∆xi

)2

(5.17)

ù�4'��7 S �: �¡�æ0Æ 0 ù � ��¢�£
∂S

∂a0
= 0,

∂S

∂a1
= 0 (5.18)

{0xE�,¤�¥����;¦�¦�ü 7 & s �:v�w�æ�x=y�§ r�¨ (∆xi = ∆x) ù�4©7 !�ª« ü	¬5L	�,��ù­7
(

∑

xi
∑

xizi

)

=

(

∑

1
∑

zi
∑

zi
∑

z2
i

)(

a0

a1

)

(5.19)
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ù­®z¯ °�üML,���_��6�±�²�� !�ª�³
´E- 7 s ��µ
¶ (zi) §/æz�_�,��ü,·¸ üEL���7G¦�¦�ü
-
S1 =

n
∑

i=1

1

Sz =

n
∑

i=1

zi

Szz =
n
∑

i=1

zi
2 (5.20)

ù¹¬GL�íT4$�,�Tº»�$!�ª « D = S1Szz −Sz
2 {0�¼�,� (a0, a1) {$��½¼�!ù¾7

a0 =
1

D

∣

∣

∣

∣

∣

∑

xi Sz
∑

xizi Szz

∣

∣

∣

∣

∣

=
1

D

n
∑

j=1

(Szz − zjSz)xj

a1 =
1

D

∣

∣

∣

∣

∣

Si
∑

xi

Sz
∑

xizi

∣

∣

∣

∣

∣

=
1

D

n
∑

j=1

(S1zj − Sz)xj (5.21)

ð �,¿
� « {'ÀuÁ	� (a0,a1) ��� ¨�Â�Ã {0�;½����
∂a0

∂xj
=

1

D
(Szz − zjSz),

∂a1

∂xj
=

1

D
(S1zj − Sz). (5.22)

{�ÀXCÄ�,Å�7 z
I_Æ ��Ç�È;- � ��ùÉ�;�0ùÊ7

∆a0 =
1

D

n
∑

j=1

(

∂a0

∂xj

)

∆xj. (5.23)

ù�Ë=Ì�7G¦'Í;{_��Î_�z�lù
∆a0

2 =
1

D2

(

n
∑

j=1

(

∂a0

∂xj

)2

∆xj
2 + 2

n
∑

l<m

(

∂a0

∂xl

)(

∂a0

∂xm

)

∆xl∆xm

)

.

(5.24)

ù � ���
xl 7 xm §�Ï	ÍzÐ	Í�Ñ,Ò0ü¼ÓGFÔ7�Õ
Ö�×¼Ø_��ÙQC*ùÉ�_��ùB7_Ï ÍTÚ��	Ç

ÈE��Û ∆xl∆xm -�Õ
Ü�7�Ý�Ü�{�ù���Þ�ß;§�à�4zº � Fá7
n
∑

l<m

(

∂a0

∂xl

)(

∂a0

∂xm

)

∆xl∆xm → 0.
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ù � ���uâ�Á�� « (5.24) - ã=ä��;â=C:�'Ë=ÌE�å@
∆a0

2 =
1

D2

n
∑

j=1

(

∂a0

∂xj

)2

∆xj
2

=
1

D2

n
∑

j=1

(Szz − zjSz)
2∆xj

2, (5.25)

∆a1 ��æ����Eç�è�éE�E4���ê « ü�Ë�Ì;� @
∆a1

2 =
1

D2

n
∑

j=1

(

∂a1

∂xj

)2

∆xj
2

=
1

D2

n
∑

j=1

(S1zj − Sz)
2∆xj

2, (5.26)

sìë ù���×�x
y�§�èEí*ù	L (∆xj = ∆x) �,-'ö¼Ú��'ê_��â=C��'î�ï'ü_L��
@

∆a0
2 =

1

D2

n
∑

j=1

(Szz
2 − 2zjSzSzz + zj

2Sz
2)∆x2

=
1

D2
(S1Szz

2 − SzzSz
2)∆x2

=
Szz

D
∆x2 (5.27)

∆a0
2 =

1

D2

n
∑

j=1

(S1
2zj

2 − 2S1zjSz + Sz
2)∆x2

=
1

D2
(S1

2Szz − S1Sz
2)∆x2

=
S1

D
∆x2 (5.28)

4�6,§;Á�� (a0 7 a1) ��� ¨�Â�Ã -�ã¼ä
�_â�C�� � � @
∆a0 =

√

Szz

D
∆x (5.29)

∆a1 =

√

S1

D
∆x (5.30)

D = S1Szz − Sz (5.31)

��ð ��7:ñ�È�×�Ø
�ìÚ s�t F©�'×�x=y�{É�z½
� « {©òóºá��ñ�È rk -:7'ê
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« ü	Ë5ô�Í;�:�
rk = xk − (a0 + a1zk)

= xk − 1

D





n
∑

j=1

(Szz − zjSz)xj +

n
∑

j=1

(S1zj − Sz)xj · zk





=
1

D

n
∑

j=1

(

δjkD − (Szz − zjSz) − (S1zj − Sz)zk

)

xj

(5.32)

∆a0 7 ∆a1 {©òM~=4'6�ù	L�ùÉè:éE��4$��ñ,È rk �'×�õ;-�ã�ä��zâ
C0� � �
@

∆rk
2 =

1

D2

n
∑

j=1

(

δjkD − (Szz − zjSz) − (S1zj − Sz)zk

)2

∆x2

=
1

D2

(

D(D − Szz) + 2DSkzk −DS1z
2
k

)

∆x2

(5.33)

â�Á�� ��ö � ��7 sìt F0�:×�x=y�-:ê « ü ËGô:Í_� @

∆rk =

√

1 − Szz − 2Skzk + S1z
2
k

D
∆x (5.34)

5.5 ÷Zøúùüû ýóþZÿ���û �������
	cU β � U
���
90Sr/90Y (Qβ− = 2.282 MeV ) �5Ú����Tô:ÍM� β ��� ������� R �

Feather ����� « (5.35) �ìÚ�� 1.10 g/cm2 � � �:�

R =







0.542 ×E − 0.133 3 MeV > E > 0.8 MeV

0.407 ×E1.38 0.8 MeV > E > 0.15 MeV
(5.35)

� v R : [g/cm2] � E : [MeV]

Ï��! �½"�$# Ã 1.032 g/cm3 �&%�'"(!)�*,+$-/.0)214365$7¼{48!9_�
� � β �:� 1.07 cm ã
ä!;=<�>=Á��@?">@AÄ�_Ïz¦B; NDC CED_��%�',(
)F*"+G-/.H)I143E5,�BJ:K�{ 1 mm L:?'�,�$MENG�$OGPG{RQTS� ��

5.6 UWV X�Y[Z�\^]_�a`cb d:e[fhgai
� ¨ L:À
�j?� lk/m!nG3=o,à �qpGr�s ¨ {:ã=ä���ËtL�> � ½�  �
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r�u v�w xGy�z
ASD card GNA-180 ( ã=ä�{_¯ )

PMT (PL1β � ) RC5940 HAMAMATSU

PMT (PL2β � ) RC555 HAMAMATSU

PMT (PL1µ � ) RA3639 HAMAMATSU

PMT (PL2µ � ) RA5066 HAMAMATSU

ASD |¼�G}$~ GNN-450 ( ã=ä�{_¯ )

DUAL POWER SUPPLY TKY-0020 �����,�l��k@.��
200 MHz Quad CFD Model 454 CANBERRA

3CH 4-FOLD 1-VETO Coincidence N-TM 103 Technoland corpotation

4CH Logic Fanin/Fanout N-TM 102 Technoland corpotation

VME CRATE SIS3000 Struck Innovative Systeme

PCI-VME bus adapter Model 620 SBS Technologies

16CH I/O Resister V977 CAEN

AMT-TDC KEK-AMS-TDC-VME AMSC

Ë 5.5: À��I?B Gk&m�nl3,o�à
Edge detection rising edge

Common start/stop common stop

Time range 3.2 µ s = 4096 ch� *=����� « -/.l�Bo � *=����� «

Ë 5.6: AMT-TDC � s ¨
� ( Plastic scinti. �B�$}�� Thre. Width Z/C

Ar(90%)-C2H6(10%) PL1β -1300 V -35 mV 50 ns -15 mV

PL2β -1250 V -35 mV 100 ns -15 mV

PL1µ -1450 V -30 mV 50 ns -15 mV

PL2µ -1400 V -30 mV 100 ns -15 mV

He(50%)-C2H6(50%) PL1β -1400 V -25 mV 50 ns -12 mV

PL2β -1350 V -30 mV 100 ns -22 mV

PL1µ -1500 V -30 mV 50 ns -13 mV

PL2µ -1250 V -30 mV 100 ns -13 mV

Ë 5.7: ���"(/+@� s ¨
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PL1µ
� PL2µ �"�$�@L!�=�G���z§l��ÚÉÍ/ � �½,� PMT �,�G�M���=N�!���

50 Ω ;:5,3:���!3
�H?H !¡E �§,� He(50%)-C2H6(50%) ¢�£&¤�¥¦ ¨ ¢,§�L���� PL2µ ¢��l�:¢=¨E3l(&'"��.�§ ±10 mV
� Ã ¢H©/ª�;!«�Ú

æ�¡G �¡� ! �½"�@5,3T�B��3E5 �R¬
­¯®6° � «uÚ©æ@±:§�²9ºq²�Ál !¢�;"�
Ï$¢�³!´/; À�µI?B ,¶
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5.7 e�·¸i ¹¸ºW»�¼W½¿¾[À �:Á[`
ã�ä�¢ I Â IV ¢ p ¦�Ã L�Ä/ÅEÆEÇl�!ÈI1É¨�o � �!Ê!ËÌ?B E¡� �©Tª
;"�	Ë 5.8 Â�Ë 5.11 L0Í ° ¶TÎGÎ0;=Í ° Ç,��ÈÏ1�¨Go6¢ ÃGÐ ����ÑTÒB�Ó�
Ç,�GÈ!Ô"Õ�S&Æ � ±,¢ ASD Ö�3_��¢l(Ï1�*=-Ø×�o¿�Ù}�� Vthre ;¼ÓEÆ�¶

I Ú!Û � (6L Ar(90%)-C2H6(10%)
� µ/¡� β ¥ ¦�Ã

II Ú!Û � (6L Ar(90%)-C2H6(10%)
� µ/¡� B£6¤l¥ ¦!Ã

III Ú!Û � (6L He(50%)-C2H6(50%)
� µ6¡� β ¥ ¦!Ã

IV Ú!Û � (6L He(50%)-C2H6(50%)
� µ6¡� B£6¤l¥ ¦!Ã

Î$ÎH;/Ç=�lÈj1Ü¨Go �ÞÝ�ß Æ4CGàTLláBâ6Ô�ã!äB �Î � �Rå$æGç ±�?4 �Äè ¶TÇl��È21�¨!o �0Ý�ß ÆHC!àT���EéEê�¢B8 ­ ;EãEÆ�¶
1. cabling

�Bë ²�¡,� X1 ì@¢ ASD Ö�3í� � LVDS/NIM î$ï � 16

ch �!'&*t�ñðE3�ò�oE;�ó!ô2?q�/õ�¢ NIM ��� ��ö m$nl÷=o�($ðE3
'�L�øEùTÆB¶

2. VME OFF ¢B³�´/; |Vthre|
� ê&ú, �¡:±Þ� ö m�nG÷=oE(!ðE3E'�¢

Ö�û�.Ø�üÔ 0 LG²&Æ Vthre

� Ê!Ë ° ÆB¶
3. VME +t1R3_�Ü¢0}$~ � ON L�?Þ  ö m$nG÷�oE($ð�3E'l¢GÖ:û!.��
Ô 0 LG²&Æ Vthre

� Ê!Ë ° ÆB¶
4. LVDS/NIM î�ïTý2þ=��'�*@�Üð63Eò,o �H¬c­ÿ® ?Þ� TDC � ó&ô° Æ�¶
5. �TL X2 ìt¢ cabling

�0ë ²!¡"� X1 ìT¢ � ± ����� L VME OFF� � VME ON
� ¢�Ç=�lÈÏ1�¨�o � Ê�ËÏ?B ��G� LVDS/NIM î$ï6ý

þB��'/*Ø� ð&3�ò=o �4¬ ­ü® ? � TDC � ó!ô ° Æ�¶
6. X3 ì�� X4 ì�� Y1 ìE� Y2 ì�� Y3 ì�� Y4 ì@¢Bà@L �	��

� �0ë
²�Aÿ¶

Î�¢0CGà&;�Ç=�lÈj1Ü¨Go �ÞÝ�ß Æ � �����:¢0�:L cabling ?B X1 ì!� X2

ì�²	�H¢EÇ"��ÈI1Ü¨Go/��������; 8 �T¢ 16 ch �!'&*T� ðE3!ò�o � TDC

LHó$ôI?0 ����G;�����ÊGËÏ?B ����!¢EÇ=��Èj1�¨�o	� ­�� � ± è ²&ä4 �¡
Æ ��!#"6Ô�$�¡l¶%��&��'�� �¢Gð�3�ò�o �)(+*-,�. ä" ��TL�� � Aq�'/!�
X1 ì�ýjþ Y4 ì@¢EÇl��È21�¨!o �HÝEß10�°$ß ±�26äl =¶
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VME X1 X2 X3 X4 Y1 Y2 Y3 Y4

OFF 3 -500 3 -500 3 -200 3 -200 3 -200 3 -200 3 -200 3 -200

ON ? ? ? ? ? ? ? ?

4
5.8:

¦�Ã
I ¢ � ±,¢6Ç,�$ÈÌ1�¨!o (

�#5
: mV) ¶ VME ON ¢ � ±,�

Ê$Ë2?H �²$ý�äl =¶

VME X1 X2 X3 X4 Y1 Y2 Y3 Y4

OFF -350 -350 -140 -105 -85 -120 -70 -145

ON -1000 -1400 -350 -470 -370 -430 -500 -600

4
5.9:
¦!Ã

II ¢ � ±=¢6Ç"�$ÈÏ1q¨Go (
�%5

: mV)

VME X1 X2 X3 X4 Y1 Y2 Y3 Y4

OFF -270 -430 -410 -200 -210 -300 -130 -130

ON -1000 -1100 -780 -1000 -550 -960 -670 -390

4
5.10:

¦!Ã
III ¢ � ±"¢&Ç,�GÈI1�¨$o (

�#5
: mV)

VME X1 X2 X3 X4 Y1 Y2 Y3 Y4

OFF -320 -250 -155 -110 -95 -110 -83 -165

ON -1220 -810 -555 -310 -225 -205 -160 -340

4
5.11:

¦!Ã
IV ¢ � ±,¢EÇ"�GÈÏ1q¨Go (

�%5
: mV) ¶ØÎ�¢ ¦$Ã ;E���� 

¢�ðE3�ò�o �)(+*-,�. äl ��tLB��Ç"�$ÈÏ1q¨Go �4Ý&ß60 ?� "¶
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5.8 2 798 TDC :<;>= ?"` d multiplicity

���!}�� � $ è ° Æ � TDC (�@t+2�ño&Ô 2 A B6ùtÆ ��� � L multi-

plicity Ô�CED�L $ è ²�Æ � ¡ØA á0â&Ô�ã!Æ (Ar(90%)-C2H6(90%) ;�F Vc

= Vp = -1300 V G�/&ý�þHBEù%I�JLK He(50%)-C2H6(50%) ;MF Vc = Vp

= -1900 V GM/�ýFþNB6ù'I�J/Æ ) ¶�O�P6F Ý'QSR%T ã�Æ,Ô%K&é�ê1U . ý:ä
 �¡6Æ&Î1V � Í ° ¶

• TDC W�@YXI�ño�¢ 2 A[Z�F 1 A[ZB¢\3 500 ch �YU peak
��][^

( _ èH` �6aBù�b��T¢ peak (ch ¢�cÏ±�¡"� )
�

1 A�Z
V Ã$Ð�° Æ ) ¶
õ=ù�F � W � î�d!  � î . þR²�¡,¶

• 2 A�ZRÔLcj± è ²EÆeVNK�ìT¢ multiplicity Ô 50 é6f!¢G�,¨hgØ�ñÔ6�
  è ÆB¶

• multiplicity F��� �¢/Ò��,� T
iEj � � T ã�Æ ( k 5.2 ¢�l6ê�¢'k ) ¶
• ch 1 ¢&ÒH�=�SV ch 16 ¢EÒ0��� T�� correlation Ô��IþÜù6Æ ( k 5.3) ¶
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k 5.2: 2 A�¢ TDC WE@eX2� o+V multiplicity ¶ common stop ²�¢ T ch

¢LcÏ±=¡"��Ô'_ èH` ��aBù� E¡/Æ ( _�¡,� � 1 A[Z6V Ã!Ð�° Æ ) ¶El�f&¢
k
F�m�n/Ô wire ID KEoEn:Ô TDC ¢ ch

T ã&ÆB¶�p[f�¢�k6FLl�fE¢�k �
y nYU�qErts�b � ¢"¶El6ê�¢�k
F�m�n:Ô wire ID KEoEn�Ô multiplicity

T
ãEÆ�¶
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k 5.3: 2 A"¢ TDC W�@[Xj�vuwV"ÒB�"� � ��¢ correlation ¶�l1f!¢#kMF�m
n X1 ì:¢ wire 8 ¢ TDC ¢ ch KLo�n6Ô X1 ìT¢ wire 9 ¢ TDC ¢ ch

T
ã�Æ0¶�p�f!¢#k
F�m'n6Ô X1 ì wire 1 ¢ TDC ¢ ch K�o'n/Ô X1 ì wire

16 ¢ TDC ¢ ch
T ã�ÆB¶Lx'y{z"Ò��"� � � T F TDC W'@[XÏ�|u&¢ 1 A

Z�U correlation Ô�ã&Æ ( l�k ) ¶@Î0ù1F'}#u/¢ ��T%~�� s�b�� � Ô�x6¢�Ò�%� T�� ` �
a0ù1b�Î6V �Þæe� sH !¡6ÆB¶hs4ý	s�K 2 A1Z�FBìT¢�� � ¢�Ò�#� ��� TY� correlation sH $Ä ­ K:õG¢LO�P6F ÝEQhR#T ã&Æ ( pek ) ¶
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5.9 Vthre �t����� ��� 8�� �w���>8 ���
Ú�Û��EW!Ô Ar(90%)-C2H6(10%) ¢��1y�V He(50%)-C2H6(50%) ¢L�

y�U ^ ¡$ %K Vthre

� îedMb	V"±"¢ `h�����Y� î��S ÞÍ ° ¶
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- Vcathode = - Vpotential [V]
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- Vcathode = - Vpotential [V]
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