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Abstract

Recently, with the advent of intermediate energy heavy ion accelerator facility, many features

of unstable nuclei, such as spin, excitation energy and transition probability, have been investi-

gated using various nuclear reactions. Angular distribution measurements in inelastic scattering

allow us to specify transferred angular momentum to the target, which is closely related to the

spin of the excited state.

As a tracking chamber for the 14Be(p, p′) experiment, we developed a multi wire drift cham-

ber (MDC). MDC is to be placed just behind the experimental target and in front of a magnet

for mass analysis of heavy charged fragments. Since the measurement is made in inverse kine-

matics, deflection angles of heavy charged fragments are very small. High angular resolution is

required for MDC, in addition to the track finding capability in three dimensions.

In an off-line experiment using cosmic and β rays, the position resolution of 158 µm (in σ) is

obtained, and the optimum cathode voltage for minimum ionizing particles is found to be -2.8

kV. In an on-line experiment using 14Be and 19C beams the position resolution of 70.0 µm is

achieved, which corresponds to an angular resolution of 0.102◦. Track information obtained by

MDC and FDC3 (latter is placed behind the magnet), together with Time-of-Flight information,

allows us to deduce the mass number of heavy charged fragments by making full use of the

transfer matrix of the magnet. Obtained mass resolution was A/∆A (in FWHM) = 36.5 for 14Be.

Differential cross sections for the 14Be(p, p) elastic scattering are deduced, and compared with

several optical model predictions. Optical model of R.L. Walter, P.P. Guss et.al. is found to give

a fair description of the data.
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&�=l � ¤ � �H���� � �9� Ei � ~Pi
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�� � i &� �	] Oa^ Zn U�V�W b?e.H)�

��
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n h7H n ������� �on ��
�� � &N��&�z?g ��] OB^ Z Erel

� �
Erel = M −

n
∑

i

mi

n 1#H��	�'� ��� � Í�ÎL�N�.|o�)��� � & �N] Oa^ Z7n UVW �j��X#hH` n b������ z{ ����6#H7` n 4�bLD'H ��
1.4
� ��� z	{w� &��	��¦ F	§ n }�� T À�&N��|8� ¤ �$��-#H�� ` &���l$����}�� T

À �j�.X#hLH�` n ���LTU�?�	��¦ F§ ����6#H7` n 4�b�D�H��
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1.4: (a) ��� z{�� &����7¦ F�§ � T À θLab &�� ¡on �J�"!-�� � � (b)

U�V$#&%	' # �( �*)�+ #&% �JÌ-,#h�H���6�&�.�K�/&0?� [ ��1327&���6�4�5 %�6 "�}��L��>#-'�	!�-�� �
`f`Jb³�´ n 1#H'& � �NV�W�X � Y Z�[ �$}�-.������b � �3�-��� � �$g �J�+£ % &.½487-��	9 UV$# n -8l'` n b=e?H)� U	V�#$%"' # � ( ���7TU��}���� �	� £ %	: ½�&�X��-�}�� T ÀL��Å�! % ���;
��)�H � � 1.4 �<��� zN{�� &��	��¦ F�§ �j�	�&=�>b?& T

À θLab &�� ¡on �J�"!-�� � �'F���, UV�#�%"' # � ( �?)�+ #�% ��Ì�,#h�H'��6.& � �
��h��	1-2�&f�'6"4�5 % 1 6 "}����JË�k=H n �.���&=�>�b?& T À θLab

n > W !	@->�b=&T À θCM &���� � ��A�B�X�C �LTºÃ�¥&���|�D�4 ] TFE�,��
θCM = θLab + sin−1

(A
a

sin θLab

)
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�
2 � MDC � � �

MDC ���	��
��C2������� (1) ?@����C5 0.25◦ ����������� K��GW! �B32#"$� (2) %�& �
?>@CEXF'H('<F,J���)+*-,<Z62�.�/10�2-35476�
�5�D�2+8�M9�;:�<�51D�2S4
2.1 =?>

MDC �A@�B M�C9DE� (1) F�GIHKJIL$M$N��AOPC9D�Q 9ER WTS�U+��V;W�X�Y M(�9ZCZ���V+WX-Y W![+\5]^� (2) ?�@�_^` � =�a G = WAb�cdCT��e�f+g;�Ih+i ;#j G�T�k��-U�l�m;
��
2J�n�' ; Jpo�q =+r nTs$Gut W 3 m ��vKw+x G^y-z W�{dC�DE|	}dCAD$~62�]$� (3) �	�J�L;0�2K3$��L^����q ; t!� � 476�
p��O�C�DE 	�����+�E��~K]^� � 3 �;�E�����T�<2�4

(1) ��@�� �12+������� ����� W����	�	g;����Z1218\M��5�I� M�:P��� (2) �A@	� ��2����� �>B/2 x G	yEz ��� .��-�;�62��� �¡£¢ 9�¤E¥	¦ ��§ �	1�I¨ª©�X)4 Y X (3) �K��«	¬¨��®;¯�D$°p±-��XW#²1B;X\Z ��³$´ ¯>Dµ�����5q�¶�t9� � 4�6�
5��±K�� � ' r E1J$·¶�¸CWA¹�ºuC(�� 	��������»^¼���� � ' r E6J$·�¶�¸3W�¹�ºuC!D$~�°-½
2.2 ¾À¿Á�Â�Ã

MDC ��Ä�Å W-Æ 2.1 �K�p ������;0�2K3�QKÇ R Y ��È IW-Æ 2.2 �>OE�1ÉE�pÊ1B5½�h�i¶ j£Ë ��Ì^Í �-�IÎP
K� 310 mm �	Ï 630 mm ��Ð�ÑP6 200 mm ¯1Dµ�Ò�1Ó Í ( Ô�¸IÕ�Ö�×� ) ��ÎP
 190 mm ��Ï 510 mm �IÐ�ÑP6 170 mm � U�MIk+¯�D$°K½ Y X+�Iq�¶7t!�E�-�IØ
170 mm ��Ù 490 mm ¯1D$°-½
Ú Â�Û�Ü�Ý

MDC � QKÇ R Y���Þ;~���ß�Ñ;àI\Eá^â5ã^:�ä�Y � E�¶!¸-Y (X � U � V Y�å	æ-Y^ç�\ ) M(�è Y � s�é-Gdt�Y1à�� È µ
A�^D�~;°K½ X Y���E£¶�¸�Q-Ç R (anode wire) ��F-GIH5��ê+à�9ë	D-ì^U+�-Ví�T��X�Y+¯�DP���5�	� ��î ß^M;N ��ï `IW!ð�ñ1B�° � �K��~;°�½ U Y;0�23 V Y��:E�¶�¸£QEÇ R (anode wire) �£FEG�HE�	ê�àµ�9ë$Dp�/Op�+É5����ò^ó��d� 45 � MN�0�2-3-ò����d� 45 � M1N�¯�Vd�T�1X�Y�¯1DP�Ò���$� � Z/ZIM1N �Kï `GW�ð	ñ6B�° � ��1~�°-½åPQEÇ R � φ4 mm � ¢�nôz ��õ q�G5zöt÷¸�z�G1W�øuC�D ï `XW�ù<Z�D	~1°-½�QEÇ R �õ qpGpzútû¸Iz1G	�-üµ¶Iý�l£m;
��$D�0d�Ò��¼�þ�gp|�ÿXW���D�~1°�½
X Y�0�253 U Y$� V Y7����ø � s£é5G t�Y W�ã;D$D��I|dC�D	0d���6E�¶�¸pY M�s�é5G
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Æ 2.1: MDC Ä�Å
t�Y � âpã£��OE�+ÉE� 8 mm ¯��IÞ����	`µ
��	D	~;°K½>E�¶�¸-Y�� anode wire M potential

wire � 8 mm â5ã 1 ¯-ß�Ñ+à�\���Þ��KVí� �^X�Y;¯�DP���$s+éKGdt Y�� cathode wire � î ßM1N	� 6 mm âIã;¯IV��T�;X�Y+¯�D^°K½� \ � E�¶A¸5YGW#���	J�L^M1N�àµ������� X1 Y^� U1 Y$� X’2 Y$� V1 Y^� X’3 Y^� U’2Y^� X4 Y;0�2-3 V’2 Y M��
	 ( Æ 2.2(b) �� ) ½<J���Ç�H3WAlíCKX�Y��-�'J
�IÇ�H<W�ldCD	~�:�~�Y��AOíC!D��>E�z � Q�Ç R ��ï `IW�çª�IC!D>D^°�½�8T�;��2�� anode-wire ��� ��$X���z^¸��5����òª<��£�9à���tEn õ HAC#D�6EX���z$¸�¯�D$°5à M�~�������ñ�GW K��dCD$~�°-½ MDC �  	�����£��Ø 140 mm ��Ù 190 mm ¯1D$° ( Æ 2.2(a) �
� ) ½ 
2.1 ��E�¶A¸EY � QKÇ R È  �"!�# W Y M"Z5� v�$ ��s�éEGdt Y � QKÇ R È  �"!�#

W  2.2 � Y M�Z^XE½ Y X MDC ¯ � �íC�X�QKÇ R ��!�# W  2.3 � Y M	Z	Xp½
%
&�'

¼�(/WA\*)I� ��B�X)Z � Î�¼�+;��� potential wire 0£2�3 cathode wire ��,.-�
#�;°�½ anode

wire �J�n9';¶,JIs�G�t W#{íC#D0/��^¶�tÒ¼ ï �A¹+Xp��D�~^°K½K¼�+�1�2�3�4��K� cathode� M potential � � æI�65;�E&�7�B+°�½ cathode �+�98�YGW�O-�1É-�EY;:���P�<�C(� 1 MΩ �= G�t?>�@ W#{íC#D5e�T�� Y M�Z SHV A�B r ·p��|�}�C#D�~^°�½ potential �DC v.$ ��� �Y W9E�F��	P;< CT� 1 MΩ � = G tG>@XW�{uCAD�e�T�� Y M	Z SHV A�B r ·���|�} CAD
1U H V I"JLKNMPOPQ�RTS 11.3 mm U wire RTS.J 11.3√

2
= 7.99 · · · ' 8 mm
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Æ 2.2: (a)MDC W!���	J�L;M�N�àµ�Të;XpÆ�½ � �	�u�9�	D	~;°�× � � MDC �  ������XWÊCBE½ (b)MDC W��1àP� ë1XpÆ�½�E�¶A¸EY ��È GW!Ê6Bp½
~1°�½h	i�¶ j G�T�k���� (1) 
�þ � L�_�` ��� �(���
���< W����	:�~E� (2) ���;¯-� - ³ ���� ¯��$°��XM�~ � Å ��àµ�A'Ez����£��H�¯ � ªC�XE½ Y X-���pq$¶7t#���! !×£�#"7
 12.5

µm � '��!��t%$GW�V�°�8�ME�;2£� þ�&�+�E¹�XI�+°-½
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2.1: �£¶�¸-Y � QEÇ R È   Y ��È  '�¢�G tAQ5Ç R - ���¶����Kz�Q-Ç R âIã QEÇ R M�N '�¢	G t�QIÇR T	� �
��¶�����zQ-Ç R T��

X1 8.0 mm ì�U	M�N 12 T 13 T
U1 11.3 mm Z/Z 45 � 12 T 13 T
X’2 8.0 mm ì�U	M�N 12 T 13 T
V1 11.3 mm Z/Z 45 � 12 T 13 T
X’3 8.0 mm ì�U	M�N 12 T 13 T
U’2 11.3 mm Z/Z 45 � 12 T 13 T
X4 8.0 mm ì�U	M�N 12 T 13 T
V’2 11.3 mm Z/Z 45 � 12 T 13 T��

96 T 104 T

 
2.2: s£éKG t Y � QKÇ R È   Y ���	� QKÇ R â�ã Q-Ç R M;N QKÇ R T��

Cathode-1 6 mm î ß^M1N 29 T
Cathode-2 6 mm î ß^M1N 29 T
Cathode-3 6 mm î ß^M1N 29 T
Cathode-4 6 mm î ß^M1N 29 T
Cathode-5 6 mm î ß^M1N 29 T
Cathode-6 6 mm î ß^M1N 29 T
Cathode-7 6 mm î ß^M1N 29 T
Cathode-8 6 mm î ß^M1N 29 T
Cathode-9 6 mm î ß^M1N 29 T��

261 T

 
2.3: QKÇ R����  QEÇ R���� ��� QKÇ R U�� V�� �� T��'$¢�Gdt�QKÇ R Au-W φ30 µm 80 gr 96 T

����¶����Kz�QEÇ R Au-Al φ80 µm 100 gr 104 Ts�éEGdt�QKÇ R Au-Al φ80 µm 100 gr 261 T

9



�
3 � � � � � � � � � � � 	 


�� ¯���� MDC ��� $����������� ��!#"%$'&�(*),+�- MDC .���/�0 132547698;:=<?>@,A �CB�D�E%F +�-5� � �� �CG !IHJ�� �*KML �?!�N�O�PQR!S"?$�&#TVU5W#-#X,$CH?J�ZY#[*\M]�^�+`_ba ��c !�(=)�WCdfe ��g h*i�jk Y#l�m,!�nRoqp�+'W r E�F +C-bs�W �NtO�P?Q �qu#v�w�xy.{z=| Y F e � MDC ��}~�w�xV�7�� pZ+`� E#� [ K���y.�K +�-
3.1 �����
3.1.1 �b�*��� �t�

MDC �C�?� H?J� �I� +'Wr �'�*� 0R�C�%�b� TbUqW5-�� 3.1 � ���C!S�S� �*�?�S�: F#�  �>�:9¡ A�¢ �S£ ! MDC �¥¤Z¦ �=�I!�§ �©¨ WS-  ,>`:ª¡ A�¢ ��« ! MDC �C¬® ¯ !�°*)%&�±SH*²b³C$'-,´ � W�r � MDC � d µ ¨IK $�¶?· Et¸q �>�:y¡ A*¢ � d?µpZ+ ���0 Y#¹ º ¨ ��+�-R�SUC& �%E ³'+q» ¼´ � �*� K?½S¾V>M8{�7¿�L p�W'r�!#�5� � ,>`:ª¡ A�¢ ��À�Á !�§ �ª¨ &?$�+C-
cosmic ray

plastic scintillater

plastic scintillater

MDC

� 3.1: �%�'0?� �,Â�� MDC .��%�#�:GFS�' ,>`:ª¡ A�¢ � § ����Ã1 �
ÄCÅ � � � 3.2 !7Æ�pS-�Ç � Ä�Å ��� �#� � � �#�q:<F��q *>7:È¡ A%¢ EÉSÂ !`N,O�]`^WCÊËR!��qU�& �Ì854ÎÍ A Y Ï Ï=+����I! K UC&$�+�-Rs#W � QDC Ð TDC Ï L CAMAC�R¡ A 8ÎÑ%>M8{Ò A ��ÓÔ A%¢ Y#Õ ÖÈ]I^,+�s E%�5£q� ���C� ��¡ A 8×Ñ�>M8ØÒ A � Ï L
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PC Ó Ô A%¢ Y�Õ�Ö�p=+%s E?�5£5� veto ���Z���?iÈ¨ & Ô A%¢�� �M� o��'p=+����`! K UI&$�+�- 2#476y8;Â£*��?����:GF��' =>`:9¡ A%¢ E	��
b� NZO ¨ W Â� Ï L Bq�=Â £	� !� 8 F���������� ^,+ ��Ñ���>`� 8 F�� m 1=EC� �y¨ W�- TDC ! ��� lecroy 3377 ����� A� ��� $%W#-�s�W � MDC Ï L`�����=� TDC s ESÀ�� Ö L��#� l �! �"�#��$�%�#V� d ¨&%$*+C-VÇÎ^ �C� MDC Ï L � eÎO=]�^,+ ���=��&(' !*)�+ E%F +'W�r � TDC !-, Ö*pZ+. o E0/5½�1 !*2 ¸ ^%& ¨ s��43'�?�=Y F +5Ï L¥E�F +C-
57698 : 6;8

<>=@?BADC@?FEHG>ADCHG
6JILK;MON@I

6JILK;MON@I

PRQ9SUT7Q9SNWV7KXILK S VON

PRQ9SUT7Q9SNWV7KXILK S VON

PRQ9SUT7Q9SNWV7KXILK S VON

YWZ>[>\Y>\H]D\;^_Z>[W`U^

YWZ>[>\Y>\H]D\;^_Z>[>`;^

a `>YcbedfWg ]ihjbB]fWg ]ihk` g [

l95 :nm

lk5 :Uo

<>=c?pADCc?eE>GHADC>G q>rOsFtDu

q>rOsFtDu

q>rOsFtDu

vxw yezp{}|x~��F�B�F�x�

�R6;8

�����L�����J�_�p��������������L�_�e�

�����L�����J�_�p����������������

� �����

���������H� ����������L�
�������e�

�����L�
���L���B�

�L����L���� �����

�������e�
�����L�

T NWV*�U� T6�ILK;MON@I
v}w yFz�{ |F~@¡B�x�e¢F£e¤x�

Y>ZW[H\YH\>]W\9^iZW[>`;^

¥ ���>¦����L¦ ����§��e��¨

¥ ���H¦�����¦ ���©§��e��¨

�e���©���

�e�L�����

ª��������

� 3.2: �?� 0 � �,Â�« Ä#Å �
�©L ^�W TDC ��¬Z� 8 � � � 3.3  � 3.4 !�Æ*p5-	®�¯ « multiplicity � 1 !*°²± ¨ W�¶· « X2 ¯V!�³,¼*+ TDC �(¬R�y8 � E��u 3 w�x −2.6 kV *u 3 wx −2.9 kV « ¶%· �´ >�� � .¨ &#Æ ¨ &$�+C- 8#4×Í A �Ñ��R>�� 8�F��*���È. ¨ & Ô A�¢ �*. UC&$*+ «E	�Â'£ Y¶µ*$�· anode wire !�¸�$ . Ç¶¹ ���Â�£ Y¶º�$-· cathode wire ¸¨�»½¼ potential

wire « ¸ »I����
 Y5d?µ ¨ WRÇ .q�¿¾ÁÀ p�+�- TDC �!¬R�y8 � � °(Â,pZ+ .��ÃÅÄ �ZYe ¸½ÃÅÄ¶Æ Y©e ¸¥« ! u 3 w�x Y5XZ$�Ç0È�ÉR! K U#&!³�e  MDC «ËÊ �²Ì «�w ¶�Í j Y
¾ � ¨ W�dfeÎ! K U#&$�+C-
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� 3.3: uSv%w x −2.6 kV E�« TDC ��¬Z�y8 �
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� 3.4: uSv%w x −2.9 kV E�« TDC ��¬Z�y8 �
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3.1.2 �������
�?��0 ¼ MDC « ® Ê � ! B�� !
	?W�UC&%$*+ .��� +,Ç . Y�O��V+�-bÇ « ¶· ����]�^,+ ½S¾b>M8 «�� ¼ anode wire Ï L�«���� !��%¹ ¨IK $q-���U�&

dN
dx
= const.

.�� ³��! R+�- Ç¥^���e
dN
dt
· dt

dx
= const. → x(t) = C

∫ t

0

dN
dt′

dt′

.�K e  2S4`6ª8"�#� dl �7� +,Ç . Y�O��b+�-ÈÇ «�254I6ª8$�#� dl � ® ÊM>�� ¯&%�'#\r=+)(�'*�Re  dµ �(
 «,+ · � \*r=+=Ç . Y E ³�+�-
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(c)

� 3.5: space time calibration

� 3.5 ¼ 254�6©8 Â?£R�)- H ¨½ ´RÇIÏ L/.10 ' 2S4�6y8"�2� '�3&4 ¨ W ¸	« E*F +#-
(a) ¼ TDC ��¬Z�98 � �65 Õ ¨4f2�4I698 Â £�« H�7�'�3�4 ¨ Wq� E%F +�- (b) ¼ (a) ��-H ¨� 2S4�6ª8 Â£b.M2S4�6y8"�&� «CzZ|Z� Æ ¨ W'� E�F +C- (c) ¼ \�r�W Â£b.��#� «|98'1V�-�1:
; 2�4`6y8;Â £M.,<�=?>M8>� «�z=|,� 2#4`698$���9.�<�=?>M8>� «�z�| '
3&4 ¨ WS� E%F +C- Ê �²Ì � Ç#? B�� ' �%��0 Y#dµ ¨6;#: +=Ç . Y�@?Ï,+�-
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� � « ��� Ï L ��L ^�W 2S4`6y8;Â £V.t254`698$��� «S| 8 1V�-�1:	9+�� J�� � TVUW5-��
	��*' ¼� � Æ « �*� K +� J�� �?Ò����� ' �'U ; H?J�� � \*r%W#- B���« ¯�'� ¨);��� ]I^Z+ �(
 « d µ�� ¼����*F e ��0« ¯ ¸CÉ��ZK�«'E����0 Y�dµ ¨ W�3����
«F + +� ¼ ¯ «�� Y n KbL  2n � ¹�º�pZ+�-! �"-$# m�% KML&" X ¯ ¼�'(��F + «SE
24 � E%F +C-´#^�)#^ «�+���*�+ª. .20�,�� ]`^�W ��
 «���� «.- Y�/ ¸�0 ] :�+��V�213 »Sp5-9Ç «R. ³ «�.100«�2S4I6ª8 �&�©. �
��¨ W +�� Ï L \=r%W 254�6ª8 �&� «�-b�-2547698 Â £t.¶«�z�| '*�qU ; Æ ¨ W « Y'� 3.6 « (a) E�F +�-�s�W  4 ��« ¯�4 ; '³ :
;#��'0b�5, �,E ³'+ .�¼ ± L¥K#: -�W .,'Ô A�¢ � � �=E ³#W .¨);R¸ 1 �=»?¼C²M³ »
� ^ ;&: +`¶ · ¸�F +�-�´ « W�r  3 ��« ¯ «!6�7 «�8�E +�V�7�� p�+=Ç . ¸ ��9©¨IK¼5^ "SKML7K
: - ´ «.: � ¼%6�; F�<�; >��*¨ W . ³ « χ2 '1�SU ; T�� -5� 3.6 « (c)  (d)

¼ ´S^=)S^�¯ � 3 ��> U ; +��V�`�?�©¨ W�¶?· . 4 ��> U ;S�?�©¨ W�¶?· « χ2 � Æ ¨�;
: +�- � � « �*� K J�� � pZ+�Ç . '*�Ze  +��V�¥� �©¨ W�-*´ «(?�@� � 3.6(b)  (c) Y� L ^=W#-Z´#^=)5^ �%��0 Y MDC ' ��A�¨ W 0 «�� �CB{Á�DM� Æ=p�E

time[ns]
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(d)
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=0.224mmσ

(f)

� 3.6: ���
F «�+�� J� «(?�@ E (a) ¼.#�GÈ� 2S4I6y8 Â?£Ë�HGb�)�&�IB7Â?£�«q|981Ï L \�r%W 2#4I698$���JB ����¨ W +�� Ï L \*r%W 2#4I698$��� «!- ' B U ; ³©e  4 ;
« 2S4I6ª8 Â?£ '�³ :�;Ì2S4I6©8"�#� «!- Y K#: Ç B Y�K9s ¨�: E (b)  (c) ¼ MDC « �L «�M «��%�=E�«��*��F «��%�JB×Á�Db� Æ ¨6;!:=N E (d)  (e) ¼ ´5^O)S^ 3 ¯  4 ¯ «$6
7È�*� :�; +��V������¨ WC¶?· «*6�;�P.<Q;�>���«!R- H&7 E*FSN E (f) ¼ X1 ¯ B X2 ¯
« 2#4�698"��� «!T,E� Ç «QU A �Ë«	" Y#H?J���' z 	qp N E
H J�� ¼ X1 ¯ B X2 ¯ «©2�4I698 ��� «(Tb�6��� p N Ç B '1��e \�rWVE MDC «�W�½X A.Y j «QB Ç	¹ E$Z�[ W�d e  X1 ¯ B X2 ¯ ¼V\�Ê � H � ^ ;#:�N E �SU ;	�!
 «�+
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� Y À�F�E�F�N5KVL."- X1 ¯ B X2 ¯ «©2#4`6 8$�
� «.T ¼ /%² 2#476y8 µ '�� ¨6: E .
0 ¼��?� H%J��'���� ;%FSN · D «���- Y i � N E � ��'���e  MDC «C�?� HJ� ¼��	�
 -,E� 158 µm B,: � ?�@ Y � L ^*W�E MDC « HJ�� � � 3.6 « (f) '�Æ*p�E�W» ¨4Ç «.?�@ ¼ X1 ¯ B X2 ¯ «(T=E?F�NË«qE	 .&0²« HJ
� ¼ Ç «=U A ��«�"�� √2 E�� U�W� E%FN E �'� H J�� ' �#:�;�«���� ¼-��t>5�5½=> .��0«,+�� J
� «���E��y¨�» ZS[=N E
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3.2 �������
3.2.1 β �	��
�

MDC «���������������� N������ "!$#�%'&�(��)��*,+-� E/.10 F3254�< =�6�798;:
7=<�>@?A(��B<�C�DFEG���-H β F�I��;J*:�� E J!:��!F�I'4 90Sr/90Y 2-H�F�I"&�KL/4 37

kBq H�MA,LONQN β F"&�P�Q/RFS�:�4�� 2.28 MeV 2�T�N E ��U'VWH/X�I"&ZY�["\�4 Al &]
( ^�L : 0.1 mm) <�T`_aH�M�b,LZN3c β X"&�PGQ/R3S�:�4Zd�egfhNi3_=j)Lk?lEBc$m
β X&�(��`��*`+-�kn�o-&�pqk7lr'q�s��9t 3.7 \�uB�9m .G0 X)�;(��gV��'n�o�n$vxw
\xH β XB<-y�zk\ MDC ��{�|gV��3n�o/U�}$(��5�3c�����\�H�~-�k&��F6Z��8;:��92Gv��
\ β XF<x "!5LON��Z���"\5i�+���79����:�<����BcGi��Z\3V$�9m��G:��h���"&�����&/�-�
4 .�0 X�(��B�5&B�-&"n�����vk�;2�TGcxm MDC &����"&1�56Z�	8h:5��4�2'o�c9�g_ β X
&����)�h���5�Fc����1\$HF��&�^�L�� 1 mm n�V$�9m)f$&��F6;��8h:1�92x�����3c9P�Q/R
S�:�4 200 keV  G¡BEG&�2-H β XB<9{�|5�Fc�\�49¢�e�£3¤/m MDC 4 β Xk&$¥�b�¦3�`§ X1

[1H U1 [1H · · · H V2 [	nZE5c�i��$\O¨G©�VO��¤Bc$m

ª�«

plastic scintilater

MDC

X1X2X3

U1U2 V1V2

X4

¬ ª

plastic scintilater
( "® :1mm)

t 3.7: β X�(��B��&�p�q7¯r'qxs�&$°�±Bt

cathode wire n potential wire &x���k� -2.1 kV �)§ -3.0 kV ²O2 100 kV ³B2x 3!O#�%���(
�´VZ�-m�t 3.8 4�H5T1c 1 µ5&Z[k\-¶5}�cOH/ "!Z#�%�n cathode ���'&/·-¸��hugV���¤5c$m
t 3.8 &�¹F¤xXk4x��º`�h k!'V��B»x¼�½5:�< 1 ¾"U�}�&$¿�À1H�Á�Â"&ZX4 2 ¾k&Z¿�ÀGH�Ã
¤9X"4 1 ¾�Ä�Åk&$¿�À"&� k!Z#�%F21T1cxm�ÆGH β X"4 MDC \�v���\ 2 µ9Ä�ÅG¥�b´V;�G¤
E�¤�49Ç1E�&�2/H/[3&Z "!ZÈ�É�¡5< 1 2�TGcBn�o9&Z '!Z#�%���ÊGËF\-�BcZ���52�J�¤�c�&
<-Ì,²�V;¤�mi�+x�/H�t 3.8 �`§ÍH cathode ��� 2.8 kV Î�ÏF2�J5¤5c�&�<�Ð�¤knleF�Bc�m
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voltage [kv]
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t 3.8: β X��h(��	V;���´§ N���TGc�[k\-¶5}�c� "!Z#�%��$X�m-¹B¤��$X�H/Á�Â3&��$X"4��
N��9N-['&Z '!$È�É�¡5< 1 21TGc�¿�À�n 2 2GTGc�¿�À'&$ '!Z#�%1m9Ã3¤��$Xk4O "!ZÈ�É�¡
\
	´§;E�¤��� "!$#�%�m
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3.2.2 � �������	��


t 3.9 4���ºB<�����	�����������3\��´��PGQ/R3S�:"nWH���º'&������'&�·-¸�;u	V;�
¤Bc$m�Æ5��J5¤G� β X�Ik4����$Ê�j'¼���6! �"�º (MIP) 2�T`_aH MDC & anode wire \#$ �FcZH5¼���6% `LON5�x��º'&&�k4ZÊ��(''E�¤�mki�+x�/H β X"\*),+��3c anode wire �`§
&.-�/�� j)L'?lE�_ H,0-¼21kn�&23.4B<�µ���E��F+-�����9H-5/)n�V;�76 _ !-�`f�nO<�2
o/��¼986)7 <9� _ H2:�;�nGV��- '!�#�%3<x�,+��)V�²�+-�<�=	>5<1T1c�m

t 3.9: PGQ/R3S�:.?@� ( A2B [8] i'_%C-J )

D �2"�º3<7���E��2?@�1�3c-PGQ/R3S�:�4 Bethe-Bloch &�±"\Fi�+9�xY`L$NFcxm
−

dE
dx
= 2πNar2

e mec2ρ
Z
A

z2

β2

[

ln

(

2meγ
2ν2Wmax

I2

)

− 2β2 − δ − 2
C
Z

]

f�f�2�H
re: F@GG��º�H�I = 2.817 × 10−13cm z:

D �9"�º'&-� D
me: ��º	�2� β = v/c

D �9"�º"&�J�¡
Na: r9K��MLON;��P = 6.022 × 1023mol−1 γ = 1√

1−β2

I: Q@R3¼9�6! 5PGQ/R3S�: δ: S�¡�T�U
Z: V���Wk&�X�º"&�Y-º�P C: shell correction

A: V���Wk&�X�º"&Z�9��P Wmax: maximum energy transfer in a sindle collision

ρ: V���Wk&�S�¡
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21T�cxm5�GU"V H�f�&�±k4-��ºk\�4���J52'o9E�¤ 1 m3��&����-H���ºk&�����_h\ µ "�º
\�µ�¤����	�gVWH 12Be n�
�´V��/m
t 3.10 4 Ar50%C2H450% &���W,��2�& µ "�ºgn 12Be &�PGQ�R3S�:Z?@�B2�T1cxm/z��
2-(����Fc 12Be &���º"T��`_h&�PGQ-R3S�:�4�� 70MeV 2�H`f�� D�� "�ºB< MDC ��2��
�hP�Q9RFS�:�4$H µ "�º5<�Ê�jB¼��6( 1P�Q-RBS�:�3n�o9\&�g� P�Q/RBS�:� 72 ��Ä�Å52
T1cZm"i/+��9H MDC ��§ ��§lNFc -�/��Ëko'?WE�_aH����� "!`��#�Å$�3c�n&%"'`LONFc$m

E/A[MeV/amu]
1 10 210 310 410 510

E/A[MeV/amu]
1 10 210 310 410 510

 [
M

eV
/c

m
]

d
x

d
E

1

10

210

310
muon

Be12

energy loss (in Ar50%)

109.1

70MeV/u

1.5

t 3.10: Ar ��2(� µ n 12Be ��PGQ/R3S�:.?@�

1 )&*�+,)&-/.1032�46587/91.10;:=<�>@?�A6BDC@E=F
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�
4 � � � � � � � � � 	 
 � �  �

� �������On�VO��� MDC ����¤����5¼���N��(N� "!�#%$	V��'&%(�������)�*,+.-/�10��
V��9m�z��\"23��V��5476�8���95:;����� ��<k\/µG¤��7=$�/m
4.1 >@?BADC EGFIH@JLKNMO \P0	��Q;��� �SR"� 19C � 14Be !,T�cOmBfVU`§ �*X�º�WR���>�º�|%X	�Y![ZS\F\P&%(�] �;!7��9�:n.Q;�7^5�S_7`.a$�3cBf�nPbS!3o ] ¤�m"i�c$�7��dSeSf��Y!�T1cBfgU,§ �.X
º"���'hi�gj�JkQl��4��&X�º"�"\Z¥�b$�3c$m�f;����m5!9z��n�go´�;�;p7��q� .r�d.eSs��j�J%<Sd,e%t%u RARF v%T�wyx' �z{��¼|��N}�ONY 1 ��¶�~[�x¥����S�.�,���S�%�,� RIPS���|���}�":�� �Ww"�S�"�n�{#%$���j.�kQ����
4.1.1 �����3���������[�i���� �� �!3¡P¢%£y�{¤�w�¥7¦� ��g�{¢�£W§{¨;©G�{ª"©�Q"«"¬%¨��® � ![¯�°²±GQ³j%��Q³�¬.�W§%¥;¦� %476;85�µ´�w1�,�Yb;�Y¥3�S¶G�V¶| "!3T�w{��x7 �zP��¥|�S¶G�l¶Y [R�� �.��P·3#/¸"¹iw[® �,º ��»%¼5!YR ]¾½ ��¡{¨iv��,¿.À��|¤�w5Á.�{! �,Â §[Ã3Äy��Å/Æ ½ QÇ�¸5È"v7ÉSÊ ]'Ë,Ì Êy�WÍ1Î�ÏiQPÐ,�|w'��Ñ|�Y¥��%¶¾�l¶| 7§')%ÒiR 12.6 m �S¬�¸ 6 m !��
A/Z = 2 §{Ói¥�¦n ��PÔ�ÅYÕ,Ö;×5ØSÙ 135 MeV/nucleon Ú{Û7j.�Y¤Ww5ÁS�"b.Û�Æ�w[�
4.1.2 ÜWÝiÞyß�à�áWâyã�ä/å (RIPS)

x[æ�z{çY¥3èS¶GéV¶|æ'vY~;ê�Ð'ë.��¸{ì|«"í.�iî[»%ï�ðYñYv{òS��¸"ì;ó;ò��SôS�.�.õ.öv5~W°ø÷%ùSúSô/û"ü%ý3¤Ww��/Á{§7ü�ý�¸"ì|«[÷%ù.úSôiî{þ�ÿ��7�%�.ô/û�����Û��k° ó�ÁgìÈ"§{�%�.ô/ûµ�.�	� ó/�1ñ|§{�%�.ô�û�
���¤�w�«�3v RIPS û��3��«7� RIPS î"í.�W§ ������
(magnetic rigidity) §��W���������WÛ|§%Õ3Ö;×�ØSÙ����i§! #"W§$���Wû&%'�(�PÐ�í,�û1�%�|¤�)��iÚ[«'ó�*7Ó�+ �Sº û-,�Î�.�/%¹0)�Á%�"Û01[Ù�2�§!3'4�°"û ËSÌ ¸P¹0)�Á%��4Û�Æ5)���6 4.1 î RIPS §87�9:6.Û�;�)���6, ,§8<�=�§8>#?Yî�ó F 4�@BA�C.ó Q 4B*'ÓB+ �º ó D 4!D�+S� �Sº Û�;�){�563§ F0 §$ES��F�»%ï;ðYñ;ó F3 §$E%��FHG�ï;ð5ñ�ûµÀ.�(�"«7�

1 IKJ$LNMPORQ$MPSUT&V�WYX[ZR\Y]U^8MPORQU_H`ba�ZU\cZ&dPe
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F2

F1

F3

Q1

Q2

Q3
SX1

D1

SX2 Q4

Q5
Q6

SX3

D2

SX4

Q7Q8Q9 Q10Q11Q12

F0

E6

6 4.1: RIPS(RIKEN Projectile fragment Separator)

4.2 � � �������
6 4.2 F�ó	��
����é������;§$7�9'6Wû��|¤�� RIPS Û[´ ÈVì|«HG�ï 1'Ù�2�î�G;ï;ð�ñ|§��� F"À,�(�{«'ó���	�����7è���æ��! gÙ#" (SF2) ó Parallel plate avalanche counter(PPAC)û-���%Ð%$%ú(�"«[��G7ï 1[Ù52i� G7ï�ðYñ�§{õ�ö�F'&5°²ó γ (Só*).®;í%�Só% �+;�'4%,0�|¸ì0)�� γ (iî5G�ï%ð�ñY§.-k° F�À.�(��« NaI ��æ/�! gÙ�".û8�|�.Ð0$Sú ��«��1)�®%íS�yî

G323§54	6�7¾é8��93æ;:�Ù (MDC ó FDC3) ó DB+.� �.º ó���&0<#���	���=��è>�5æ��? 1Ù
".û��3�SÐ0$Sú �{«��� %+%�yî�ó>@�¸�§8� Í*���1�A�B�'è��Yæ/�? 1Ù#"Sû;C Í%Á%�PÛ�ó| 
+.��§%Î�û;D����{«���Ú'«7ó MDC §0EAF}Ú�Û	G#Hyû�IKJ[ó MDC &�°ML � î	H � Û�;�)[�
H �  SÛ3§�)3®%íS�y§8����û'ÛiÆ�)�ÏON�P�Q�¤�)�«��ó MDC � FDC3 §>RYî1ST60U$2WûV ,«�WnûPÀ.�	��«��

MDC î�G�ï�ð�ñ�§�¤YXZL � Û�ó�[A2�ó;Å�\%¼O] ��� ��^����5§�¤YX �A� F*_S�n¸"ì ( 6
4.2 `Oa ) ó ��� ��^�F�F����Sí,��§�b�c�] � û;$Sú|¤0);§�F!�Y�/ÈVì�)��/Á[§*��
�FH���Ð�ó	d�e'f�C�g�§�] �Ah�i +'[nÈkjAl�m�E5§*e�n�]�¢.£�o L F1p%¤ )�qAr/û1s�ÆH�7¤|«�
F.î{ó/��
�t>uYÛ 0.25◦ v � §*] � ��wAx (σ) 4	yOzy¸Pì:)��5Á"§*] � ��w>x�î{ó$E%�%��w
x (σ) F��"Ð 150 µm v � Û�;#)[�}Á�§0] � �Ow�x F&Sê7Ð�ó0�*{,í.�y§�] � q�ry§%Î��È}|7¢S£�o�~Wè}é²×Y§���w�x'4O� � ¤ )Y����nÈVì:)%�/Á"§{¢.£�o#~�è}é ×Y§/�OwAx�� �
F�&W°²ó%÷SÃ#�>o���[�È�z/Ú�);jOl�m�EW§%Õ,Ö;×5Ø#���,ú�� � û�� � ¤�)5Á���4.Û�Æ�)%�
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9:7�;��

9	<�;��


 = #4��� #%�8�4� = � #����>�?�#�� #�
���)��"(�����
����%�

6 4.2: �O
�§A�=��é��K�%�
4.3 @BABCEDGFIHIJ
4.3.1 KMLONQPRTS
Ñ��O
�Û1$Sú ��«UWV.ô�ó#��&0<H�YX�«{ð5ñYî[Z 4.1 óWZ 4.2 F��]\.�

Z 4.1: 1'Ù�2»%ï 17Ù�2 18O 22Ne H+2»%ï 17Ù�2_^�Õ�Ö�×�Ø�Ù 100 MeV/nucleon 110 MeV/nucleon 70 MeV/nucleon

G;ï 17Ù�2 14Be 19C H+2
G;ï 17Ù�2_^�Õ�Ö�×�Ø�Ù 70 MeV/nucleon 70 MeV/nucleon 70 MeV/nucleonÉ � —– —– 235 kcps

G�ï�ð5ñ_^`ba,ó��K&%<0@n¸�î[ó.$Sú]\�)�1'Ù�2'ícV!�WdPñ#F&;ê�Ð'Ãce	�gf	�'ð�ñ]^
@ih�î�Õ�Ö�×5Ø%Ù*�OwAx,ó.$.ú	�jfbX'õ.ö'40l}Æ )lk � ^ 2 Aiû;�Wm	�1Ð	� inVì )%�B6
4.3 î 14Be ó 19C ûPðWñ'F[ò�{ �fgo�.p^�ðWñ]^	@ih��{Õ�Ö;×WØSÙ%�Ow�xp^>prq�ûlZ �js
X:)��B6 4.3 F��	�gf&]t$F�ó 19C î 14Be Fgu_v_s 2 wpxOy �OwAx:41z{X��}|gì�î�ó�Fc~
^1�.):41�W~O^1��){^ 1.5 w5Û�;��²ó 3.2.2 ��Û�<	�[f�&]t8F�Õ.Ö�×5Ø�Ù!����îg��)p^ 2 �
FuW�]\ )�|���[Tn5�OwYÛ{��)���&�ês;ó 19C î 100 mg/cm2 ó 14Be î 200 mg/cm2 ^%@ih
^�ð�ñ�û���X�f1�/Ú1f'ó 7Li îb�%+cV�D �[�3ó>G��iî γ (�D��g�p^g�c�p^cf��F��YX�f1�
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6 4.3: �������WÕ,Ö;×5ØSÙ�^*�3wAx � RMS �	��^�ð�ñ>@ hOi +#�
�������5Õ3Ö�×�Ø�Ù�4
3 MeV Û�^O����K µÙO���[æ����3�0�A(yî�ó'ðYñ��%Û�^�õ.öBA#4	�A
Yñ�F0z/Ú_n&�WXp|��
[�n³ü���) �*{�)��;ícVO^����������W^�÷%ú�+O^[ó�������� �!��� ������"Wè�é#�Y^*�Ow
x$]^&%!'iû��Y\.�5A�(iî[ó hYn�F�(b^*)O^&���!+�,K��-��#" ^[÷%úO+/.Vë:? �ls.z#�f
�!����� �0�������>��"�èGé#��^��Ow�xnû;�Y\1�

Z 4.2: ðWñ
1 ï%ð5ñ 9Be

1 ï�ðWñ_^	@}h 1109 mg/cm2

G;ï%ð5ñ 2�3�4�5 2�3�4�5 7Li GW�
G�ï�ðWñ_^	@}h 100 mg/cm2 200 mg/cm2 239 mg/cm2 —–

C��TdPñ 19C $,ú 14Be $Sú 7Li(p,n) õSö�$Sú γ (�6�ü�7
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4.3.2 ���������	��
�����������
�� (RF)

ç���è���é���æ7î 1 ú������	)]��í�V ^�ë��� �n�!"s�"Q�$# |^'"%� ��&(' (RF)  �$)+* f.�

4.3.3 ,.-�/�0�12��34
�065 L7� (SF2)

���	�A�=�	8>��&/�  �#" (SF2)  RIPS ^ F2 �'99&}: �(: ( G%;%<�=�^?>A@ 5529 mm)B?C�D * #�E(;�F��(GH JI )+* f.��|^K�&MLON �2P(QR#�Sih 1 mm #(T�U 80 × 80 mm2

�V#VWYXOZJ[A\^]�_� a`cb�d \Ve |g^V[�\^]_fZ�g2�28Y�Ohi��&"^Mj���Pk���Y&%' ^V[�\lHm ni#(n]�%ocVcp SF2
BRq(r \�st	��^	uAvc[A\� xwfs�|AZyp��O�(s	e

4.3.4 Parallel plate avalanche counter(PPAC)

PPAC[9] Qy#([(\R]9_]^ l�m nzn��VoA{{^y|}!fM~ D  �I )� s^�%���c�A&kP��V�9��sMe
PPAC Q^�Y�.�1�(� m n��9���M��s�" ��#��^��ZaE9���k�%�}�(\2Q 4 mm �%\%��p(�2�cs
��s?e 1 �.�^�(�}Q	#�� 2.40 mm �(��hk�V�R� 40 �H�R�����M�(#2��hV�k�^�%�%��Q 0.15

mm �%\(�f M���Ms delay-line ���9 �p�!s9�2s^e�|	�k�(�}�?>�¡£¢¥¤�¦.�([�\V]2_�� lm�§
100 × 100 mm2 �?¨2© B ���Aªk#kn9«Vo�{��?|�!^¬M~ D  xI )�� scYZap��H®(s?e(E

�2� PPAC(PPAC-a,b)  REV;A<�=2�M>�@ B?¯�D * #A°±c�?~ D �	²A³ mf§ EV;A<�= BM´�µ� sJ~ D Z�¶A·� M¸2¹9¬ke

º
4.4: PPAC( »Y¼ [9] ½�¾�¿kÀ )
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4.4 γ ���������
γ 	AI ) À B E(;Y<H=2��
�© B #�������f®A�Rp 66 × 66 × 150 mm3 � NaI K2&MLON��
P� 48 � ¯9D * ¬^e NaI Kc&JL N���P(Q���.��¬�¾ 12 �# 4 � m�§ �9�f�?�ª��2s	eft
¬R#YE%;%<�=��M¤�¦������ B  2s½�� By¯�D * ¬ke���¡ B! � ¯�D º#"%$ � e (

º
4.5 �'&

<�(�Q z )�p}F��YG9�'*�+Y±-, "/.10 ª!2 ¾43�F��%Gk>A@ mf§65 ª9��sRe )

x

y

z

º
4.5: γ 	!7.d�8

4.5 9;:=<?>A@CBCD
Ek;(<c= B ½FE?ª�G!H��M��¬Mn«VoA{}Q�3JI��A{�K!L B ½ME	ª  �ON�P "�QSR § �M3�E
�2�UTV�OV hzLXW-Y/ZX� MDC 3 FDC3 Zk�![V�AL���\YK�YML N/�2P Hodoscope ��7.dc�
��s?e

4.5.1 ]�^J_a`cbed#fFgih (MDC)
j-k�l�m 0 ¬nTk�%V�h L�W�YoZ�� MDC Qp3YEk;%<c=9��qFr ( EV;(<�=}Z MDC �Os!tYT
�OuMv =152.5 mm)

BJ¯YD 0 ¬	e6G�H(n�«koY{H�Ju�w " IMx 0 3�I(�Y{MKL ´(µ tc�pyMz{" ¸¹s2(ZJp�c®VsMe MDC �p| 0 �'}M~!3M����Q�t�H�M|�¾�����s?e(¬� 0 3M������
Q%L�WSY/Z��� B'�M� � s%�(�7Z 0 ªJ3 Ar + C2H6(50%) �p� B 3 He + C2H6(50%) �xÀ2�
ª��s?e 7Li(p,n) �����9Q	«V{ "6� d 0�� � � Ar + C2H6(50%) �Y� " À2��¬^e 14Be Z 19C��� �!�X�2Q�FJ�YG^o9{}���S��\F����Y�GSH}���S� "%�=���X� sY¬Y¹F3 He + C2H6(50%)

�A� " À��¬^e
MDC �k[A\^]_��y`Hb�d 0 Q�3F�XV[J�XY���H��ZV®9ZM��~ B 3 MDC �� ��!¡£¢F�nT¤ Y mf§ 3 m �Y�')�¥S�S¦'§S��¡�Y^��¨�©R��\}���£�nTxt��R]_ "/ª r 0 ªA�2s?e�¡�Yk�
¨�©?��\.� �£�nT " MDC

mf§ v�2¬O«!¬ BMCAD 0 ¬A�AQ'3 MDC
" I��K�L��£�®i�	�J¯

��°�À � s%¬(¹ B �\A=�±!²�p�  m E^¬ mf§ ��9sMe-¡#Y^��¨�©R��\}� �!�1T "%³�´ � s
¬Y¹��O8£µ���K!«���¶�· "O¸ � B � ��3�¡'§º¹O»��MG�¼ "%½ À 0 ª���s	e-¡�Yk��¨�©R�#\
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�����UT Q Lecroy � 2735DC
" À2��3���6¢���� 0 ¬?]9_ " 10 m �Y�p)#¥£�£¦�§�� TDCB ª��10 ¬Ve

TDC Q Lecroy � 3377
"

3 ��À2��ª9�2sRe�R� TDC Qps-� 16 �7� multi hit
B �!� 0

ª!2 ¾ 34	�'�!�X��Q multi hit
"

4 tp� ¸ �
	}�9s���x� 0 ¬Ve�x��c½�¾ 3 MDC �X¢
���Yp�7.d��y�2¬cZ 0 ªX�63����H  hit ��� "�������� � sc�������� � s2��yp�H®(s �
¬£� 0 3"!FV$#a�MW¡�� multi hit p�£� � s&%('�)��+*��

MDC 2}½�,�3r!� � * FDC3 -p�.��7/.p80�21���3 common stop2 " À��Yª9�3*�� TV�
V4#65�W�Y/Z��A�c½-�a '77.�87-�5#®�Y 8J§:9�)��c�9¬(¹�3J� � � ��; "�< � #k���!�>=? "

stop  0 ¬V±@)J�+ACB£�@D@*E� 3 �GF TDC ��H(IJ= ?@K §ML(N4O
P ¬�H+I��(�/-�3
ECL ±:QX��R+S FERA driver4302

"&T�UX0 ª Memory module4301  ª�� O P *
�º
4.6 -J�ºYF[M� Yo�!��M2@VW*p3 MDC JX�Y7*�Z � �(V(FM¨-�@[ ³+\^]:_�`Wa 3-2

½E,�b _ (cF d�Q º �WDW*
�

MDC

Cylinder
6

H2He+C

Cylinder
6H2Ar+C

Decompressor

Decompressor

Flowmeter

Flowmeter

bubbler

bubbler

- High  Voltage

AmpDiscri. card-5v

+5v

ground
TDC Lecroy3377

TDC Lecroy3377

TDC Lecroy3377

FERA Driver 4302

Meomory module 4301

stop signal
PC

3m coaxial cables

10
m

 t
w

is
t 

sh
ie

ld
 c

ab
le

s

E
C

L
 B

U
S

24m twist shield cables

SHV

º
4.6: MDC FM¨��@[ ³�\�]:_�`(a

2 e fhgjilkEmhnporqts�ujv start wyx2zr{ n stop s&u&|&}r~6�2ojqt�j� |h�j�&���6�p���
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4.5.2 ���������
MDC F��
	���� O�P *p3I����!K!LS3 FDC3 3 Hodoscope -�3���� a )/�� 0�� 20◦� V � D@*��JK����9·/-�� 15 kgauss ����� a [F� Y�-'3�I����SK£L/F!¯�� K�� 96.5 mm �!#"�$ "&% * 3 �

4.5.3 ]�^J_a`cbed#fFgih (FDC3)

FDC3 -�I��'��K�L�F
��	 �3)(+*�,���F�y�z�{�F L+- "�. xGY/*0/+� "21 B"� 03�4 *��M°�À 065 b _ -J3 MDC ��7�8 � He + C2H6 �GD�*J�+5XW-YOZ �S��FF�:9 O -J3
610 × 410 × 490 mm2 �F3)(�*;,��/F3<�=?>�,�FA@� "&. x�Y7* 5�B F3CG) 5 DJ3)E-q'>
,+F3@� "�. x�YG* 5�B F3CG) 4 D@D+*�� MDC ��->1 4 3GF7!AH1TIC�-6J'D@F3CcF;K§"�L'M Y7* 5�B �(V(p°ON P *�F;PF3?K Y _ C0�Q=�R�SºE � 2UT43�V 18 C�W�X@Y7*
�ZY5 3OFc!AH1T�[��;\?H+- 5 mm I^]OP
_ � P � 2UT43 1 D3F;K§�a`cb � 5 d/F)Fc!AHeT
[��^\�H?e/° E � 4 *
� O � 3fOg�F)F7!aHnT�['�
\?H�A*;hZeji�k ��l b �)m;n YG*G/
�E+o0Tpf 1 DWF)K
qOrW�s 4 � *
t'u)�vejwxT .yb � 4 *
��/ P Oo�Tzf2{?|^H~}j[6�
\OH Kv��� P 5 t'�CF6*;�:��fG{?|^H~}j[A�^\OH�)�G9������+Yc�Q�@*
� FDC3 )����cF
oO�j�6���vej�@YC*�F(-af MDC ���+�
fOK
qWI^]�)^��9 4 5;B P+D+*��

�
4.3: K0� _ C/FO[6�^\
� M �C/F�� M {?|)H~}�[��;\ - � `

� ]'� q�[A�
\(I
]
[6�^\�>?� {2|�H�}3[
�

\
d�9
� ` � ]'� q
[A�
\^d�9

X1 20.0 mm E?��>?� 15 d 16 d
X2 20.0 mm E?��>?� 14 d 15 d
X3 20.0 mm E?��>?� 14 d 15 d
X4 20.0 mm E?��>?� 15 d 16 d
X5 20.0 mm E?��>?� 14 d 15 d
Y1 20.0 mm <�=?>?� 10 d 11 d
Y2 20.0 mm <�=?>?� 10 d 11 d
Y3 20.0 mm <�=?>?� 10 d 11 d
Y4 20.0 mm <�=?>?� 10 d 11 d� V 115 d 124 d

4.5.4 �0���Z c¡+¢O£:¤� ¦¥�§�¨ (Hodoscope)

FDC3 F
��	���©�f 7 D�F+ª?« _'¬v�®�] � ¬U¯ HG[�e��?~b 5;°�± O 10 mm f)C'²
100 × 800 mm2 F ] � ¬³¯ HW[�P�f;´ ] � ¬³¯ HW[:Fa�'�GF3µ�¶0�6·�*;��¸�¹�º�e&»�T#D
V&f;¼�½¿¾&À�I�Á?Â0e�Ã2Ä�Åyb 5^°

3 Æ�Ç�ÈÊÉQË&kEmIÌj�
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4.6 ���������
	
�
������ �Oo������������ �"!�#"$��&%�')(+*,�"-6fOª�«�. ¬�A®"/ � ¬³¯10)2 e �,���43�5�6 ��798³b:� ° !:#�$0©�;=<�$=>"? 3 >�t0�Oo,�:�A@�BZeDC�E��"F9�"-AGIH�J �LK 0"M ¾�NPORQ+�'�TS+U °

4.6.1 �0���Z c¡+¢O£:¤� ¦¥�§�¨ (Veto counter)

Veto counter ©WVYX 3 ± � 5 ∼ 10 mm G�Z�² 100 × 800 mm2 [ G Neutron counter
3 � 6

� 23 X"798L\�� °�],^`_Da �
��F=!:#"$�©+b 3�c F Veto counter [ HG¾�dfehg=i���jO�lkmonPp *�q�G ^)],r $�© Veto counter [ g=itsvuyÅ �T��Gwb�b [�xzy * ° �)\{G�k m|n}p
� Neutron counter [ uyÅ �:�9�y�RG Veto counter [ u�Å��T� ���,~Z��� _�� ��b)¾6�+o��
�,G Neutron counter [ ^4]�r $ _ u0ÅP\:���,~Z�`� _�� �Ab�¾lq [+� * °

4.6.2 �0���Z c¡+¢O£:¤� ¦¥�§�¨ (Neutron counter)

Neutron counter ©�ª�«�. ¬0a®���� � 2�0�� 86 X:o m �=�z���=�;s m G 6 � 3 Z��T� p
�A7�8w\:� ° Veto counter

3A5�6��
100 mm ��G 60× 60× 2000 mm3 3 � � � 3 ª�«�. ¬�®"/ � ¬³¯1042=_1� � � � 13 X��?����798w\T� ° b 3�5�6 � 2 Zw�;��N��0�T7=8w\:� ° 2

Z�� 3��45,6"� ¾ 3 Zw� 3T� � 6"� © 1067 mm
� ���)s m G 3 G 4 Z�© 15 X 3 ª�«A. ¬Z®"/ � ¬�¯1042���� �=���T�I* ° 5 G 6 Z0© 60× 60× 1000 mm3 3 ª�«�. ¬0a®"/ � ¬³¯R02�_ ´�Z 15 X��z�A��F * ° ´ / � ¬¿¯D0 2 3 µ�¶��6· ] $�¸�¹'º _ » mh�Ip G;¼�½¿¾�À� Á�Â _ Ã�Ä�ÅP\:� °
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4.7 ���������
	�����
4.7.1 ������§����
´�u�Å�� ��� 3 Á?ÂO©:G�� 5I3 o+��������� 0 ��!z_#" F���G�$�*&%(' _*) �P\T�2¾ �3 Ä,+?�.-0/ 0)2 ��» m2143 o+���f\:� °

SF2L

SF2R

SF2Z
NaI1
NaI2

NaI3
NaI4

LN1
LN2
LN3
LN4
SN5
SN6

Computer
        Veto

Rate Divider
      1/100

Rate Divider
       1/2

BEAM

NEUT

D.S.BEAM

NaI TRIGGER

5
4.7: �6��� 0 � !

• SF2L,R 7 SF2 [ ���K 0,M q�uyÅ �:�)�
• SF2Z 7 SF2 [68 ' 3 ¼�½�qAu0ÅI�T� �
• LN1 ∼ 4, SN5,6 7 Neutron counter

3
1 ∼ 6 Z � [ u�Å����I�

• NaI1 ∼ 4 7 NaI
/ � ¬:¯l042 3 1 ∼ 4 Z�� [ u0Å �:�)�

• Computer Veto 79+'�.- / 042 q.: 042�_ » m21 Ä�!�Gy�4\O��© ] $�:0;+�".�q6´�u
Å�� ��� 3 Á?Â _ : 0)2 �TC=<f!

BEAM G D.S.BEAM G NEUT G NaI ©=>���?�� @OÄ ��A �4�0��B.C \D�0�RG ����� 0 ¾
\����fE)* °

4.8 D EGFIH
EKJGL M�NPO MDC QSRUTSV�W XZY�[G\
QS] 	
^,_(`ba4c [ 3 #(d�e=. � 3gf � f N��ihTG ^jc�` akcml(n [koqp.r $=sih � F"��uitu=v _ %"'w\:��w ε = ukt u.v G F = F2

/ c&xKy 042 [ ���K 0�M q�ugt)�l�4� a ~ c � G
H = Hodoscope [ uzt �:�)�|{~}Iq�� � 3 r $ fq�.� \T� a ~ c � G M =MDC [=� � �� q�uzt �:�)� a ~ c � f (+* f G

ε =
M

F ⊗ H
(4.1)
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3���� hlugt u.v _ %"'�\���w,���+\{G 6He
3��	��
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h��4( w 5 ! 3�� F�� 
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�"�+3 ugt u(v [ G�#IF�� 
%$ %.'kh 1

� &	' ukt)�l�4� �	�+3�( ukt u.v [ $�* w y �:G��) 3�5I3+*-,.
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bD� 
 G ];0 q6}+F f G anode wire
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h;9)*��"- [ $4*�w4�"�+\{G�$ y m ]	0 q6}4(3C�* f G�%='�\:�,F ] $ &�D 3 ] $ o uit
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 F"j�� o ^4]"r $ _ 1

� \ �+E t}\�9=F 3 [ Gp Z 3 ukt��"�"� 
 1 [ $4*Ib f q F y \lFbw &"' 3 %(' ��� G�Z 3 uit��"�"� 1
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3 ukt u(v q �-G [ $4* ];0 � mIH \m}�F ]	0 (∼100 [v]) h / ' \:��w & 5 h l�J h l=n[ / 'W\T� MDC
3 ];0z_ �I(6w

K
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l.n !=h / 'L\�� MDC
3 �6L:0NM sPObe c /;QSR,]T0 w Vc G Vp


 >A��?�� cathode
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f

potential wire
3 ];0 w

H+2
17C 14Be 6He

Vc [kv] -2.7 -2.2 -2.3 -2.5

Vp [kv] -2.7 -2.3 -2.3 -2.5

4 UWV�X=Y:Z\[^]:_a`cbed%f�gih%j?k=lSmonipoq
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5 � � � � � � � � � 	 
 � � �� �

������� 
�� �������
( � �"!$# % ) & ���� � ��'�(*),+ E t.-0/�132*4�576 �*� & r �8 �

Z
��9�:*;

A & �""< �>=@? w MDC

 2*4 �*� & ��BA 2*4�C"�D&FE*Gzh G"H 7JIK (L1 fNM�O -0/7P��RQ ��S & �*� ���ih � Q � MDC &FT=d <VU*W (L1 S.f0X � H 1�w� l~n � 
F��;�Y�Z & r � s[&FE*G < �\= ? X ��] h 14Be h@^7_�P ��� < �\= ? w

5.1 `babcedgfihkj
5.1.1 l.mbn�oqpsr7t[u�@�"!�#v%7w�x �Ly (B&0z ��{�|�} w.~ ;�Y�Z &0�L&0z ��{ X���� = P�_B10����& ?v� �
RIPS w�� = P S /�+V&�z ��{ <V������� ��� �>y (B& { Y &�� <V�q�7� � ? ��v��

z ��{ & �0�79B� � & �*�@���v#0���\�N �¡�¢�£ <¥¤7¦*§ 10�@���$����#0��� ∆E
� z��{ &@6v5 Z

� z ��{ &F¨�£ v w*x |B© &�ª@« X7¬ 1F�
∆E ∝ Z2

v2
(5.1)z ��{ &F¨�£ v x �*L®.¯�°²±³°�´ & RF µ�¶"��·7¸$¹*º,» ¯�¼L´ º²½¾#.¿ SF2 À.&FÁ*ÂÃ ÀÄ�[QÆÅ � +¾/ � �B���[��#$�7� ∆E x � SF2

� &�Ç*È²�sQÆÅ � +¾/q1$� |�É wq�DQ �z ��{ &�6�5 Z w@ª,�¾P � � § 1 S � X � H 1���Ê ? �  �¡�¢*£ Bρ x |�© & ª@« XB¬ 1F�
Bρ ∝ v

A
Z

(5.2)? � � � A xËz �*{ & 9v: � ¬ 10� S & ª « <Ë¦ _.1 S ��w��qQ � z ��{ < A/Z w@^�_�P� � § 1 S � X � H 1F� S &@��^B& ª «�Ì (5.1)
�

(5.2) )"+ � �v�"!$#v%B& � � < Â = ? �Í7Î
�v��!@#�% <V� �R� ?�Ï < 5.1 w�Ð § ���D&@Ñ�ÒÄwL�[Q � Ï 5.1 &$Óq_�Ô �*Õ =v?FÖ�×X 14Be �³Ø�Ù § 1��ÛÚ�Ü�-Ë/D1F� 14Be &FÝ�£[x 94.5%

� ¬ 1��ÛE�G�-Ë/ ? �
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5.1: ���Äw@����!$#�%B&�� 2 ���	� F2 Ê � &�Á*Â Ã À ��
 �Äw F2

¼L´ º�½V#�¿ � EG�-Ë/ ? ���\!$#�%B&FÇ*È < · ° » ± � ? �
5.1.2 l.mbn�oqpsr	�������v�
�@�\!$#v% X '�(�w��	� § 1ËC�£[x � '�( É	� w����²� ? ��^B& PPAC

<0¦ _�P Ñ ÒR�? �
�

PPAC )"+ � �>!�#v% X���� � ?��	� ���! �"$# &&%	�[&('	) <+*�, � H 1F� S &
2 ��)\+ÆÁ�- < Å � � � ��!�#�% X � ��'�(�w���� § 1.%����ÛC*£ < }�/ � ? �Í7Î
�@�v'�(�w.�0� § 1 ��� &(%��>�NC�£ < Ï 5.2 wËÐ § ��1�'�2qx � !�#v% X&3546"!#.< z

�s&�7 � !�#v% É�� )"+98�P�: < x �D&(7 � É #�H�< y �[&(7[wq� = P�_.1F� S /�x �6;<!=5>�? � ¬ Q � !$#�%.w�x(@ +BA�_�� Ï 5.2 �[Q �
x ∝ θx (5.3)

y ∝ −θy (5.4)� ¬ 1��,� = P � � ��!$#�%.x0'q(.wDC7_*P � x � "E# w(F*2 � y � "5# w(G�HR���EI���ËP*_�1 S � X�J )�1��Ê ? � PPAC
� x.K�: � ÉB© & Ã À$µ�¶�&&L�)>+M%	� < Å � P7_.1 X@� Ã À@µ.¶�&(NsxO G��.AB1�x�P � ¬ 1F� Ï 5.3 x � PPAC-a & x

"!# & Ã À�µ.¶.&�N � ¬ 1 X@�RQ�S &	Ts+^ HFX 8�+Û/L1�� S />+ ®6U,´Ä± x�V\» ¯�W ¸!X ´�Y � ¬ 1��[Z J /L1�& � �\S / |5\ &�*��� x�]5^,�VP�_�1��
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5.2: �v��'�( É � &@� �>!�# % 14Be &(%����NC*£7� (a) x.!$#v%BwFØ��¾P �	� "$# &&%

�²�³C�£ � (b) x�!$#�%.wFØ²�VP �$ �"E# &&%����ÛC*£ � ¬ 1F�

 [ns]R+TLT
-50 -40 -30 -20 -10 0 10 20 30 40 50

 [ns]R+TLT
-50 -40 -30 -20 -10 0 10 20 30 40 50

C
o

u
n

ts

1

10

210

310

Ï
5.3: PPAC-a & x

"$# & Ã À$µ.¶�&(NB� (
S &(�	�sx ;�� & Ã À$µB¶�&�N � xDA�� � � Â��� �ËP��@# ¯ &&%�� < z��
	
�sw� J
� P ¬ 1�� )
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5.2 ������� cedgfihkj
�	��
������� �����������[x�� ����
� ©D� w.������� MDC

� ��� �!�"$#%�����
�'&�%	���)(�£+*ËÑvÒ²�)����& ©D� w.���²���-,�.� 0/1��CD� � FDC3 * ¦32�45��� �6�
�0�$&�7�8�9[w.��# � �+*¾Â;:5�$�qÊ����5< ©6� wB���²�=� Hodoscope

� ���$&FÇ�È�� ���
� ∼Hodoscope À6&0Á*Â Ã À>*@?1A²�-�$�+B-&('�)C* ¦32�4��0� �0� &D��� Z w���#� �\~¥ÂC:��$�
5.2.1 EF$G Z HCIJ�tDu�v�
K �19 Z wL�	# � �[x�� RIPS

� & ���MLDN�O & ��� ��P-QÄw-�
∆E ∝ Z2

v2
(5.5)

&vª$«�Ì;* ¦R2�4 Â;:5��� ∆E � v x Hodoscope
� ?�A²� 4R,TS "3�ËÇ�È²� Ã ÀR'	)>�>U Å� �$�Í7Î Ï

5.4 x�� Hodoscope
� ?0AM!�"R� �1� �0� &FÇ�È�� �	��
�1VCS Hodoscope Ê � &FÁÂ Ã ÀR&�W�ª$*¾ÐR����~5& �7¬ #F�5�0� &����[w��$UX� �*� !=" 412 #@Q0�Y �V #��+B

" |5\ &-Z0[[x�� Ï 5.4 & Z = 3.5 ∼ 4.5 &�\ Õ � ?�A]!="���1�[w�^ 2�4 &���ÂM:	�@�
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Ï
5.4: Hodoscope

� &0Ç�È²�³Á*Â Ã À (
����
� ∼Hodoscope) * ¦R2�4�� �M!="3� ��� �

�����B�+B-& Ï � x-�	_Dw0Ç�È+*���� Z w�`�a²� 47¬ #�� (b) x (a) *�b�c �ed 7R� 4 ���
Z &(�sw�f0gR��� Ï �.¬ #��
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Ï
5.4 & (b)

VMS Å � ���1� � �$& � Z��+*�� 5.1 w�Ê�� � � �
� 5.1:

K �19 Z w���#%�1� � �$& � Z��K �19 1 2 3 4

σ 0.0391 0.0513 0.063 0.0643
Z

∆Z
(

FWHM
) 10.9 16.6 20.2 26.4

5.2.2 �����CF>r	���� � ( 	�
��� )
��� �0� &ËÁ�-Dx�� �D��
>�D �� � ,�.* �/'& ©6� & �����3� Ñ@Ò § #����>Y ¬ #��.�
"��5" � ^3& Y�����± º � ´ V N (MDC � FDC3) * ¦R204 �0� &&%��C*@?1AR���@�"ÊBP5�
$�D !� &�Á�-7ÑvÒÄw	^ 2�4#"�$ #���v�

MDC
� ?�A �-� Y�����± Ã À>* Y��%��±'&�� w�`0aR� ���1� &�Á�-;*FÅ � �@�)(�* �

A	Z0[ "�+ x-,/.!0M* ?0A �-�s�!1B��P�Q ��¬ #��� � � �)2>b�x UV
"5# 1 w�3 S "�4 ®653N &('	)>~ ¦R2 �!7 ��86� A�Á�-;*0Ñ Ò ��� � L�N�O Y 3 4D"$# * z �R�*�)�

�
�

& z 1 
 * Z(X1) � Z(X2) � Z(X3) � Z(X4) � Z(U1) � Z(V1) � Z(U2) � Z(V2) � § #��,Ê	���LDN�O wFØR� 4 ��� � �! A "E# *��D"��	" x � y ���7�-� �+! S w�� L�N�O É�� VMS 84 : É �0: © YR7²��A3# "E# * u � v �swq��:	�$�*Å � # $ 1 Á�-;*VÌ ��9 �@� �
x = x0 + za (5.6)

y = y0 + zb (5.7)�(AR#��1� � � � (x0, y0) x z = 0 &(� � & x � y 1 
>� � a � b x*�5"��5" x � y
� � : � &; 1 �B¬ #F�ÄÊ����)*0Z�[ � x MDC < É�� &&%	� 2 * z = 0 �*� �L��& �#< * 1 
 &Fz��wD�	:��$��� V � � y 1 
 x  != ?1A � P�� u � v 1 
 * ¦R204 À =3� w�Å � � �

u =
x + y
√

2
(5.8)

v =
x − y
√

2
(5.9)

&�ª@«��$U �
√

2u = x0 + za + y0 + zb (5.10)
√

2v = x0 + za − y0 − zb (5.11)

1 >@?@ACBED�F'G ±45◦ HJI�K
2MDC HML
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X1 = x0 + Z(X1)a

X2 = x0 + Z(X2)a

X3 = x0 + Z(X3)a

X4 = x0 + Z(X4)a√
2U1 = x0 + Z(U1)a + y0 + Z(U1)b√
2V1 = x0 + Z(V1)a − y0 − Z(V1)b√
2U2 = x0 + Z(U2)a + y0 + Z(U2)b√
2V2 = x0 + Z(V2)a − y0 − Z(V2)b

(5.12)

&q�$IFw-� 8 ^6& "�� ÌY���� § #F� f *�� N ¿.�0� (w1, w2, w3, w4) *	��
1`19�� § #L� �Ì (5.12) � � &L�EI A O � Ì��F�	A § B*� Y � 1�#F�
f = w1x0 + w2a + w3y0 + w4b (5.13)

� 5.2: 8  &�� N ¿��>����&�«�9
f w1 w2 w3 w4

X1 1 Z(X1) 0 0

X2 1 Z(X2) 0 0

X3 1 Z(X3) 0 0

X4 1 Z(X4) 0 0

U1 1 Z(U1) 1 Z(U1)

V1 1 Z(V1) -1 −Z(V1)

U2 1 Z(U2) 1 Z(U2)

V2 1 Z(V2) -1 −Z(V2)

Ì (5.13) �6C 2�4 � f *�� � `�96� (x0, a, y0, b) *����D`09²��� �!� 5.2 &��EI��F«�9C*� # � � Ì (5.12) �	�3b�����['&���� �!��"$#>#>B � Y � 1�#!%6��&'�)�MB-&�( +>� �	)* &,+�A.- 3 V]S0/'132 �54 28 6 &7� N98�: &,<;�=�>�?<�	^ 204 Z V@1.A "�B 1MSDC �
Z0[9E�F1Y�G 2 � 2IH �J�$Y$K6#,%�� B � �ML C X NO& A &QP�R+*!S 2�4 x = x0 + za &T 0;*DU0AV�)����& T 0>Y,W3� 2 �YX AV� 4�Z.[�4]\0^�8 &!_�` *�a�bc����%+B�&�d@e<�
�'U ��f.g<��� 24 + 24 = 25 b6&Ja�b � _@`;*hU�A�#>#$B � Y � 1�#,%i@j �-�5_�`@akb &Ql5mC*hn5o ��p9#J%

1. q�N$&!r$��s���t *hu [ � X N1� UV NO��"���"9�5^ 2�4 ��s���t3Y 1
i5v &	N'&=94 u [ #Q%

2. L C X N ��^ 2�4 &�;�w<x�� X4 N;& HQy r;��z 1��QN'&�9 Y 4 N � 3 N &,{�=|�},~ #<�Q%

3 �Y�k���������J���������������h�!���0�D�Y���Y 7¡£¢��¥¤�¦¨§�©5�����ª�£«��J��¬�0®
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3. 4 N<z�r��������Q{�=���q5N
	�����@P5R�� 1 �����.& ������������ !) *  Q<;
=9>5?��!�#"%$ 24 & _�`'�!a�b�#��!%)(* 24 6  ,�;Q=9>�?+ %,7z�- 4/.10 χ2 2
3 �4",{�=5�6����&�#J%

4. 3 �Dq�N� 	r��!s5��t� 87+$� :9�;Q=.>5?+;!�#"%$*< H 4 %)(8 
=?>@� χ2  �A 24B =CED $�F5>�#HG7�h{�='I8J�KML��1"4NPOQ=�RTS�U 1 P5R 24V L���$#"9�+=Yw�x9�
(
= 2 z
>��? 7z�� ^  3 N� !{�=� �(�W5�YX<;��6Z�[ 2 K.�,%��5&HL\�Q(: kE : z]  	N 2 Z%[ 1 ",P7R'� V
^ z1".�4	+�/_1K.#��T(?=:Ikz�> 1 "P kz�� X1∼4 N+	)�
1 N C �JP�R)�*`�a�L6$���a 4 bdc@ �{�=)�Ye D 1@A �9B 1 � 1 "7%

5. 3 N<z�r��������Q{�=�� 4 N�7
$�zJrH���:�T�,{�=Q=*f�gH;4� χ2 �8- 3 ;�#O�89<;
=9>5?��	u [ ��7
$# *1��P5R� :9�;,=9>5?+;���"%$J_�`)�	akbhLi� χ2 2 - 3  !{
=5�6����&�#J%

6.
^ ; XUV N�7�$T ,P5R��QST"P$!j�k��6< H % (X4 N� HQy rH�5z�>��QNH *l ,UV4

N
 H	y r
�kz�>4�hN
 8l ) 2 (4,4) � (4,3) � (3,4) � (4,3)  4 bmc� h{�=�; }!~ #9� 5 %
7. n�tHI�o &�p ��k5�!ST"P$ 3

^�qEr ;:j 2 %T�5&HLi� X N��h_�` 2 b�shL*�4P�HIt ;,u [ $.K.�? 7z��u(@����ST"1$ UV N� *9�;,=9>5?�;���"P$# 5;,w<x$�,%

4 v�w6x � X1 y � 2 z � X2 y � 1 z � X3 y � 3 z � X4 y � 1 z �|{�}����h��~*�8���	�:�����8�¨�
2 × 1 × 3 × 1 = 6 z ���\�/���������@�8�

5 ���|�\�!���\�Q�����7��¬�0®!���6�Y�¨¬����:�4� ��������� 3% � ¡��@�i��®
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���

_5`� �aJb����5��p.#���=1L@$!�
	 5.5  �� H ;:� PPAC =� :1��=�5t
 !S�U'�
������ L��J%�	 5.5  (a) � (b) � (c) � (d) I:��� ^
��r v z� ����.(��P :P��=�5t#��� T (��
 41�Q= �t9z.K.�Q% L��4��!�"HI�7�$ PPAC ��#�"HI�7�$ MDC  �A<z@K$�!%
� ^���r �%$dc\a#"��!{�=';��#"1$�j1kML*�J%&�
'�$!� PPAC = MDC  !_�`H;*P�Q=

�t�I)(?7';)*
+9#<�1I C z.K$�,%�	 5.5 zEI-,�	T;.*�+uL8$�/hc�� v�0  MDC  !_@`
a7bHI!WQL�"�= 1<x9�Q%
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	 5.5: � ^���r 2 1 "'=%>� PPAC = MDC  4#�u=2�t.%
!�")I PPAC ��#�")I MDC

	�� � ^��+r  1,.3�;%4�5hL���% (a) = (b) I x (6�P *1��=�5t1� (c) = (d) I y (��P *
�Q= �t@%

42



5.2.3 ���������
	����� (����������� )
���

MDC =8f�g�;:� FDC3 z�J%KuL8��N%O
 	_5`�;�� '8$��! �L8�#"�O 2 J1K�ST T�:�����
;%$'&�(���)�z� �*,+ ( -'.�/ � *,+ ) �/JPKuL\�0-%.�/ �2143 ;�5467(���8�(8 9-%.:/ �
*!+P	�� NPO� <;>='�<?�@�(��#8E�!A�L\� FDC3 I�B4�,C�;<DQLY$��5�4���+� 2 �FE4G��
=����FG���;�HQ�i�T�JIhLY	!KP"# ML��,;!=� ����!N
O x =���E,N
O y

x = x0 + za (5.14)

y = y0 + zb (5.15)

�QP,RH;�S�T#�%8'(* �{
U#�';!=�I8- 3WVYX WH;��
':$Z?�@�L
>6�Z[�KW\4=M] X3 I#� Y3

IH J^4_ 2�` ��a<;!=)�:bPKF(<��(1= 2 L�>7��8
-%.</ �c143 =�-Z.�/ � *
+T �S�U�I4� MDC  <d7e,fPJPKgL#h D ����i�;*�j-'.Q/ �

*4+# <O4k)�ml4OQLY$'S�T#�%8)L@	)L\��*Zn r ;
(: %G�WgL�I�)#A<o�,�KJ546�;PI<ph�:K
"�8�q�(:L���n>S7T#��S!U
r)�<sE"%$ *Mt
;
='�<?Z@hL���S!U
rT	5�uS�T��9-%.Q/ �v143
dd1 =u;!=+	��uSFT#�9-'.Q/ �v1!3 dd2  0 �Qw,xhLY$��,y!tz-'.Q/ �{143 =�-'.Q/ � *
+T �S�U,r��QSFT9��8�(: J|4}5�:~ c��F(�(1=4;���'4$ dd1 = dd2  0 2 KW\�K9��8

���

-#.:/ � *
+H=�-#.:/ �21
3  �S!UMrHIQ�MI��%=*;JSFT4��-#.Q/ � *
+ 2 100 ns ��c 3
�:"<�
U�I 2 �!GZ�MrP� 100 ns �+c�FH>:"��,U�I 3 �4GZ�,r'��s�"�$P".�<8�(��EI)	 5.6(c)

 9-#.�/ � *
+E <O4k'�J�#$�]�O�	9���7i8;*� 100 ns �M��L�-'.�/ � *,+%O4k� J��> 2 F
>�\�5!�7(����,T,L ` �J8!K�/!���P�E !S�l4�� <�4��I��4O>�M��;�K9�6�7i�;QbgT)���#$
"��J8

FDC3  4j%k� ����HI�	 5.6  ��i8;,K�'��%8 (a) I*� !�"H;�-'.�/ � *!+ [ch] � #�"H;
-'.�/ �{1
3  0 �T=�'���	!L ` �J8)(8 9-%.�/ � *,+E 0 I:��-#.Q/ �v143 =�-%.�/ �
*4+� �S�UMr ��c�SFT��*�M;
='�<?Z@F(<�:�� �-%.Q/ �{1
3 dd1 =i�,?Z@hL:�<;!=T	5�YS
T���-Z.�/ �v1!3 d2  0 dDD L ` ��8�	 5.6 LEI*��/ �'q�7�$� 9-Z.�/ � *!+E;�DuL8$
dDD I 0 ;J�4�hL6$�/Qc ��-Z.�/ �v1
3 =�-Z.�/ � *4+E J546 2 oMLY")(%=��m���
(<��8
	 5.6(b) � (c) I (a) � y "P� x "�;: ,¡QLY��	,L�� (b)  F¢:�>£� #¤ 2>¥,¦ FDC3  �OPj���;§�¨ (���8>©�ª<«1S�lFL�/
¬ �®�¬>¯Z°+L��-������%�
OPj,� σ I 115.87 [µm] L ` '��#8
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5.2.4 ����� A �����
	��
���
�� l A ;��������
I�������������� �"!��#��$�%&�"',t�(�)#*,+-�������#./*0�21�3
�-4�5 � ��5!� ��6 s/7�8:9<;�='8
�
>@?>tA�"BDC�1
3#� E� (@C�BD(D)F*G+GH>t#IJr (5.2) L0JLK-=NMNO�P ` ��8&Q,�-RS 1�3�� ���T �U�@��LVI,( Bρ .UWX;,8-4@5 � P

6 sY7@='8 ∆P/P IU���@���[Z
�UBVCE1
3#�EZG\�]�^�_<`��0a@b 6dc Kd8�)feg( ∆Bρ/Bρ � ∆P/P I�h 
i .�INj�kml�n � L ` �<8
��>,O�o@p��<��q�O T ��?�@�.�I-(
rNs�¯ut@v,?Z@�w�xfy OPTRACE[10, 11, 12]

6 s/7
=�z
rNs�¯ut�v4?Z@gLG{�|&}Ub���~
� � A p��-�@��I:�Z��� i �,$�%#.,(��V� � D p��-�
�V��I FDC3 �,�
I
$@%�.��0;N=0z D p��G�@�YPDZG\�]@^@��_&`��@4@5 ��� . 10cm a@b
8D7�� 6 z,�
���Dp�.�)[�D� x �L� z �F�,���0�[�DI-(��Nb���b�(��0x��[�Er����V�[_&`� 8G� � ���GxE�:�@9Y�/���D�D�-z y �FI2�/�N�#���-P:�Y�/�#���/�-z
�� �� i _�` FDC3 ¡,�D�,¢@£#�E¤X¥�¦¨§�¥:© 6:ª 5.7 .UJ�«:z
44 h#�U¬��®@¯ 62°@± «[��Q��,.�*[eg(�²E &���0 ���³�q@O T �U´�8��"(0!Nµ�³�q
O T6,¶Y· =:z

x/θ3, x/θφ2, x/xθ2, x/x2θ, x/θ2δ, x/θδ2, x/xφ2, x/φ2δ, x/θ4, x/θ2φ2, x/φ2δ2, x/φ4

¦u����¸[¹[º,xG9
» 6�¼�½ «��-¾
(E�
�V�@���G¿@�YÀ�Á 6 15 kgauss (V�� �� i ��Â#�-B
C�1
3#��ÃVÄEÅ�Æ�x 6 68.3657 [MeV] �VK,=�z&Q-�0Ç#�VÈ�xYÉ�I 14Be Ê�.,Ë@ÌYÍ<}�bD8
)feg(GÎ�� 12Be ( 11Be .2ÏÑÐ�«�Ò�¾�I-(-9
» 6U¼0½ KÓ�F}-�&Ô¨8VIE�F`d��7�z�ÕG(��:x��
�-��9/�Y�V��Ö
$#I ¼N½ �YI,×�ØfK28
7@�@7Nz
¬�
Ù@Ú#.�)/�VÒ2�@9Y�Y�V���0xN�Y��Ö@$ z0 I-×�Û@8@7@�@7V�E��( z1/z0

6GÜ ��( z0
6

Ý�Þ ³
q@O T I�´[8:ß ���/Ò-z
c

5.3: �Y>
àDoYp#�N²@ F�á¦u���-¸�¹�º-xG9Y»�z x � θ IGâ
ãDä�åY�0$V% (cm) �u'DÁ
(mrad) �-Ö
$ 6 ( y � φ I,�Y��ä#å
�G$@% (cm) ��'
Á (mrad) �-ÖV$ 6 ( δ I�4
5
æ#�-Ö
Í�æ ∆P/P(%)

6�c «:z:ç@è 0 I A p �é~V�@�
�D�,�E� 6 (�ç
è 1 I D p �é�V�@�
�V�-�
� 6dc «:z
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�

5.4:

�� �� �� � �� 	
 � � �� ��

x1/x0x0 3.317204E-02
x1/x0θ0 8.740666E-03 x1/θ0θ0 5.792298E-04
x1/x0y0 0.000000E+00 x1/θ0y0 0.000000E+00 x1/y0y0 -2.167982E-02
x1/x0φ0 0.000000E+00 x1/θ0φ0 0.000000E+00 x1/y0φ0 -5.867793E-03 x1/φ0φ0 -4.720218E-04
x1/x0z0 0.000000E+00 x1/θ0z0 0.000000E+00 x1/y0z0 0.000000E+00 x1/φ0z0 0.000000E+00 x1/z0z0 0.000000E+00
x1/x0δ0 4.275767E-03 x1/θ0δ0 6.337598E-04 x1/y0δ0 0.000000E+00 x1/φ0δ0 0.000000E+00 x1/z0δ0 0.000000E+00 x1/δ0δ0 -6.944316E-03
θ1/x0x0 1.676263E-01
θ1/x0θ0 4.412188E-02 θ1/θ0θ0 2.932930E-03
θ1/x0y0 0.000000E+00 θ1/θ0y0 0.000000E+00 θ1/y0y0 -1.087720E-01
θ1/x0φ0 0.000000E+00 θ1/θ0φ0 0.000000E+00 θ1/y0φ0 -2.939712E-02 θ1/φ0φ0 -2.339310E-03
θ1/x0z0 0.000000E+00 θ1/θ0z0 0.000000E+00 θ1/y0z0 0.000000E+00 θ1/φ0z0 0.000000E+00 θ1/z0z0 0.000000E+00
θ1/x0δ0 2.278917E-02 θ1/θ0δ0 3.162431E-03 θ1/y0δ0 0.000000E+00 θ1/φ0δ0 0.000000E+00 θ1/z0δ0 0.000000E+00 θ1/δ0δ0 -3.188139E-02
y1/x0x0 0.000000E+00
y1/x0θ0 0.000000E+00 y1/θ0θ0 0.000000E+00
y1/x0y0 -3.898582E-02 y1/θ0y0 -5.081256E-03 y1/y0y0 0.000000E+00
y1/x0φ0 -4.743647E-03 y1/θ0φ0 -6.197197E-04 y1/y0φ0 0.000000E+00 y1/φ0φ0 0.000000E+00
y1/x0z0 0.000000E+00 y1/θ0z0 0.000000E+00 y1/y0z0 0.000000E+00 y1/φ0z0 0.000000E+00 y1/z0z0 0.000000E+00
y1/x0δ0 0.000000E+00 y1/θ0δ0 0.000000E+00 y1/y0δ0 1.633916E-03 y1/φ0δ0 9.845911E-05 y1/z0δ0 0.000000E+00 y1/δ0δ0 0.000000E+00
φ1/x0x0 0.000000E+00
φ1/x0θ0 0.000000E+00 φ1/θ0θ0 0.000000E+00
φ1/x0y0 -1.904552E-01 φ1/θ0y0 -2.473444E-02 φ1/y0y0 0.000000E+00
φ1/x0φ0 -2.649153E-02 φ1/θ0φ0 -3.408152E-03 φ1/y0φ0 0.000000E+00 φ1/φ0φ0 0.000000E+00
φ1/x0z0 0.000000E+00 φ1/θ0z0 0.000000E+00 φ1/y0z0 0.000000E+00 φ1/φ0z0 0.000000E+00 φ1/z0z0 0.000000E+00
φ1/x0δ0 0.000000E+00 φ1/θ0δ0 0.000000E+00 φ1/y0δ0 5.595396E-03 φ1/φ0δ0 2.404363E-04 φ1/z0δ0 0.000000E+00 φ1/δ0δ0 0.000000E+00
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c
5.5: �V>�à
o@p����� Ñ���0 ��f¦��Y�,¸/¹�º�x,9
»

x1/θ
3
0 -3.861155E-06

x1/θ0φ
2
0 -2.515836E-07

x1/x0θ
2
0 2.664599E-02

x1/x2
0θ0 5.849492E+00

x1/θ
2
0δ0 1.162041E-02

x1/θ0δ
2
0 4.010897E-01

x1/x0φ
2
0 3.552186E-06

x1/φ
2
0δ0 2.851106E-06

x1/θ
4
0 -1.485206E-07

x1/θ
2
0φ

2
0 -4.424325E-04

x1/φ
2
0δ

2
0 -4.535026E-02

x1/φ
4
0 -1.470380E-08

¶D· =L¦Ó�/�U¸Y¹/º,xU9@» �G²� ��,O T (@�0  �,O T (��E A���0 ��,O T�6 �0b/�:b c
5.3 ( c 5.4 ( c 5.5 ./¡@� · =Gz δ .0MFK28VI�( δ2 ���Ñ¡U��K�_��Yb
��7 ���0(�	����E�0 
��
��.�*N;-8��áÔ:Q��2P����NÒ-zD=��K"(@�0  � � �-O TX6 ÊY7�8 ¼�½�6 9X;�=NPV�[¡
e��D7���� 6�� `�bD�@_�;N=:zÑQub[I,BDC�1�3�P��E �� i _<` FDC3 ¡��0®@9�«�Ò��Y.G(

He ���
ÃDÄ�Å�Æ�x��������� "!Ex$#��"R S }�b�=&%'� 6�( e ° bD8
7
�@7D= · �D�DÒ[�) � b�Ò,z�*E;:80(�h'��o[�YIG²� &¡,�XK2_NÊ/7�8
7@�@7�zc
5.3 �L¦"���,¸�¹�º�x-9
»�� 1 9AÐ
� 2 9 Ð 6 Ê/7�Ò[��(�4@5
æ��-ÖDÍEæ 6�*�+ . 2, ¶Y· Ò�Q��UP����NÒ,zXQ
Q���(@��- ��4�5@æ�ÖVÍ�æ 6 δ1 ( δ2 �@KÓ(����U�'./@q 6 δ1 (

δ2 0 «�Ò 0 ( δ1 ( δ2 621'3 � 	 KU8 � `"b�Ò δ ���'.�/@q σ I-( σ1 = σ2 0 «�Ò0�<`�4G(

σ =

√

(

σ1
2

)2
+

(

σ2
2

)2

=
σ1√

2

(5.16)

0 ��Ò 7 z�=��#K�(ÑQ �N� � 6 Ê�7�Ò�5'6 0 KU887 δ1 7 δ2 ��¸�9Yx�ÅDP 	 ;:8
7�Ò�Q 0 P:�; �D�YÒ-z[���
= · 7 δ1 7 δ2 6 ��b���b TOF 0 �=<[M?>�@BAC7Y¸'9Yx0ÅD> 	���$E _
` 13 � 	 KGF0z

7 H ï HJILK�M øòô δ1 ó δ2 NPO2Q û K�MSRUT ûWVYX,ø[Z�\^]Y_�`dømù T êa` ôcbYd M 1√
2 e M ø¨ù,ðgù Taf
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���

��o��&F&��"> ª 5.8 7����
	 ª 5.9 ��Y«0z ª 5.8 �� 5.3 ��
» >,Ê�� E�� - ����
æ �-ÖVÍ�æ δ1 7 δ2 > ¼N½ ��F&�'���D�YÒ
����������� �   �"!�#%$ Hodoscope ¡-� �-®
�'&C� TOF (�7)����æ��+*-, . /'#0$ �21 3 δ1 7 δ2 0 <�40� E �/Ò65 �7(-à'#�Ò8�[¡�F=79 �:������� �);+< Z �'�NÒ>=�?'(
�"@83 E �/Ò��E�87

Bρ ∝
A

TOF
(5.17)

«Y� �"A 7
A = αδTOF (5.18)

�/�CBW7ED � α >:F�G[«�Ò 06H æ�I A ( ¶ ¡�Ò)�JD>3"��7	��0����7 ª 5.8 >)K�LM� E
�N�:O�PY«�Ò7D 0 �
Q�R/«[Ò-�E¢V¾S���I�T�
��U@�">-#/�
Ò"D 0 �'�SB[7 ª 5.8 � (c) 7
(d) ����Vu� H æ�à�W7( � $X3�Ò�GË�ÂY� A(δ1) 7 A(δ2) �Uã�Z > 0 B[7 ª 5.9 �>�/«��� >� F)�� [ �8��� =�? �G�C� >\� 5.6 7-� 5.6 G�æ�!��/¡ 0 · F)��D �����]�"BP7-^�_C��`�� [a�b �8c�d 0fe Á�7 g a b �
c�d 0he Á � ¼ 4 Ö�I >UÊ��'Fi 	 7NËJj"à���k'(��l� 0 �
Û�Ò�X¡�F=7 � 5.6 �UË�m'!�� � $h3BF,à'� k">�7 H æ�I">N���7n)o$!��)prq�s���FJB �
æN�UÖ�tE�=F8q[�D�DÒ
�

� 5.6: ����=�?���à�� k
H æ�I 10 11 12 14

σ(δ1) 0.133 0.147 0.156 0.171

σ(δ2) 0.139 0.145 0.147 0.172

σ(δ1 + δ2) 0.136 0.145 0.149 0.163

� 5.7: ����=�?��-à���k 2

H æ�I 10 11 12 14
A

∆A(FWHM) 31.2 32.2 34.2 36.5
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ª
5.8: �+������� H ærI7�l�GÒX= ?�� (a) 7 (b) �6�+�������2®���&�� (

�  2��! ∼Hodoscope)

0 δ1 7 δ2 > 2  ��"�
©'#[¥�¦8�&F7j �2� (c) 7 (d) �
�)3[�)3 (a) 7 (b) >-K2L�� U@��� E O
P �GF ª ��7����Y�8��������� H æ�I >6�/«2�
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5.9: δ1 7 δ2 #J$ � $h3 F H æ A(δ1) 7 A(δ2) ��ã�Z
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5.3 �����
MDC �,à'��k7#]$ MDC ��� kN��-l� E��
	 «[Ò-�

5.3.1 ��������
c d�à'�+k������ 1 >���GE�GF 0 ���
5������2¹A¦ �"!���# >UÊ�� E%$'& �&F)�%(")'!
�E��� >�* A[Ò 0 7 ¶/· Ò�A��+���U¹A¦,�'! dsum �=7

1. X1 ä 0 X2 ä��2��� E 7r<l;+���'(%-7�l� anode wire ��.'/
02123 >54
6��GF8i 	
�87[Ò
�

2. �%�:9�; &C� 0 ���:9<;,�
!��UÖ�t�� >>=�� E@?�A @83 FB���:9�; �"! d1 7 d2 >�CDFE �
3. G�H > ?@A �L7"I'J21F3�K e'L θx >�C D2E �
4.
[�a #]$NM E 7 <l;+���7(�O�P@Q�o'K�/ b >:4
6 �GF
i
RTS

dsum = d1 + d2 + ztanθx (5.19)

<l;+���7(�O�P@Q�o'K�. b >54'6��&F8i�R�S
dsum = d1 + d2 − ztanθx (5.20)

F'U��VS z � X1 WBX X2 W�K��'!��
Y [ K81�Z\[8C D F]���>9�;,�'!�K�^ >�_ 5.10 ��2`r�
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_ 5.10: MDC K X1 W]X X2 W�K]�8�>9a;b�'!�K�^'� (a) � X W�K"c@='� E G�Hed ?@A �fhg
i � (b) � XUV j�klKhWmd�=��'k ?nA � f�g'i �
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_ 5.10 K'n-o��8K-sl( MDC Kc�d���� k����	�8` E � f US� S ��
 K�W�K�^ [ $'& �
k�� E K@[�S��������n)o��nK-s�d √2 [���� f q�������k [�� E �������@P	� ��!\K gi S MDC K
c�d���� k#" 70.0 µm [�� E D"X$��%�#�� f � ( ����&\K���G���'SB C D f �
��k 158 µm �)(+*lk,�-.��/��10�2 X�3:k+"hS
����&���G7&+� MDC K [�4 �65�d73 f8 �19�:<;��>=+��:@?6o�A1�>BC c�D.3:[���� f'f D S�E�FTKHG�IJ�������)K DFE�L X��
DHMON�PO� f PRQ�[�� E XTS�%�U EHV )W f S X W�Knc'[�GlHd ?8A 3 f6X RaX XUV W�j kn=JY'k ?nA 3 f6X Red$(�Z[3 f�gi d$\ 5.8 �6] ` V \ 5.8 [+" √2 [>�_^ S`�+a�K6����b#��cd3:k+� EHV X WK
c
[8GlH
d ?�A 3 f)X R�K%1��8S XUV jFkTK�Wmd�=JYnk ?8A 3 f)X R.�)(J*@Sed3f����b��>/�Y V
X L1g ��S�h�i��nK6j�k."6l�m\K�1��8S�'�^ 8mm8 ��n	Y V_o�p 9�;rq�s�K�^md ?nA 3 fg'i � 8mm d�t1u	����v2` E�L X6"�SKd3:k#w$x'[�"`N�Y V '>�hk�S XUV W"j k8=JY fX R\K81������ [�� E Xzy	{ EHV

\ 5.8: �<�>�8P��z��!�[lK1j�k�����b
h1i+�8K1j�k [mm] ����b σ [µm]

X W�Knc 8.03 70.0

XUV W'j k 8.01 73.6

| S y 1F3�K6j�k�����b�" y 123lK�WO��N�Y f D S o�p 9<;}q�s�K�^md�C D E 18Z�[J"?nA [.~HN�Y V 3$P�3 S UV 1 3'K6����b@� X 1 3'K)����baX)���:[�� E X5` E XNS X 1
3lK)����bed √2 ��35k�� A ` E	L X)�
[�~ E1V 3 f �O�%k�S y 1 3'K1j�k�����b<" 99.0

µm [J� E1V

8MDC �����z������� 8mm �������J�����>����T�} �¡£¢�¤¦¥�§
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5.3.2 ���������
� L ����bed����<�
	�� ` E f D ��"�S MDC ����F` E�������� K � L d��\K��8Z��

'��hk�	��[3:k�PRQ
�'K ��� K�GlHd MDC �+'��hk�	��2` E��� ��� E6V"! ��! [�" L
K	'�#$N�$�%�[TK&	��+d�' �%k�Y�N�Y��8S�j�k�����b	PRQ)(�*<� ?nA ` E	L X�"@[�~ E1V
X1 W�S X4 W�KHj�k�����b σ1 S σ2 d�+#� 70.0 µm S X1 W�S X4 W#�",.- E Y �./lK6j�k
���`bd σ3 S σ4 d 99.0 µm S X1 W<X X4 W�K6q�s z=96000 [µm] X ` E XVS � L ���`b σ
"�S

σ =

√

( √
σ2

1+σ
2
2

z

)2

+

( √
σ2

3+σ
2
4

z

)2

=

√
σ2

1+σ
2
2+σ

2
3+σ

2
4

z

= 1.786[mrad]

= 0.1023[◦]

(5.21)

X6N E1V0
1 1 [�2+* f '3#���S MDC "�4.Y � L ����bed  C65)U EHV 	��87�9F[J� E��:�;�� ��S���!:<�= [?> 0◦ ∼ 3◦ X)Y6#f,�-��&@OY�A3B+�&C	tn` E f D [J� EHV L K � L KDA

B���7[35k@S MDC K � L ����b 0.1023◦ "�E`�ON�F�b�[�� E6VL UO�&7[3NS PPAC K1j�k�����b<"&> 1 mm (FWHM)[9] S � L ����b σPPAC "&> 2.832

[mrad] = 0.1623◦ [�� E6V PPAC K�����b." MDC �6(�*�k?GOY'Kn[�S�H;I � L ��vmd�'.^
������	��F` E f D ��"�S MDC U8-8[+"�E>� [J"`N�Y V MDC K&4�����bmd�J�P
`+��"hSK�L"M3N�O;P K PPAC �Q4OY � L ���`bmdSRT` E G
H;TOD
U.��k�~WVO{ E+L X��DX W U E�V
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5.4 14Be(p, p)14Be ��������	� S�
�[3 f MDC ��'`�hk�S K�L;M3N c�l\K&H�I �:� ��� K � L ��ved�c���	��F`EOL X����>b��N�� f V � L [�SH��aO� MDC d��JYnk8S 14Be(p, p)14Be ���	� 
 Ynk����
d�'�� f V

5.4.1 �����
14Be(p, p)14Be ����K��%W��ed:C D f V PPAC X MDC �J'`��k K�L�M3N l [ ��� K �

L d 	��73NS!��W"�ed�C D f V$# ��H�I%��W"�#" Y!& K('\K	'�#6�*)%+-, L X)�
[�~$, V
dσ
dΩ
=

1
2π sin θdθ

Nout

Nin

A
xρNA

(5.22)

θ : H�I � L
Nin : ;� ��� K/.
Nout : D�� ��� K/.

A :
M3N K10�2�.

x :
M3N	3*4 5

ρ :
M3N	3(576

NA : 8�9!: o<; �7.
|1= L 3 ' 3 Nin

=
Nout " ! M Live Time

3/> �edJ3�N:-1U	?N�Q�N�Y`� = �-� "%@*A�Q��B i$CED p :�i�F?	��[3:k�Y	, 3 F = > �	G�, �� ��N�Y VH
5.12

3(I�J "10$2.tHu;=%F 3 H�I � 6 F���, V H�I � 6�3/K�L " PPAC M MDC
3 �6 ����b��+'.^ K�� 5)U = K7L " 3.348 [mrad] ( ��!8<;= ) F���, L M��`%�P��N V 0$2.t

u�=	F+" 50.24 [mrad] = 2.878◦ F��!, VW N = H 5.12 �)]d3/N�O���"*P�;*Q�R`�-S�� oUT L 3WV�Y�X��!, V P�;*Q"R���S�� o
" K�L M N ��k+P`U7X�Y�N�Y X�Y T �(Z��/[��	G�, L M�F]\"^@3(N V M.N N#3 3 X�Y T [�[3/N�M L1g = y ��/ 3 � 6�_ v%`*a"b 5�U�, � 6 ( c�d8<;=	F?> −3◦ ∼ 3◦)

Tfe {�X�g�~hji `lk1X�Y�N V L 3%m #$N�n�o�`pR~�, 37q = MDC
3

y �3/ 3(r7s [�� 3*t"u MUcJa3 ������� 3/r"s `�v�wyx1z${}|�X�Y�N�Y�P�QfF�~7,%MU�O{�QzU�, V?! [��%F q/r"s T [�	G%,)a�� L�_ v 3$� F�'�k*X�Y-,` =�� T�D
U}M 3/� Y F�������|�X][��!G�, L M�F m
^����ON r7s T K��-G%, L M�`�F.~�, m #WxN	, V �%� q φ9 _ vlx&7�|�XD$�% T P:- = ab�|/N*��P Q�g�~ h�� U�X�Y	,$�$����D T�� ^�� h L MWF?7"��|*N 10 V� O�3�m #�N*��� T |WN t�u = H 5.11

3%m #�N M.N!3 R��lx m ,f�	Y�`$� Q U-N V M.N �7F�P��Q�R��-S"� o `�>-� _�  W U�X�Y-, V �1O�� q L 3 P��]Q"R��!S7� o<T L |/V
Y"X�¡�¢£|*N V¤�¥ 3]¦�§-¨�© �ª"«/¬ T �JY�X��]O"� T ¡$¢£| = c�d���MU�Z£|/N V ��®	�O�� 3 ¡¢�x q DWUCK4

T ��Y7N V �+Y�N ¦"§-¨�© �ª�«(¬ 3(¯ T ' (5.23) x�]%G V

9 °²±´³<µ �·¶²¸��º¹<»)�(¼�½��f¾·¿UÀ6¡ÂÁ<Ã>¤ÅÄf¥j»UÆ²ÇUÈ�§
10 É 5.12 ���UÊ�Ë ��Ì²Í�ÎºÏ�ÐÒÑ²Ó`¤ÅÔ�Õ<Ö §
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5.11: 14Be(p, p)14Be ��� 3 H�I � 6�_ v V I�J q 0$2	t1u =-F 3 H�I � 6 V � Jlq�K�LM N xD���|*N ��� 3 .�F�������|(N	��S���DÒ. V H 3�
 Y��� q"K L;M N N�| 3 X�Y =� Y��� q�M3N ~ ^ 3 X"Y V

U(r) = −V f (xR)−i
[

Wv f (xv) + 4Wsg(xs)
]

−
(

~

mπc

)2 [

Vso
1

avsor
g(xvso) + iWso

1
awsor

g(xwso)

]

+VC(r)

(5.23)

f (x) = (1 + ex)−1 : Woods-Saxon
¨�© �ª�«(¬

g(x) = −d f (x)/dx = ex(1 + ex)−2 : Woods-Saxon
3 # _	�

xi = (r − Ri)/ai (i = R, v, s, vso, wso)

Ri : ���
ai : diffuseness parameter

( ~mπc )2 = 2fm2

RC : Coulomb
¨"© ��ª7«*¬
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5.12: 14Be(p, p)14Be ��� 3 �]O�� V I�Jyq 0�2.tHu;=	F 3 H;I � 6 V H t 3����lq ¡¢��� a7b 5���,]�O"�	�

��®-�O�� 3 ¡$¢yx(��
"N ¦�§!¨�© �ª�«�¬ q w�%F 4 �!~�,�� H 5.12
3�� 
 �lq����

[13]
=�� 
 � q���� [14]

=���� 3�� q����
[15]
= 
 
 � q���� [16]

T�� �lxl|(N�� �	� 3c7d�$�% q � � � 3]¦7§	¨�© �ª!«*¬ 3�! �;A3B � F!~-,` = 20◦ ∼ 30◦
3* 	"�# x�$ |X q �7= 
 =�� 3$¨�© ��ª"«/¬�M<z�{£|�X�
-,�� 40◦ ∼ 60◦

3 A.B7F q��� x�%	k1X&(' =�"® ���*)+�/3�#�6 A.B"F�,.-(`0/	1�k*X2
-,�� � � q =�3�42526�7 `�8�9"p.-N � M T: |fX2
�;��0< Y 5267 F q�=+"�> x�?@	GA;�B�F = � B m	C %�D0E2F2G T �A; � M q F
-0%
���H�O�IJB�K2L��yx�$�|�X q c"d�� B " `0M�|ON.P h %	k*X&Q'SR]�7® ���UT-qA�
B�FG TWVUX T -(X
%�
�� 14Be

q�Y�Z 4\[0] ��^"�����`_lx�a�b	cU; mdC %�efU% 345 %2B T RUg�B�e2fA%�h2i%`���j�k�
	;�l�m Z	n ~+;��0o " B�?@ #2p x0�+
�k q�q ¡ n
M %
dr�s�R �2��T-q ~�jk0t"®£|�%2
��
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c�d7����� )�� h VAX |�k+
�; 
 
 ¨"© ��ª!«/¬�B���� > %
	 �������� ��� x���c��� B ¦"§%¨"© ��ª7«*¬AB !�������������� 4 n 5�4 R � > B"!�#�$ A > 53 R ���&%�' ()  10 < E < 80 B+*�, T R�! #�$�-�. �0/�1�2 B�3�46587�9;: k�<�;+=�>@?BADCFE ( BG �0H
(5.23) =�	JI������BLK �

V = V0 + V1ε + ∆VC

V0 =















52.56 − 0.310E (E ≤ 40)

52.56 − 0.310E {1 + ln(E/40)} (E > 40)

V1 =















16.50 − 0.081E (E ≤ 40)

16.50 − 0.081E {1 + ln(E/40)} (E > 40)

∆Vc
��Y0Z 4NM L;: k � 0 R�O 4NM L;: k �

∆VC =















0.4Z/A1/3 (E < 40)

0.4Z/A1/3(678/E2) (E ≥ 40)

RR = 1.219A1/3, aR = 0.688, RC = RR

Wv =















−0.963 + 0.153E (E ≤ 39.4)

−0.963 + 0.153E(1 − 0.33ln(E/39.4)) (E ≥ 39.4)

Rv = (1.38 + 3.76/A)A1/3, av = 0.557 − 0.462A−1/2

Ws = 10.85 − 0.157E − 14.94ε + ∆WC 5 0 B"P -D< "

r�QR: R ∆WC = 0(
Y0Z 4

) S0r � -1.30( O 4 )

Vso = 5.767 − 0.015E + 2.0ε, Rvso = 1.103A1/3, avso = 0.560

Wso = 5.767 − 0.015E + 2.0ε, Rwso = 1.364A1/3, awso = 0.632
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�
6 � � � �

����� 5 B�8�9 6+7 �
	 � M � <A; [�]������� A
�R������ :�r = / [�]������� A�R ( - � R MDC) B�e�� 5�:�k�R�P -�P 310 mm × 630 mm × 210 mm ( ���� �!�" )
T R#%$'&

X4
# R U2

# R V2
# B�( 8 )+B+*JA
, # �.-	cU;0/ n�132�465 ;�= S�r�R MDC B7�8:9<;+= �

MDC
/ �?> 4A@�B : kDC �dT -�;FE C M
G�H P 5 k�<�;�=JI�B $ i > e%�M ELK RNM'O >DP <DQ�RN:S>�T'U��
VXW@<�*@,ZY RN[:\ p BN	 � �.] C I�5 n l�m T�^ ;L=

P 4 M R XUV3 _X`+B?aDb�c���d-�c ;�B T R MDC e�f T <�$ B � 4 B�g%h��ji�k M�l� cA;�I@5 nT�m ;+=
MDC B"?%,  �.] C r�s M R:n���.o'p C�,�?'q&� $'r :�r�= MDC B Z m�?%,  ��sM�t�u:v R β v%w R�x'y =JM E+z0[ %F'"( ) 2B'b+{NA�� � <2k|]J}�r
=�g2BN~���R:� 8��� m'� 70 µm Rj� p ��� m%� 0.1023◦

T�^ }�rD= P 4 M R����N�%�ZY�	 � : R cathode �� M L+c?zS���
�:��� v �.� r�=�-2_��
~:� � RN��o2R MDC � � <2r 1�2 �.]�� M ^ r�}
k:� � W Z m T�^ z�=RS0r�R��& [S�j�j� Q%� T W��|� ��S�j��� �j���ZY�]�}0rD=3� �0�j�+� �

3 �<�  I?�D���+ �¡Z¢��  MN£�¤ : k�<Xz n �+ �¡'g�h M � SDQ £�¤ : k�<W�<
=
MDC 5 FDC3 > 4¦¥ sr
g:h 5 �'§�¨:© �  IFAd, ��ª.« ]'¬® � <+¯�°�±:²%� ��³ �´'µ S]®}�¶+= 10Be � 11Be � 12Be � 14Be

M )�<�¯j(�·6:
¶
~:�'��!"# �'��¸ A/∆A(FWHM)�
33.5 ¹ ^ }j¶
=�I�� ´�µ M E'}�¯ 14Be º'»�����¼�> 4 � �?½ z:b+¾ A  d¿3À�Q :.�

14Be(p, p)14Be Á+Â�°'±��jÃ #'Ä  ¥<Å ¶"=:Æ:�
~'�%�+Ç|È:É%ÊFº�Ë 465 ¶�=�I 5�� � 14Be

(p, p) 14Be º+Ì�Í�Î ¤ ¹ ^ zLI�5jdÏ ½ =�%Ð��|Ñ�Ò;5�:N¯�� MDC �Ó&<�¶ 1�2 0$� Ô�Õ]J<j� MDC 
ÖFÓ ½ z&5.× MNØBM �ÑZÙ0ÚF¯�<���I�50º�Û�ÜÝÙ 5 z+= MDC
MNÞ zdß�à 5�:0¯+�3á+b�â�0ã'ä ½ zLI�5.��å�$� �:³ ��g%h�N(j·�¹ m zFEF� M ½ zXI�5��j»%)%º 1®2�4�5 z+=LáDb�â M�æ :0¯�ç��j�?Ç

TDC Lectoy3377 
ÓF<:¯�� «�è.�|��� �L� �ZS���D� × M  :¡Ý¢'�  M
£'¤ ÙdÚLzXI@5d¹£%é :�¶"=+�%Ð3ç�� � AjêjnLë�,?��ì.í «îè Sï�ð ¨%© 5|�|ñ:òÝSó��j)%)+�ZE�K MDC� � á «�èSô A M
õ?ö ��zLI@5
¹��j÷ / ¼�WFájb�â<�Nã'äJFø6ù ½ =|å�$�� �'³ �Ng%h�(+· ½ z�_�ú3çNûX)�>Dü?ý 465 zDº��Fi�k M (+·?k%R<�Nþ%ÿZY�Ò S 5 ¯���K ��(+·?k'RF�þ%ÿ�� 5 ,��:Ú<¯DüLý:¯�<����	�?º ^ z Q�
�� =RS�¶��+g%h�
(+· ½ z����¹��®�N��� =
5 7 9 ½ z<EF�dW�g�h3�Ë�)F��zLI@5d¹j��E�K��%TLW �:§ º%¹ m zFEF� M WFz+=�I 5Z4 �ß�à���	� ½ zLI�5
¹j�ÝE�K   �.� 1�2 M�£%¤ Ù
Ú�zLI�50º�¹ m z Q�
�� =
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7.1 14Be(p,p)14Be �������
	���������
5.4.1 �3��� 5.12 �����?n «�� �� 7.1 �! #" Å ¶%$

� 7.1: Á'Â:°�±���Ã #�Ä "'&)(+*-,°�±%�/. [◦] Ã%0 Ä [mb/sr] &#(1*�, [mb/sr]

23.0329 104.944 4.32168

28.7625 39.856 2.4016

34.4921 11.2604 1.1767

40.2216 3.43869 0.608937

45.9512 2.16465 0.457944

51.6808 1.24254 0.332083

57.4104 0.358966 0.172241

63.1399 0.780538 0.246828

68.8695 ——— ———

74.5991 0.0722264 0.0722264

80.3287 0.0706367 0.0706367
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