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C
1 D E

*,+.-;]�^,`,Ý,ÞGFIH
(
]0^M`�a\bGd\f;h41O5

) J *.-gÄ=`,J2Ag���Es�l,m,K!LYN�PúF6¤[ª4�Z0JOAG�;DM�GFeHeIMJ.AMzgÓ P8X;Ã,D\Ø=ÙEÃgÈ=ÉYn.M�N�Ô�Xj�,D[s0t!O
(1.1)

z0F�PRQ��M]�^` ° F,S,Q6�ITc` ° y"U�� F�VEyIWQÔ_X[ZgÄ,`,JEnIX�Y2A[Z�\��Os_H=I,J��Mf;´Ed����gZgJO.UEyrqrsgt�],^Ey.W �0Z\J2z\F.]_^=`�acbedgf;h41.5�*jÖO-\Ø,Ù,È,É �=���vÒ;Ó6Ô_X[ZcÇ´e·gÈ=É6�¥ÊYpGÄ,`,JEyjq�sgt=Ç.´e·gÈ=É.z._,`.-7aODr]0^,`Yn4F�µR�2��Ã[s�Ä=`;J2-[b�ÅA7cYnYs � /jÈ,ÉYy�q�ÅWF2]_^=`B-[d*e;F 2
]�^,`.-[d*e[nrq�s\teØ.A

11Li
ä�fhg;-\l;m,�¼�y;qrs

14Be
Ãji_-

2
]�^=`jÇ2´e·_J[yrzgFE]�^=`lk;µ��_J;FE]�^M`mke]_^M`O- � ¾[yrz0ÝÞ!n!o���Ê.ZRp\F ? ¾�#.AeÃO�c�jz8q_ÿ,�vÝ,Þ!n�o6�¥ÊEp4F Borromean

J �sr*t4XOs_Ä,`;Jyrqrsgt ? ¾;Ý,Þ.A0�Y�Os�È,É.-g|	u;zYÔ_Xj�,��Pvp\Fe jwOöjAYÀ êjë ö,AEÀvwyxÍÃcl,mYnÃOÔ_Xj�jD�s\t
2
]�^,`rÇB´4·\J

11Li
-gl,m.AEüesE�8F�zOÿ6P X�Z\J,{*|OzcF,}!~.-gÄ=`;JAG�jD=�IU�Ô0XEs_J�{A|=F

R = r0A1/3 (r0 ' 1.2[ f m]) (1.1)üOÅ\ÀÍÙ�~2A[�6©BT�ÃYsr¤[�ýnGÒ,Ó�Ô�Xr�,DYs0t

H

He

Li
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B

C

N

O

N=8

F

N=2

2

N

He

Li

Be

N

O

N=8

F

N=2

2

NN

O
1.1:
J�OIUrt�][n

2
]_^=`jÇB´4·\J��sU�� F��En"fhg;-\�,¼,J

14Be
y�qjs\t
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1.1 � ��������������� �������2����������! ,¡ -_�;� � {j�YzcFe÷=ø;JO-�¢v£;ÈMÉ
(
®;� ¯�°

)
�ýË�s4iMy"¤j�yjqrsgtGJ �,  }=~yrz\F=÷,ø,J2-vÏR£YnGõOöjAMzh¥4¦ PÍXeF	�=-.§�Å - �, �¡ zgF	¨,©\÷=ø;J � ½ q�9QÔgyc��rÔ�XYs�F.�ýD�ª«ª,¬

(Spectator Participant Model)
yOüET®�¯6Ô�XYs0t�¤g-�°R±��jy;z0F4�û�b4de¶;5���},~2-R²GF �, �¡ z.³,´�µjB�s¶.æeÃ;D��=�8F �, �¡ -7·!MYNQP FOz�¥4¦ PÍX[Z�M`O-[·�M���±.s�¤r�ýn,yE©4sgt.¤\-R°�±��EA[ü4�\�cFG�;� � {;�E-"¸�A0�Õ���vF

Goldhabarz�¹Aºj-e�,»�·�bG5��½¼B�s¾h¿����jD�s\t
σ‖ = σ0

√

A f (Ap − A f )
Ap − 1

. (1.2)

ÀÂÁÄÃ
Ap Å ÷,ø,Æ8Ç7È,É,Ê Ã A f Å[ËÍÌ Æ (

�� ,¡
)
Ç7È,É!Ê�ÎAÏmÐ Ã

σ0
Ï*Ñ�Ò½ÓÕÔ×Ö�Ø,É	ÙÚ�Û Æ,Ü	ÇÝÖ*ØRÉGÇ[Þ�ßÂÐ�ÙÝà�á�â Û Ñ�ã.ä!å"æ�Î*Ï Û7ç"èRé Æ�Î Å Ã '80[MeV/c]

ÎAÏ ÛAêë ß"ì�íÄîAï�ð Û.ç Á7ñjÁ4Ã
2 ò½ó Ü�ô8õ�æ.Æ 11Li ö[÷ ðAø[ù�ú�û!üÍÙ�ýhþ Û ù�ú�ÿ 9Li

ÇÖ�ØRÉ����hÙ��!ð�ï Ã��
(1.2)

Î Å	��
 Î�	�,ð ê ë ß	���sî�ø [1]
ç��

1.2
ß���Ç���� íÄî�øÖAØ!É�����ÎAÏ Û.ç 11Li

ñ í
9Li
Ç.û!üÍÙRý*ð!ï Ã Ö*Ø!É Å�� ��Ç���� ñ í�� Û�ê ë ß����îAï!ý2Ð Ã�� Ù� Gð����

'=23(5)[MeV/c] Å � (1.2)
Ç�!8Ç

1/4 "�# Î�Ï%$�ø ç'&)( ë ÖAØ!ÉÇ�*,+ é ó.-�/ Ù Ú Ð Ã 11Li
Ç

2 ò7ó Ühß�0�18Ç�2!Ü!Æ Ú Ð�3vÞ�ß)$[ï���� Á ø Ã ô	õ�æ�45 ö76 � ê ë ß	�8�Ýî�ø ç

�
1.2: (a)8He

ñ í
6He
Ç½û!ü

(b)11Li
ñ í

9Li 9 Ç7û!ü ç Þhð���� Å 0�1�:�;GÇ=<�> ë@?�A âÛ[ç  hð���� Å ôÍõ�æ	4 5 ö �B�â Û7ç

3



1.2
CEDGFIHKJ

Be LNMPORQTSVU D
12Be Å Ã ò½ó Ü*Ê 8

Ç�W�X�Ê öY6 ��2�ÜAÆGÎAÏ Û ß Ã �!Ç�W�X�Ê	ß�ù�î*ïAð Û�ê ë ßZ ñ $.ï[�Rø ç 2*Ü�Æ ö 4��Gâ Û Æ*Ü8ß�W�X*Ê ö ë � Û ë � Ã Æ Å �*Ç è�é ó ß�\�1lÙ Ú] � Ûhê ë ß�ì�í�î�ï�ð Û�çjê î Å Ã 2AÜ�Æ ò Ç�^�_E`,a�b½Ó ë Á ï'c�d8e'f[g%`7h�i�j÷jö�k'l â Û�ê ë Î'm�n8�7î Ã W�X�Ê öY6 �'2�ÜAÆ Å�o[p ø	q�4 5 ë � ÛIç W�X�Ê ë Á ï Ã
2,8,20,28,50,82,126,184

ß�ì�íÄîAï�ð ÛIç��
(1.3)

Ù ò½ó ÜÍÇ�a*Ò7Ó,4 5 ë W�X,ÊÍÇ�r � � ö��â ç ÁÝñ8Á Ã
Navin

ísÇ=s�t ñ í
12Be

Ù"ý�ð�ï
N=8

Ç=W�X�Ê�ß�u�v Á ï!ð Û�ê ë ß��w�Ýîø
[2]
ç)x ø Ãzy s�t8Ù Ú Ð ù�ú!ÿ ë Á ï'�2íÄî�ø 11Be

Ç�{�|,})~[ÖAØ!É���� ö���� ! ë��� â ÛAê ë Î Ã 12Be
Ç�� ò½ó Ü	Ç�c�d�� & ß Ã sd

c�dÍÙ
68%
Î�Ï Û�ê ë ß	���½î*ï!ð Û7çÍêÇ ë � Ã �

(1.3)
Ù=���½î Û

p shell
ë

sd shell � Ç,����Óz�,æ���b���� Å � ] ��Ð Ã�� ��c�dë � Û7ç'� à����"Ó)�Ræ�������� ñ í�3 Ã 12Be Å � à Á �*â ] Ã �����8Ç��E�[ð Ã���� ��*è�é Æ�Î�Ï Û�ê ë ß Z ñ Û.ç��
(1.4) Å Ã ò7ó Ü�Ê�ß���Ê ö76 � Be

y &�� Ù���â Û Ã�� ? �à�����Ó��æ
E(2+)

Ã �����
δ
Ç � � � Î�Ï Û

([3]
Ú Ð7� ÷ )

ç ?�� Ù Ã * è,é ���
E(2+)

ß� � ] � à Á ��â ] �ÕÐ Ã �,���
δ
ß��E� ] � Û7ç 12Be

Ç�! ñ í'3 ê�� Á ø -Y��ólö�  ï	¡î Û[ç ? }�Î	¢�£	Ç�s�t�Î Å Ã ��í7Ù ò½ó Ü�Ê	Ç=¤)¥�ø 14Be
Ù"ýAð�ï Ã

E(2+)
ß � � ] � ÛÙ�3 - Z í@¦ δ ß � � ] � Û ë ð$�ø ��§ �	4 5 ö�6 � ê ë ß	�B�7î�ï�ð Û[ç

8

2

0s1/2

0p3/2

0p1/2

0d5/2

1s1/2

p shell

sd shell

�
1.3:
a*Ò7Ó�¨�©�ÓhÙ Ú�Û ò½ó Ü�� & ( ª'« Ã � Å N=8)

ç ����Ó��æ���b��	�,Ç����[ð�¬�Î
o q�4 5 ö6[® Ã W�X!Ê ö m,nhâ Û.ç
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¯ s�thÇ���°�Î*Ï Û 14Be
Æ Å Ã 12Be ö�±�² ë Á ø 2 ò½ó Ü�ô8õ�æ7Æ�Î�ÏmÐ Ã�³ ��´ ö ë Û

Borromean
ÆhÎ*Ï Û ë k ¥míÄî*ï,ý Ð Ã 4 5 Ç�µ 
 Ù�¶·�ß)3"ø"îAï!ð Û7ç 14Be

Ç.Æ�4 5 öì Û�¸ Î Ã òsó Ühß 1
� ë î�ø 13Be

ÇYq�4 5 ß	¹,º ë � Û[ç ÁsñÍÁ Ã 13Be Å=»�¼�½,¾ ß	\�¿À Î�Ï Û ø,Á�Â	ø�Ã ® Ù 12Be+ ò7ó ÜjÙ�Ä�ÅTÆ�Â�Ç�ÈÉ�s�thß�\�18Ù,Ê�Ëz�"Æ�Î�Ï Û.çmê îx Î�Ç 13Be
Ù=�Aâ Û s�t8Ù Ú�Û ë Â »�¼�½,¾ Ú Ð�3 2[MeV] Ì ð	¬	Ù�Â d3/2

Ù=�!üAâ Û ½�¾ß�+�ÍÎ�½î!ï!ð Û½ç ��ísÙ�Â
0.2[MeV] "�# ÙYÏ,Ð�â Û s1/2

Ù���ü�â Û ½,¾ �[Ñ4ß	Ò�Ów�Ýî!ïð Û ß�Â�Ô é Ù,Õ�Öw$Iï!ð��,ð ç��
(1.6)

Ù
14Be,13Be,12Be

Ç�����Ó��æ � � � ö ��â ç

�
1.4: Be

y &�� Ç	�,��� � �

1.3 ×ÙØKÚÜÛ ÝVÞàß¯ s�tzÕ�Â�á � {�â�ã)É öÝ÷ ð*ø�Â 14Be ä 1 òsó Ü�fæå	ç���g�`�èvû!üGÙ Ú"Û 14Be ä 4 5é�ê ß[ë=É�ÎAÏ Û½ç Ç�ÈzÕ�Â[ë=É=ì ö7í,î ì ë Æ@Â prove
ì ö ãzÉ ë â Û Â�ï�Ö*Ø'ð # Î�ñ Zî�ø çlê î�Õ�Âòë�É�ìhß�* è,é ìhÎAÏ ÐóÂ�ã)É ëõô�ö ÷ ð Û ä Ù=÷TÆÝï�ð���ð ê ë Ù7àhá�âÛ[ç ïÍÙ�Â,ï!Ö*Ø,ð�ø�ùÕ�Â�* èRé ì ä s�t8Ù�\�1	Ù�ú ÷ � ö XhÎ*Ï Û ëüû ¥ Û[ç ¯ Ç�È�ÎÕ�Â ËjÌ ì ë Æ7ï 13Be ö �	ø ç�ý�þ ä ë ý Ð 13Be

Õ*ø�Ã ® Ù 12Be+ ò½ó ÜÍÙ	Ä�ÅàÆÂ ê îí öÿ Ì Â�� é Æ7ø ç�� (1.5)
Ù7û�ü ä r � � ö ��â ç fæå�ç���g�`�èsû�üÕ í�î ì ä ?�� ßãÉ,Ù����[�½î'Â���	�ì�ß�
���½î Û û!ü���� Û 1 ç	ê ä ��Â���	�ìÕ�Â'ã)É ë ä û,ü	Ù����Æ���ð

( ���mö�� þ���ð )
ë £����)� Û.ç�� $.ï'Â 14Be ö 13Be+ ò½ó Ü ä ¨�©���� k ¥Aø,�'Âµ! E�½î Û 13Be ä Ö�Ø!"�����Õ 14Be ò,ä Ö*Ø�"����GÙ�#àÆ½ð ç ? }$��Â 14Be

¹!% ´ Ù�ý�ðï'Â
13Be

ë ò7ó Ü ä ÖAØ!" ä�& Õ 0
��� Û[ç â%� Z ® Â 13Be ä ÖAØ!"����zÕ 14Be ä � ò½óÜ ä Ö*Ø�"���� ö û�'[ÆÝï!ð Û ë k ¥mí:î Û[ç " ¸ ä�k)( ñ í Â*
�%�sî�ø 13Be ä Ö�Ø�"��� ö � Û�ê ë ��Â 14Be ä � ò½ó Ü ä Ö*Ø�" ö µ! òÆ@Â�� & ö�k�( Æ.ø ç

1 +-,/.103254�61.87�9;:=<1>�?A@CB8DFEHGJIFKML�NM2)OQP5R�S-TAUJVHW�XZY5[]\_^]`CN3a
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12Be

n

n

n

12Be

n

p

12Be

n

(target)Pn1

P
n2

P
C

P13Be
12Be

n

n

12Be

n

n

n

12Be

n

12Be

n

p

12Be

n

(target)Pn1

Pn2

PC

P13Be

�
1.5:
û,ü ä r � �

12Be + 2n

14Be

-1.26[ MeV]

13Be + n

<0.2 [MeV]

2.0 [MeV]

(0.8 [MeV])

5/2+

0[MeV]

12Be + 2n

14Be

-1.26[ MeV]

13Be + n

<0.2 [MeV]

2.0 [MeV]

(0.8 [MeV])

1/2+

(1/2)

0+

0+ 0[MeV]

�
1.6: Be

y &�� ä � � ç 13Be
� ò½ó Ü)Õ 1/2+

� & ß
s
c�d�Â

5/2+
� & ß

d
c�db��� Û[ç
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c
2 d e f

g!g ��Â�Ç�È	Ù)h$ikj ÿ �)l�#jÙ*m�i�n þ�oqpsr
2.1 tvuxwzy {}|�~����z����!� �k���]����� �����!��� l �����k�

RIBF
Ù�� p �����������������!���

RIPS � hi�n�� ��������  � p 14Be �H¡�¢¤£ j r RIBF
  �s��¥]¦�§  �¨�©���� l � h�i!j)ª��¬«�*®¯�°�±�²´³5²  �Hµ ��� l·¶ £ � A/Z=2 ¸�¹ °]º �»*¼ki�n*�]½!¾�¿kÀ*ÁbÂ�Ã 135[MeV/u]

�½�¾�Ä�Å
0.1-1.0[pµA] ¸�Æ Ã]Ç �F¡�¢  bÈ p�r)¯�°�±�²¤³5²   �É 100[MeV]

» ���ËÊ8Ì j�ÍÎ
( Ï�ÐÑÆ Ã�Ç ) ��Ï]Ð�ÒqÓ »���� £ (F0)

�����!������Ô!Õ�»�Ö$×ÙØ�Ú ¸)Û�Ü�Ý � �H¡�¢�Þ�ßsàá
2.1
»

RIPS ¸)â�ã á �-äbÞ�à RIPS
  ����å$æ ¸�ç!è (D1

�
2) �sé�ê�ë�ç�ìkí Å (magnetic

rigidity:Bρ) ¸sî�ê ��¼ïÖ�ð�¿�À]Á�Â�Ã�ñ�òkó (F1) ��é$ê�ë ¿�À]Á�Â�Ã)ô!õ ¸sîqê »bÖ�ö)÷��ø Ó!¸�Û!Ü�Ý � �8ù�úbÞ$ß�û ¶-ü  qÈ ß)à�ý�ë �Ñþ ¹�ÿ�çkèÑ��é$ê ÷ Æ Ã�Ç ����� Ê�� ÷�¼×M� á
2.1 � » ä ÊsÌ ë F0,1,2,3

ü Æ Ã�Ç����
	   � ß�à

F2

F1

F3

Q1 Q2 Q3

SX1

D1

SX2

Q4

Q5
Q6

SX3

D2
SX4
Q7
Q8
Q9

Q10

Q11

Q12

F0

E6

Experimental Area

á
2.1: RIPS(RIKEN Projectile fragment Separator)
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2.2
���� � �������

á
2.2
»�� ����� ¸���� ³ � ��!k�8ä$Þ*à RIPS

  ¡�¢ � ù!ú ÊsÌ ë å Ð¤Æ Ã�Ç � ��å Ð!ÒÓ ( "�#�$
% )
»��!� Þ�ß�à å Ð·Æ Ã�Ç��)å Ð�Ò Ó Öq×'&)(ï»��
* Ì ë�+kÝ�,   +kÝ Ê�Ì ß�àå Ð!ÒqÓ ¶ ¸ �!ÔkÕq»bÖq×Q��- ë »/.�0!Í Î ü ¡�¢ ÊsÌ ß)à .�0�Í Î ¸21
3�465 »87:9 Ê�Ìß<; ¨ �)��å Ð�Ò Ó��>=@? Ö ? »/A$� Ê�Ì ë NaI(TI) B 9 , »�Ö�× +kÝ Ê�Ì ßsà .
0!Í Î ���ÒqÓ�C ( »���* Ì ë8Dkÿ Î 0 ç!è »$Ö�×FE
G �)H�IKJ Ì � Ê J » C (» � � Ê�Ì ë .
0kÍ ÎB 98L   +!Ý Ê�Ì ßsàkÏNM ���kÔ!Õ   ¡k¢ Ê�Ì ë���O Î ��� D�ÿ Î 0 ç�è ¸8P
QÑ�SRKTVUXWY ¥ M »/7Z9 Ê�Ì � �8O Î B 92L   +�Ý Ê�Ì ßsà

PPAC

Dipole magnet

Neutron counter

Hodoscope

FDC3

MDC

NaI(Tl)scintillators : 48 blocks
Liq.H   target 2

á
2.2:

��� �[� ³\� ��!
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2.3 {}|�~ ]_^ `¯�°�±�²¤³=² �»�Ö$× ���ÑÊ8Ì ë�Ï]Ð¤Æ Ã]Ç 18O(100[MeV/u]) � � Ï]Ð!ÒbÓ 9Be(6[mm])
»��� £ �H����������Ô�Õb»�Öb×Q�baNc ¸ ��Ú �bd�e�Û�Ü]Ý � Æ Ã*Ç �/¡�¢Ë£�ë)à!Æ Ã]Ç!� RIPS»$Ö�× ��� Ê�Ì ��å Ð¤Æ Ã�Ç¬¶ £ ÷ 14Be ��f�ë�àû Ì � å Ð�ÒqÓ8"�#
$
% (230[mg/cm2])
»�!� £)ë*à

2.4 gih {}|�~kj�wmln�o�p�qKr)s
t6u2qwv>x�y�x
(SF2)

SF2
�2z Ê

1[mm]
��	�{

80 × 80 [mm2]
  ��|�}�¶ 5�~����¬�S��� 9 Þ*àû�¸�5�~����¶ ¯$°$±!²}³/²  ¸ �k�[� °K� �® ¸�5�~�� * J ��.�0kÍ Î ü SF2

»/��� Þbß!ý   ¸�
� 5
~ (TOF) ���ïß�û ¶Hü  bÈ ßsà |�}6* J � !
�����Z� ±b��� 5k¸ ¿kÀ�Á$Â�Ã ² ���+�Ý$Þ$ß�à�f@J Ì ë |
}k�
�bð TOF ���¬�sé�ê ÷*� ��� Í Î ¸ 0�. ����Ý}£së]à
PPAC

PPAC
�)å�� ¸��*ÿ ¶ Ï � ¸��]ÿ * J>�bß��
���K�  � Ã   � ß�àX��ÿ ��� 2.40[mm]¸N� ³ « �/!� �¡   ��¢ � ³ « �/!�¸8£�¤�¸ X ~ � Y ~k¸8�6�
¥�£S5
~�¸2� * J � Æ ÃÇ ¸ � ö ë�¦ � �S+kÝ$Þbß�û ¶8ü   È ß)àX��ÿ �såbæ ¸���ÿ§~ » 4[mm] ¸�~�¨�� ¼ ê÷VAb� Ê�Ì � � °Z� �® �
�Ë��f@J Ì ß�à å$æ ¸ PPAC � 300[mm] ¸
~�¨   A�� Þbßû ¶   � ��� Æ Ã�Ç ¸ E�© �Sª�« ��å ÐkÒ�Ó &   ¸8¦ � ��+�Ý}£së]à

2.5 ¬)�j�wml
NaI(TI)

t�u/q®v�x�y�x
3�4·£�ë .�0kÍ Î üV7:9 Þqß<; ¨ � � 48 ¯ ¸ NaI(TI) °  �²± Ã � Ã �)é$ê ÷ +!ÝbÞß�à NaI(TI)

��� Ï � � ë × ± « � � Á ¸ ¾ ÈkÊ ü 61×61×122[mm3]
  �¤×Q��å ÐkÒ�Ó¸�³_´ »�þSµq»)� T ÷�A�� £�ë�à �����b  ��¶�·» é$ê ÷ ê��kê]à

2.6 ¸m¹mº¼»iji½ml¾�¿�À²Á qKÂ
u>Ã_x
(MDC Ä FDC)

2 Ð�Ò Ó ¶ Dkÿ Î çkè ¶ ¸�~ »ÆÅ�«8Ç ³ �§È >ÉbÃ MDC � Ab� £ ÷ ê$ß)à MDC
�2Ê

ê »�Ë � *!æ�Ì ~�¨�� 8
	 ¸��  � 	 (X

�
U
�

V
	�¢

2
	 U æ )

¶=�
9
	 ¸
�KÍ Ã@ÅÎ	* JÏ �¢ Ê8Ì ÷ ê�ßsà8D�ÿ Î ç�èb¸�C (�Ð »��²Å)«�Ç ³ �6È 'ÉbÃ FDC3 � A�� £ ÷ êß�à�Ï 	 16

� ¸_Ñ °VÒ Ã�ü�Ó J Ì ë 	bü X M§Ô��>+!Ý�Þ$ß�ë�« »/Õ§Ök» 5
	��

Y M§Ô�>+�Ý�Þ�ß�ëN« » $ Ë$» 4
	�� ß�à ¢�	 ¸6Ñ °)Ò ÃV* J-¸N5�~2���Ñ�8é�ê ÷]��.�0�Í ÎükÅ�«8Ç ³ ��È �É�ÃX× � ��� £së � © � ½�Ø�å�Ù
Ú»�Öq× ªÛ«�ß�à
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n�o�p�qKr)s
t6u2qwv>x�y�x
(Hodoscope)

FDC3 ¸�C ( »!��� 7
æ ¸�!��)�
��� ± °  �®± Ã � � A�� £)ë*à z Ê 10 [mm]

��	�{
100 × 450 [mm2] ¸�°  �Ü± Ã ��  ��|
}k� 5�~2�
�¬�sé�ê ÷]��.
0!Í Î ¸ 0
.!��Ý�Þß �>+kÝ´£�ë�à

2.7 à<áâ»iji½ml
å Ð�Ò�Ó * J 7Z9 Ê8Ì ß��SO Î§ã8ä D�ÿ Î 0 ç!èb¸�P
Qï�bRÛT)U »�å ÐËÆ Ã]Çï¶ W YNåæ M�Ô$� � ð ä !�������� ± °  �®± Ã � Ã (Neut �Û�  � Ã ä ��ð Veto �§�  � Ã )  B 9 Ê�Ì ß)à Veto �Û�  � Ã ã Neut �§�  � Ã�¥V	ï»/Ab� Ê�Ì ä .
0!Í Î �>B 9 Þß�à Neut ���  � Ã ã 3

µq»)� T ÷VAb� Ê�Ì ä 1
µq� ë × 2

	 U æ ä 3
µ�ç�è  

86 é¸X!��N�
��� ± °  �®± Ã � Ã �)é�ê�ë�à Veto �Û�  � Ã ¸Ûê�� ³J°Në  ³ ��ìÛí�Þß�û ¶   ä Neut ���  � Ã6×   ¸ .�0!Í Î °Në  ³ �Sì§í�Þbß�û ¶8ü  qÈ ß)àÑû Ì »Öq× ä
Neut �Û�  � Ã ��é�ê ÷ �8O Î �>+kÝ´£�ë�à

2.8
�ïî�ð�ñ

�
� » é�êkë ¢ B 9 , * J-¸2��� ã2äká 2.3 ¸ Ö ?>� ³ « � Ã�ò�ó �bô6õ   ä ³ « � Ã/ö�÷¸�C  §ø �ù�ú�Ã � »8û ×ýü õX¥�à
• SF2L and SF2R : SF2

  å ÐËÆ Ã�Ç!ü B 9 Ê�Ì ë
• SF2Z : SF2

  ä �w±��2°[þ ÁÿÅ�����& ¸ |�}bü B 9 Ê�Ì ë
• LN1,2,3,4, SN5,6 : Neutron counter ¸ 1 � 6

	   B 9 ÊsÌ ë
• NaI 1,2,3,4 : NaI °  �®± Ã � ¸ 1 � 4

	   B 9 Ê�Ì ë
• Conputer VETO :

ø �ùVú�Ã � ü���Ã � � û × ü �X� ä ý�ë ã 0 Î �NÉ ° � ü)¢ B 9 ,* J8¸����Ë� ��Ã � »��
	 �
BEAM, D.S.BEAM, NEUT, NaI ¸ ¢ ³ « � Ã ã���
ä ý�ë ã ô ç � ÷�� ?*û ¶Hü  �È ßsà
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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

á
2.3:

³ « � Ã�ò)ó à
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�
3 � � �

é ¶
·�� ã2ä
•
å Ð����������
�

•
7�9�.�0� 
! � 0�. Z

ä#"
ß c
A ���
�$�% ë'&)(+*-,�. � ê ä�/10 �2�#� 14Be

* J 12Be 32415)687�9 % ë)&'(:.�;=<�> ä 14Be �Ý�Þ ß
?1@A$�B 9�CVéED � ã8FEG�HEI'$KJ�LNM C
3.1 OQP R ñQSUTQVXW
3.1.1 YNZQ[#\^]'_�`�a'b-cdEegf#h)i2j�k & hml ��n�� (SF2)

.�o-p M�qEr�sut ��v
w ∆E x�yNz8{E| v $8}�~ >��8��
14Be

$��^� C /
0 ��������x RIPS
$�}�~ >'�8� �
� $+�
� �N� M 3�x^� . � 14Be ���N��
�����
� <�> ~�M Cu�-� �N�N���^�
� �#� $K�^~ x ��� �E� ��� $K���^��M Cq1r�s^t ��vEw ∆E x�� ! � �8 �¡ Z x�� ! � �8{
| v . �2xE¢���£Q¤¦¥E§ i�¨ ��© �u� �ª �1«8¬-31 M C

∆E ∝
Z2

v2
∝ Z2 × TOF2 (3.1)qEr�s^t ��vEw ∆E �8x SF2 ��®�¯ ��° x�{
| v � SF2 ±
²2³#´ ,¶µ % j § ( § & � RF ·�¸�u� B ° 7 M�¹E� ±1² (TOF)

�)° �g7�ºg7�»^¼ ° 7 M C���½E�8¾E¿-À ��Á
�NÂ8Ã-Ä  E¡ Z
$Å�Æ �^M C^Ç�9�x
È�ÉEÊ�| Bρ ��� ª Â «8¬-3� M C

Bρ ∝ v
A
Z

(3.2)

9
Ë < x A �8�
Ì �AÂ8ÍEÎ À� M C RIPS Ï �u� x�È
É
Ê
| Bρ ��Ð2Ñ�6�7 > ~�M 9�¼gx�� Â«8¬'Ò }�~�M ��Ó�Ï �^� x��#Ì � Ò A/Z Ï Ä ~ > Å#Æ ��M ��Ó+3EÀ � M C�� Â8Ô�Ä�Â «�¬�©
(3.1) x (3.2)

�)° x Ô 0�Õ�Ö�× Â�Å
Æ Ò �'Ø 9gCF#G Â�Ù#Ú x�Û 3.1
Â ��Ü Ï �#Ý Ò�Þ Æ �-M �1Ó+3#À � 92C 14Be ���NÏ � A/Z=3.5 ß#à Â �Ì � 3gá�â <K> ~�MKã Ì�3#ä � M CN��7�Ï �^� Ô 0�Õ2Ö�× � Â 14Be

Â�åEæ � 93% À� Ø 9�Cç < x�Û 3.1 ��Ï�è�6�7 M x#é�ê s^ë i�d 1 ��ìg� <�>  M Cgí (3.1) Ï Ô
î Õ2Ö�× d §
ï-ð�ês Ò�è � C
1 ñóò�ô�õ�öø÷�ùûú¶üûýÿþ�ò+ô����������óù õ�ö
	�������������:þ�ò�ô������ ñ����������! #"�$�%'&)(�����) ý þ�*Kô,+�� õ�ö- ý� /.102�
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14Be

pile up

TOF[ns]

Pulse height[a.u.]

Û 3.1: RIPS
Â

F2 354�6'Ï o�p M Ô
î ÕgÖ�× Â87 Ì Å�Æ

Enrgy 70[MeV/nucleon]
Intensity ∼9×103[cps]
Beam purity 92.8[%]

í 3.1:
ÔEî ÕgÖ�× Â ÕgÖ�× d §
ï^ð�ê s

13



3.1.2 PPAC 9;:< � ½�=NÏ1>@? < 9 2
Ä-Â

PPACa,b
��° B ° 7 M x#¡�  7 Ì Â8A ?2³�´ ��° x ÔEî ÕgÖ�×ÂB< � Ï �#Á �^M A ?'Ó �#ÁDC |�Ò�»�¼ M �1Ó
EGF�H M C#Û 3.2( I ) ��x PPAC Ò }-~ > B 9�xn ÖKJ i@L ½ Â ÕgÖ�× Â1A ?#ÀE M C < �NM Â1O�P � �#ÁDA ?-ÒKx < � �1Q �)°�RTS 15[mm]ÂBU@V Ó < x J1Ö L Ò � p 9gC ( Û 3.2( W ))

Û 3.2: PPAC
��� »-¼�9 Õ�Ö�× Â n Ö�J iXL ½ Â�A ?gC ( W ) � ( I ) Ï ;)<+> J
Ö L Ò � p 9�Û�C

3.2 Y[Z[\^] TQVXW_ ª =NÏ->`?ba1c Hodoscope Ï ��� x 7 Ì Â ®�¯ (Hodoscope � Â qErgs�t#Ö § f ÏBd�eGf~�M
) Ó Ô
îD< � x Hodoscope ² Â ¹E� ±1²�Ò�g
Ñha8cgCA� Â ³#´�Ò }�~ f�iTj 7 Ì Â  �¡ ZÒ Å
Æ a8c�Cbk ° Ï2x Ô1î5< � ª = Ï8>l?ma8c MDC ÀNnoF`k1p M ¡E  7 Ì Â8A ?)Ó C |�Òqsr a¶x^� Â ª =NÏ1>l?ta�cBuTv�ÈDw1x o � z FDC3 Ò }-~ f�iTj�¡
  7 Ì Â�Í�Î�x A Ï �M Å�Æ Ò �'Ø cgC

14



3.2.1 ybzN`)a�_-b-c{N|K}!~
� Ì x Z Ï � M Å�Æ �2x SF2

Ô1î Õ�Ö�× Â ?T� Ó-� ã x
∆E ∝

Z2

v2
∝ Z2 × TOF2 (3.3)Â «�¬#©'Ò }�~ f � Ø cgC ∆E x v � Hodoscope ÀNg#Ñ�a�f B ° pGc8®#¯ �u� »^¼Tc�C#Û 3.3 Ò����� x Z

Â�� ÏB�D��a8c�C B ° p`c Z
Âl� f�L���e × Ò�Û�Ï�è � C^Ç�c2x�íAÏ2x ��� �
Ý

Z=4
Â8� F`� Ò�è � C

Û 3.3: Hodoscope À Â ®�¯ Ó ¹1� ±�²�Ò }�~ f Å
Æ kBpGc8iTjE¡�  7 Ì�C
� Ì x Z 4

Z
∆Z(FWHM) 26.4

í 3.2:
� Ì x Z Ò Å#Æ ��M � F�� C
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Z

Counts

Û 3.4: ∆E Ò �D� a�x Z Ï1�T��aBc �2Â C

�N|K}!~
��½�Ç�À Â F�G À ��� aBc2x# E¡ Z=4

ÂB7 Ì ÏBd�a-f�x MDC x FDC
F
G �^� Í�ÎTx

A ÒÅ
Æ �uM C Ô1î5< � ª =AÏ�? � plc MDC Ï �A� x 7 Ì Â2ÔEî5< � ½
À Â�A ?�x C |E³
´�ÒBAM C8nbFK¡
  7 ÌN��x MDC
ª =NÏs? � pXc8u�v#Ì
 �ÈDwNÏ ��� ¹D� ÒN��� ° p�x@k ° Ï ª= Â FDC Ï �^� xX�T� ° pGc �uÂBA ?�x C |�³�´'Ò B ° p M CNuDv�ÌE �ÈTwNÏ �^� È�É
Ê�|

Bρ �N�#Ñ-À� � x�� ª Â��D� «�¬ Ò Ã-Ä C
Bρ ∝ v

A
Z
=

P
Z

(3.4)

© 3.4
�u� x
¡�  7 Ì Â Z Ò�Ð2Ñ�a8cB� æ x ∆Bρ

Bρ ��x �-QT�D� �)° ÂB����ÎNÂ!  p ∆P
P Ï8dDea�f ~-M1¡�¢AØ fgx �5��ÎNÂ-£ ~ ��° Í#ÎDxuÂB� � Ò � ��Ü ��Ó
E#À � M1¡ MDC x FDC Ï �M A ?�x C |
³�´�x#yNz �X��ÎNÂ!  p-�gx LóeG¤8f ïuð Ö��5¥ Ï � Ø f�� ª Â �-Ü Ï�íT¦^À� M8¡ ç a¶x δ = ∆P

P À� M8¡
























xFDC

θFDC

δFDC

























=

























1.20067 0.350929 0.716103
0.861156 1.08454 3.28104

0 0 1

















































xMDC

θMDC

δMDC

























(3.5)
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© (??) Ò }-~ f�x x x
yNz θ �!p�º!p ��°�§D¨ Ï δ E�»N¼ ° p;© ¡ � Â §T¨ Ï�»A¼ ° p`c
δ1 x δ2 �N�«ª ° p�c A1 x A2

Â�¬s Ò }�~ f�x Í
ÎDxAÂ�� � Ò � � Ø c ¡ Û 3.5 � δ1 Ó TOFÂ8® «1Ò-¯lc�Û#À��© ¡s° x# E¡ Z=4 ��Ð�Ñ±kBpGc � À��©�c�¼�x�© (??)
�^� x

Bρ ∝
A

TOF
(3.6)

Ó ��� x Í#ÎDx A Ï � © � � E�¦`p5f ~ ©���Ó�EN² � ¼ ° pl© ¡ � ÂB® «EÒ Í
Î�x A ÏB���a-fs� î�³o� f´L'�#e × Ï;aBc �2Â E�x-Û 3.7 À�X© ¡ Í
ÎDxAÂ8�Tµ � �gx�í 3.3 Ï1ÇuÓ�¼�f~ © ¡

Û 3.5: TOF Ó δ1 Û 3.6: δ
�����

Í
ÎDx
A 10 11 12 14

Ā
∆Ā(FWHM) 39.6 37.3 42.8 50.8

í 3.3:
Í
ÎDx

A
Â��Dµ �s¡
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A

Counts

Û 3.7:
ÍEÎ
Å
Æ

3.3 Y[Z[\^]·¶¹¸»º�
ÁT7 Ì1x�nmF 7 Ì�x < � Â8¼ � © ����ÎT��½ Ò�¾�¿ � ©-��ÓKÀ�xDÀTÁXÂuÏ o-p © �Tµ �Â8Ã�Ä Ò �'Ø c ¡ k ° Ï8x!ÅTÆ ��� À1X© 13Be
Â1���#ÎT�5½ Ò�x 12Be x�y^z��-Ç�Ì Â1���#Î��½ �^��ª c ¡ 7 Ì Â1�X��Î �gx < � �BQ ��° _ ª = Â HOD Ç�À Â ¹1� ±�² (TOF)

�N� »¼�c ¡ 7 Ì ÂB��� qEr�s^t�Ö Ò ¹E� ±1² ÂBÈ1î « x À�àTÉ�a�x ª ° p�c q�r�sut#Ö ��° ���Î ¢ jhL s Â�Ê d � Ò-Ë�¼�x±k ° Ï�ÌNÍ�ï L hlÎ`¤'Ï Ö Ï � © ¹�� ³
´�Ò }-~ f�x ����ÎNÂÐDÑT� Ò�»u¼Xc ¡ Çscgx �EÁ Õ�Ö�× Â8Ã�Ä�����ÎAÂBÒ E � Ò�ÓbÔBÕ � c#¼�x#»u¼�c ����Î Ò
Loentz �D��a�x �EÁ Õ�Ö�× (14Be)

Â1Ö QT× �)° �5c 2
¡

3.3.1 Øb9�Ù
14Be

Õ2Ö�× Ò �#Á a x < � À�ÚDe�Û   Ï 14Be E8nbF�k1p�©�ê�¢ ¤mL Ò µ�Ü � ©1��Ó�À�x8ÀÁ�Â Â1�5�
Î ÏE« � © �Tµ � Ò ª c ¡ Û (3.8), Û (3.9) Ï2x �Tµ � r F#Ï }�~ c fsÝAjÞL s Òè �N¡ ÇDc�x�í (3.4) ÏE� Â!ß °Kà (σ) ÒKè ��¡
2 á�â)ã�ä
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Px[MeV/c] Py[MeV/c]

Pz[MeV/c]

Counts Counts

Counts

Û 3.8: 14Be
Õ8Ö2× Ò�å < � Ï ��Á ¡ n;F 14BeÂB����Î ¡

Px[MeV/c] Py[MeV/c]

Pz[MeV/c]

Counts Counts

Counts

Û 3.9: 14Be
Õ�Ö�× Ò'æsçsèsé < � Ï ��Á ¡ nF 14Be

ÂB����Î ¡

< �
σx σy σz

empty 13.1(1) 15.4(1) 43.6(2)æTç5èTé 16.5(2) 19.2(3) 42.4(10))

í 3.4:
�5�
ÎuÂ!ß °Kà

σ[MeV/c]
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σ
Â�ß °�à Ò Ã^ÄK�X½ Ï8d�a�f�xuX© �5µ � Â^� Ó+ÀKê5g�a8cB� æ xDêTg ÎuÂ!ß °Nà �8©

(3.7)
Â ��Ü Ï � © ¡ ��pAÒ }-~ f �Tµ � Ò ÃDÄ � © ¡

σobservable =

√

σreaction
2 + σ2

resolution (3.7)

Û (3.10) Ï �Tµ � Ã�ÄAÂBë ©NÛ-ÒKè �N¡ < � ½�= Â8ì F8íuÏlîK© �5µ � Ò σup ï�ð = Â8ì F
Empty target

H2liq  target

H2liq  target

14Be
14Be

14Be14Be
up

up down

down

downup

reaction

trg

12Be14Be

Empty target

H2liq  target

H2liq  target

14Be
14Be

14Be14Be
up

up down

down

downup

trg

12Be14Be

Û 3.10:
�Dµ � ÂsñDò�ó

íAÏlîs© �5µ � Ò σdown ï <tô Ï@îs© �X�
ÎNÂNÒ E�õ8Ò σtrg Ó�ö�÷�Ó ï ê5ghk1p;© �X�
ÎT�½^Â8�Tµ �Xø8ù
(3.8) ú�î Ü Ï!ûGü�© ¡

σresolution =

√

σup
2 + σdown

2 + σtrg
2 (3.8)

¢�Ø f ï Ú�e;úNýhþ Ø f5ÿ���ÿ ï 14Be û�� 14Be ú �G�
Î5�G½ E ï þKú8ÁGÂ;ú �X�
Î���½ Ïd��@© �Tµ � Ò���c	�`© ¡ k
�8Ï ï z ���ÏBd�a1f ø ï <tô�� ú���� ó�� Ö������ ý��	�l©� � à�� ¾ ��©"!�#�$��G© ¡ ÚDetú&% � � ö�ÿDf(' ) Z
ø �+*,�-�5ÿ5c�. ï�/ ô�� ú��+� ó��0 � �tø21 3 ú24 5 � Ú ��� �l© (

ù
(3.3))

¡ þ�ú�6 ï�798 ��� ó���0 � � ��:�;�< ï 1 3ú>=�? ø ï @�A B ú&CED�ÿF�
$FG�Hm÷I�
J&K�LM:�; ï 14Be N 12Be O ø ï�P�Q ��RÞõ�ú&S T
��� ó
�	0 $ 798 O+�+:&;< ï 12Be ú���$ ��� ó
��0 ��� $&G�H;÷I��:�;VU>W�XYKbþNúlþ+NûZ� ï	/ ô�� ú8Ú [ \�] � î	:>; ï	^	Q $F_;ü+J(�+� ó��	0 ���;ø�` ��õ ï�a�bc^ Q ú����ó���0 ø�d �fe�g K / ô2h�i>j O(k [�$�ýZHFR2l+m,N ï h ð j OKýMHFR2l+m �cn ÿ	; ��� ó��0 ï�o�p�A úcq ï�r�s�tFu � îFJ o�p A ú � �Fv σEloss

�"w
(3.5)

� W�Nx.�J>Ky ��z 0�{&|�} �
�	O ø ï S�T ï�a9b2^	Q $ 798 O���JF$ / ô úc~��@ú	� ` ��Jx��� �&�� �
JGþ�NfO ï�/ ô2��� 6Gú��	� ��� �x� � O�H�JcK / ô ~ ï � t&u
�&u úcl�m�O��E�(v �� Ux; ù (3.7)
�c� ÿ u��Nï σtrg

�"� � u J>K � � u R σtrg
�fw

(3.6)
�2� �(KF� � ô �&���

D u J2�������@ú(���&v ø ï 14Be $ 70[MeV/nucleon] O / ô � S	T�U�R�6 ï öbî t 7[MeV/c]�	3 O���J2Kf� � ��O � � u R2� ø ï �F� �±îlõc<IGVHBÿ�$ ïc��� y(� Uf;Dÿ+J�NI���+JcK �� î@õ>< ��$�:(Rc#��MN�U2; ï ��� ó���0 ��� �M¡-$ � �Z� u J>K ¢ i ú � � ûZ� ï ������ ö`ü�J o�p A	£+¤ ú £	¥�¦ ø ï w (3.7) úlî�X � � � u R(K
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S T���� ó���0 [MeV/u] ∆E[MeV] ∆P[MeV/c] σEloss[MeV/c]
72.50 0.91 30.36 8.76

w
3.5: ��� ó���0 ���� î�J>�E�(v

x y
σtrg[MeV/c] 10.08(32) 11.51(52)

w
3.6: z 0�{&|�} ���5úF�E�(v

σx σy σz

16.5 19.2 43.3

w
3.7: o+p�A�£�¤ ú £�¥�¦ σ[MeV/c]
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3.3.2 §V¨�©
ª«
¬®>¯(°�± ²�³ k�[ ��´�µ aVb D u J 12Be ¶ r�s	7 6 �2· ¸ D u R �2¹ Q � � U"; o�p�A

£+¤ �xº .�R�K+» (3.11)
� ¶ 12Be ¼ o�p A�£�¤ � � �&K�» (3.11) ½�z 0	{ &¯"¾ 0 O�¿ µ ¶�2¹ Q�À�bcÁ ¼ À9b ¼�Â Ã �cÄ Å U2Æ Ç�ÈFÉ ²9 ¼ ¬�ÊË�ÍÌ O�¿+J�K�LV:>;F¶Î�Ï>Ð ÑÒN

Ux; 13Be
�"Ó9Ô U2; Ç�Æ	Ç�<&¼
<-Õ�Ö	O�Ç�J>K w (3.8) ½>¶�» (3.11)

�	×	Ø Ì�¾�ÙFÚ�Û�² �

Counts

Counts

Counts

Px[MeV/c]

Pz[MeV/c]

Py[MeV/c]

» 3.11: z 0�{ &¯-¾ 0 K 12Be ¼ o�p	A K�Ü Ý�½ fitting
� � Ç+R24 g ¼ ¾
Ù�Ú�Û�² K

σ[MeV/c] σx σy σz

Narrow 23.6(18) 30.8(28) 32.3(66)
Wide 95.4(20) 105.4(40) 82.8(16)

w
3.8: 12Be ¼ o�p	A £�¤ d σ[MeV/c]( Þ�ß�à(½ fitting á q )

fitting â B N�U"; � R σ ¼���O�¿+JcK(ã�Uä¶ £	¥�¦ ½ �>å Ux; Ç Æ�ÇFK w (3.8)
�x� U2R σ æç ¶ o�p A $ 2 è £ e :�;�Ç�J
N ��é ç u JcK�» (3.12)

� ¶Î ¹ Q ¼ o+p	A � �
ê K�Î ¹ Q
½&¶�ë Ì�ì
íM¯xÚ�î
ï 0 ( ÀVb � � 3 )1 ¼ È�É ²Z ¼ � � ¥ ð �+ñ N U ¶ ¬,ò�°&Ú9óôÌöõ �
4[MeVee]

�c÷ ø U>R 3 K�W�R>¶ w (3.9)
� ¾�Ù�Ú	Û�² O fitting U�R�ù�¼ σ ¼c� � ��ê K�ãEUú¶

Î ¹ Q � â�U2; £�¥�¦ �"û ü U2; Ç�Æ	Ç�K

3 ýÿþ��������	��
�� 7 ������������
22



Px[MeV/c] Py[MeV/c]

Pz[MeV/c]

Counts

Counts

Counts

» 3.12: Î ¹ Q ¼ o�p A K

σx σy σz

24.0 19.5 21.0

w
3.9: Î ¹ Q ¼ o�p	A £�¤ d ( Þ�ßàF½ fitting á q )
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» (3.13) ½c¶ neut
�¯I¾ 0 O���R 12Be o�p�A�£ ¤�� g Ç�; � ç u R o�p�A�£	¤ � Lorentz â

B �"� Ç�; fitting U�R�»�O+¿�J�K��&¼ £ ¤ ½�¶�Î ¹ Q � y g ¼�� ab UcRck [ �-w U";�� µ ¶
13Be

� Î�Ï�Ð ÑÒN�UcR ì! �²#"(Ì � ��;�Ç�J�N ��é ç u JcK�N$�$%&O(¶ P w'& � ��Ç�; o�p
A £�¤ ½�(')+* î�²(Ú' 2Ì e�g$, p â B �'- 0 ¯�.0/�1 UcR�<&¼�$ ´ Ç�2'3 NfÆ µ ¶ Lorentz
â B N-Æ+J2K 14Be ½�4�5 0�687:9 e :x;	Ç+JFRF.&¶ ü Î ¹ Q ½�; £ w<& �x£�¤ Uf;�Ç+J2K ´ :
;(¶ o�p�A	£ ¤ N�Uf; Lorentz â B�= ; £�� 2�3�O�¿�J�N �	é ç u J2K�W�R�¶ £�¥�¦>� g Ç�;
fitting â B�= ¾�Ùc¬ â B O�½�Æ�Ç+R�?F¶A@8B�Æ û ü =$C é Æ�Ç�K t �cO�¶ fit â BD� � U2;8EF O � ç u R £�¥�¦ 9HG �JI��(¶ fitting

9 C :(R�KLK (3.10) � â B 9 �
ê K�ã,U ¶ G(x) ½ ¾Ùc¬ â B O�¿ µ ¶ A ½ ±JM�Ë ¼�N�D-¶ Γ ½ FWHM ¶ mean ½�Î�O�O�¿�J>K
f (x) =

∫

L(x′)G(x − x′)dx′ (3.9)

L(x) =
A(Γ/2)2

(Γ/2)2 + (x − mean)
(3.10)

ã�Uä¶�z M { � |
} Æ�P+QN�Uf;(¶ y P!Q ¼ o p�A 9 � Ç R>K � ç u R £ ¤+� � Uf;&¶ Lorentz
â B O fitting

9 C :(R�R�S 9 » (3.13) � � U ¶ w (3.10) � t ¼ FWHM
9 ��ê K

Py[MeV/c]

Counts

Pz[MeV/c]

Counts

» 3.13: 12Be
9

Lorentz â B O fit U>R�<(¼ (neut
>¯f¾'M

)

Γ[MeV]̧ Γexp

y è £ 151.3(17)
z è £ 95.6(17)

w
3.10: Lorerntz â B fitting ¼ FWHM
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3.4 13Be TVUXWZY\[^]
12Be ¼ o+p	A N�Î ¹ Q ¼ o�p A 9 � Ç ;�¶ 13Be ¼ o+p	A 9_G �(¶ t ¼ £+¤ 9 � R(K�W	R&¶� ç u R 13Be ¼ o+p�A�£�¤`� g Ç�;�¶ s a�b!� ´ s d a'b¼�Î ¹ Q+= ¿	R é J o�p A	£+¤ â
B 9 � Ç�; fitting

9 C :&RFK�» (3.14) � 13Be ¼ o�p	A	£�¤ 9 ��ê K�W	R�¶+»�ÎxÜ Ý�O$c °&Ë³'d�Ù�²Võ 9 �
ê K<c °&Ë�³�d�Ù�²Võ ½#egf	Æ�U>¼ run ¥�ð æ ç � R&¶�egf�¢$h¼#i @kj �
ÆV¡"O 12Be =0l è�D u R È�É ²V O�¿�J>K fitting � � Ç+R�â B 9 ¶
» (3.15) ¶�» (3.16) � �

Px[MeV/c]

Pz[MeV/c]

Py[MeV/c]

Counts

Counts

Counts

» 3.14: 13Be ¼ o�p	A K
ê K t>u��>u ü Î ¹ Q!= s a'b�¶ d a<b ��m \EUHn	Ç�R�ù�¼ o�p�A	£�¤ 9 w ê â B O�¿�J�K�â
B ½ /8o bessel â B O w D u n<� µ ¶ ü Î ¹ Q ¼ e�g a'b�p o�p�A l � ´�µ o Ð = ` Æ�JcK�»
¼ ´ X � l=0 ¼ s akb�¼ £�¤`��qsr l=2 ¼ d akb�O+½ d = �utIÆ�v#n+Ç�J�K�W�R(¶�»�Î �#w
O � U>R ´ X � ¶�xky>z d'{�M�|$M bmin = C�D>Ç ��d = �}tIÆ�J ¹A~�9 e
g ��N =�� æ
J>K
fitting � � Ç�R0z d'{<Ms|8M 9 w (3.11) � ��ê K�ã U ¶ Sn ½ 1 Î ¹ Q�£'� .>"�Ì���M ¶ B ½* îV²(ÚA cÌ à�h¼#�A���k� 9H� R êFø'� O+¿�J [4] K bmin � ½>¶ r0 = 1.2A1/3

´�µ º ? ç u
J2¶ 14Be = �'�'�'� ¼�� Q P O�¿�J�N�UHn � ç u J��k� 9 � Ç&¶8e`f�O+¿�J0� Q ¼��k��½ �å UHn�Ç Æ	Ç�K
W	R�¶ B ½ Wood-Saxon ��* îV²&ÚA cÌ æ ç º ? ç u R���O+¿+J�K
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» 3.15: s a�bVÎ ¹ Q ¼ o�p'�	£+¤
 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

-600 -400 -200  0  200  400  600
momentum [MeV]

» 3.16: d a�bVÎ ¹ Q ¼ o�p'�	£+¤� ½ bmin=4.09 ¶���½ bmin=2.89 ¼cl�m

m \ l Sn[MeV] bmin[fm] B
s akb 0 1.847 2.89 3.469
d akb 2 3.26 2.89 2.185

w
3.11: fitting � � Ç�RJz d'{8Ms|$M

fitting � ´�µ � ç u J�z d<{LMA|LM ½HK (3.11) ¼ a1 ¶ a2 O�¿�J2KF» (3.17) � c °�Ë ³8d�Ù	²õ��8� ¶ r�s fitting �
¼+� ¬ ú³8d { ¶A� ´ s�t ¼���è £ 9�� Ç�R+�>¼ 9 ��ê0� ãZUI¶ fitting
¼cÝ
½���O � æ u ¶ � = s a�b�¶#� = d a�b+��¿>  � W�Rc¶ fitting � ´�µ � ç u R2� 9 w (3.4)� ��êJ�

NCount = a1 × [s akb ] + a2 × [d a�b ] (3.11)

w
(3.12) ½�¶ fitting � � Ç�R t(u��&u ¼�â � ¶A� ´ s � ¬®I³�d { ¼�� ��¡ d (FWHM) ¼c�

y z
Γ[MeV/c] Γ Γ′ Γ Γ′

s 76 85 76 128
d 239 242 239 252

best fit 215 163
�+��� 180 176

w
3.12: � � d9 q8¢¤£#¥ �&¼8��¿A  � � u�� ´  �¦ä¶Zz M { ¼ o�p P!Q � � £ n |} Æ&l�m¤¦�§ C Æ>l�m�F¶ o�p��	£+¤ ¼ d =L¨�© t ` Æs  �

26



Py[MeV/c]

Counts

Pz[MeV/c]

Counts

» 3.17: 13Be ¼ o�p'�	£+¤ � Ü	Ý½�c °&Ë�³<d�Ù ²Mõ 9 w êJ�
a1 a2 s/d

z è £ 5.28(5) 1.06(1) 4.99(7)

w
3.13: fitting � ´�µ � ç u�¥ �
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ª
4 « ¬  ® ¯ °

4.1 12Be TVUXWZY\[^]
� ç uA¥ 12Be o�p$�F£	¤ ¼ d � g Ç$n>¶ �<� ¼_±�Ü8²8³8´ � ´�µ¶µ�¸D·�¸  �¹ ´�µ ��º�Çcè» 9 Õ+Ö8�	ÇA A�k¦ =L� æ>  ( » (3.8))

��¼ � ¼ �<�g9�½�¾ �8¿<±À¦JÁ!t�Â0Ã ê   Goldhabar ¼Ä8Å<M:Æ#ÇJÈ�É
( K 1.2)

9�Ê Ç ¥_Ë<Ì8Í�Î<Ï�ÐsÑ »8ÒAÓ 9�Ô#Õ £ n Í σy '109 Í σz '116[MeV/c]Ö � ¦�×s  �>Ø�¸sÙHÚ £�Í�Ï'Ð R<S!Û�º�Ü »'Ý ¦�×> �Þ »:ß ½ vHn'Üs  ��àká � ¦ãâ�ä Ñ#å$æç<èséDê Í à�á � ¹ Ñ º · Û0ë'× �sì ±îí ÙJï>ð  _â�ä Ñ�ñsòôó ß�õ £�ö Üs  � Â0÷s� Í 12BeÑ àAá � »>Ý Û Í ³'´ Ù Á óùø ð ¥ 2 ú è ¿ Ñ »AÝ:ß ³>û £_ö Ü�  �$üDý öLÍ 14Be
àAá � »Ý ò º!Ü0Þ »�ß ½�¾ Ø ¦ éþê Í�ÿ ú è ¿ ò ¼�� Ñ�� ¿A± Ù���� ñ!ò ý ö »>Ý £Hö ï ó	Í 14Beò��
	����� ß ½!¾ Ø ¦ ò�� Ò ·H¸����� Ù Í neut � Æ�� ����� ç���� 12Be Ñ àká� '»kÝ Ñ z Þ »îß Í"!�# Ù�$�%'¸ ��&('()"*,+��- � ö�. � + Í8Î &"'+é�ê0/¤ê ¸ � »AÝ Ñ ÷ ò FWHM ò0ñ Ü Ø + ò % é ý � ��1 (4.1)

Ù
fitting Á ó /¤ê ¸ � γ Í�243 M.Zahar

ê Ù Á ó6547 ê ¸ � γ Ñ�8 ß�õ ë ([5] Á ó�9 Ê )
�

Zaharê Ñ�ÏsÐ Û Í 14Be
ß 12C :<; Ù 56[MeV/nucleon] ��=�> � Í�?A@�B ¿ +"� ö 12Be

ß / ö Ü���DC � ÍFEG��HGI�J ÷4KAÛ Î &"'L+ Û Ò"M ÷"N ò�O × � � 7JÍPE���H�Q $ Þ » Ñ�. ��- ë���
Zahar

ê ÑR8 Ù��"� Í�SUT / ê ¸ � 8 Û�VXW#Ü ��Ø ÑRY4Z Û Í :D; Ñ�[ Ü ��\ � +�Ô"]Dê¸4�R�
Zahar

ê ò 12C :4; ß Ê Ü � Ñ Ù�Ú � Í^S_TkÑ#Ï'Ð�� Û�`�acb�d�:4; ß Ê Ü ��� 7JÍGef�g
h"i �_j��8ò^k ·<l × ��� e f�g
h"i �Uj^�<òGk ·�l × � + Í à>á� k»AÝ Û ñ+ò �nm Kß ½ ý ö Ü � ( o (3.15) Í o (3.16))
��üDý ö Ø Ñ FWHM Ñ�p!ò�qLr �Ds Ñ +�Ô"]þê ¸����

Γ[MeV]̧ Γexp Γre f

z Þ » 95.6(17) 87.9(51)

1
4.1: z Þ » FWHM Ñ ��-
12Be

n

n

12C

14Be

bmin

12Be

n

n

p

14Be

bmin

12Be

n

n

12C

14Be

bmin

12Be

n

n

12Be

n

n

12C

14Be

bmin

12Be

n

n

p

14Be

bmin

12Be

n

n

12Be

n

n

p

14Be

bmin

o 4.1: e f�g
h"i �_j��'Ñ ��-ct(u
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4.2 13Be vxwzy|{~}�� ���F�����~�
13Be Ñ à'á� �»'Ý`ß Í s �(� Í ï Á 3 d �(� Ùn� â �R� ú è ¿ Ñ"� ¸_��¸ Ñ àká� �»'Ý4���� fitting

� Í s �"� + d �"� Ñ��kÌ Û Í s �"� ò^� â ��\ � + ÜF� )c* ß /D� � fitting
Ù Á ó/ ê��U�

s �(� /d �"� Ñ�8 Û Í àká" Ñ y Þ"� + z Þ"� � VFW l O × ý � ( o (3.17))
� � ÒÓ Û 1 (3.7)

Ù_õ ����� ó y Þ�� Ñ ÷ ò Á�Ü Ù s ��% ê�� Í /Àê��U� � Ý Û y Þ(� Ñ ÷ ò VXW× ñ+òÀó ß ½ ý � �îØ � Û !��>Ñ ÁU� Ù�Ò"� � W ��� :D; �AÑ��c�(�c �Ñ�¡LÍ�?¢@R£ Û ��Ñ�" `Ñ�¤"¥ ß§¦gð ×�Ü +©¨kç���� ò^ª�Ï«¡ Û % �Aé Ù�àká" òG¬c ë ���îØ Ñ�¤"¥ Û ?¢@R£Ñ àAá ÷DKD® ó s IDJ ÷4K Ù @�¯ ëAÜ �îØ Ñ�° Û Ò(M � ö Ük×�Ü � 7^ª / ê��U��)"*L+�� öàAá ÷DK ��\ ��à>á( Ñ z Þ"� Ù^± Ü ö ÔG² ë ��� fiiting
Ù ® ó³ª s �"� ª d �c� Ñ � Ý��n�

s/d
z Þ(� 4.99(7)

1
4.2: ÏAÐ ® ó / ê��U� s/d Ñ�8

(1s1/2)2 (0d5/2)2 (1s1/2)(0d3/2)
PSDMK 39.1 32.2 6.5

SFO 39.67 30.13 9.76

1
4.3: OXBASH ´ �Lµ·¶�¸ Ù ® � 2 ú è�¹ � â ÑR��º [ » ]( ¼"½"¾"¿ )

�
Ñ ��Àþß g<h"i �Uj�� +�� ö /D� (3.11)

�^1
(4.2) ÏsÐ )c* Ñ fitting ® ó / ê��«� s/d

ß ª 1
(4.3)

Ù �_Á�¶�¸:Ñ�8 (
+�s Ù

14Be ¼c½"¾�¿ Ù�Ú ë � 8 )
ßHõ ë � �_Á�¶�¸ ÙG��� ª<Ï>ÐU� /ê��U� 8 Û s �(� Ñ�Â�7 � �cº�ò VFW l × ý ö Ü ���gØ Ñ���Á"¶�¸"8 Û ª OXBASH ´ �Ãµ6�¶�¸PÄ �_�«s Ñ��^ª PSDMK Û�Å(ÆRÇ�È�É�Ç ß ® lËÊ�Ì � ª SFO Û Ä ê Ù N=8 Ñ�Í N �"Î(Ïß�Ê�Ì ë � �cÁ"¶�¸4��\ ��� S_TkÑ Ò�M � Û ªLÿ ú è�¹ Ñ � â +�� ö^ª 1s1/2 �(� + 0d5/2 �� ß Ôc]c� ò^ª��cÁ"¶�¸«� Û �<ÑRÐ`Ñ � â s ¶�¸ � ö Ü � 1
�`Ø Ñ )(* Ù�Ú � öGª"!c�kÑ ®_�Ù Ôc]�ê�� ���Ñ Ð Ò"M ��Ò Ü ��g<h(i ��j��'Ñ�Ó"Ôc ßRÕ J ë Ø + ��ª )(* ò���Á�8 ÙRÖc×Øl#Ø + òGÙÚ Ä � ��� fitting

Ù Ò Ü � ú è�¹ Ñ à'á� � Ý`ß \ ��] � g
h�i ��j�� ÙHÚ � öGª )"* ÛRVAW×GÛ"Ü ß_õ ë � SUT>Ñ ÒcM � Û ª 1 (3.11)
Ù�õ ����g
hci ��j�� ß Ò Ü � �_Ý gLÞ � ÅXß�àácâ ÇDã � Sn Ûnä�å 8_��\ � òGª�O × � 8 s�æ"ç Ä � ö Ü ��� e fcg�h(i ��j^� Û #�ègÑ �óéª 14Be Ñ�ê�ë!Ñ(. ß Ò Ü ö Ü ���DØ � Û ª :
; ��\ �Gì ¹ ò íîí �� ß�ï � ×kÜ � 7^ª �� ® ó s e f�g
hci �Uj^�<ò�kFÄ l × � ��\_ð � +�Ô�] ö�Ò Ü � 8U�_\ ���îØ Ñ Ôc] Ù�± Üö^ª 14Be £�ò^�
	���£U��\ � � 7Gª � �"ñ(ò Ñ ¨'ç � / ê�� � £�ê�ë ® ó s VXWJÜ 8 ß�ïU±Ø +ôó ß ÔJÕ ë �nõ�ö ò�\ ����÷ ÷ ��ª 1 (4.3)

ÙHõ ��� ��Á"¶�¸ Û ªFø#ì êGs Å"ÆnÇ�È(É�ÇÙ ¼Uù l s Ñ���\ � ò�ª 14Be Ñ s ± ��	���(� ÛcÅ�ÆRÇ�È(É�Ç Ñ�ú"û ß§ü ]���ý O ×�þcÿ �\ ���<üîý ö^ªc�
	���(��� � Ü�� ��\ � ú è(¹ � �c��� � � ö�ª���æ
	GÙc���"\ ��]�ê��� ª"SUT� Ñ��)c*�� Ê(Ì � W ö���	�� +��c]�ê�� ���
1 ������� (4.3) ��� �"!$#&% �(' 100 )+*+, -",/.10
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2
5 3 4 5 6 5 7 8

�(:9 &�'<; �>= �:? RIPS
� Ò�@? $ ��ª 14Be E��^H � `�a�b(d�:4;<� =�> ë ��A + � 12Be�§/«� � ?<@�Ä ��� 12Be

+CBED�¹ �GF�H  éîê 13Be �CF�H  � 5«7 � �EI Ñ�� �>=KJ � F�H �ML � ��NPO �GQSR�� ª�� ���>�UT�� ? �ML � N M ����)"* 14Be � R�BGD"¹ ��VPW s/d'5+î/ ê��D� �XA �G8�� Oxbash ��® � PSDMK ¯ SFO
� ÒY� � ¶"¸_8 ®�Z s V�W � s �"�\P[ � �I &"' �M��ª 14Be � R�BED(¹ �SV
W s �"� �(\ W d ���P®YZ sG] � + � � )�*,+ 	K[ � W ª��Ác¶�¸���8 + � ÷&^ � 	 é [ � � S�_"ª BCD(¹ N M �E`�a � $ � A +cb ®YZ Ó"ÔY	�d:e àf ��gShji ª 13Be � ácâ Ç4ã@k<l@m�n f Ç ¯@F�H<o ��L �Cp�qSr ò�s
� �Et�u AKv b Ä ê �`wi � ��V ����º �Gt�u AvEW&x<y bKzMu�{S| ¬�}�oS~ � ÒP�S? 13Be � ¾c¿ �Ct�u Av b ªR�BED(¹ �SV ��� Á ë u AMvcW bY�:u({��@� � ª s�� á"â Ç4ã<k éîê Sn �(� � Ó�Ôc i ªUFHSo �ML � ÒP�M� � Á � Êcò�� � AKv�W b��<u v ���þêî��u�{�� ��ª Ì�� Ù��FÄ �YuG� V ���º éþê Ó"ÔY	G�c  �M�Jë u(����� kK�:k �E���
u APv b ªM��� k(��� � � Á W&� �Pu v ���ê��Yu {
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� �
A

� �

A.1 ����� Lorentz  ¢¡
S £ x = (x, y, z, t) ¤ � i ?�¥M¦ v

b FMH i ?M§ u S’ £ x′ = (x′, y′, z′, t′) ¨>© �Pu { A>ª �&«
β ≡

v
c

(A.1)v/¬S ë u({S®¯i°« c ±(² ¥ { x′ ¨ β ª�³�� «S´Yµ ¶�· \Y¸ ¤(¹�º»¨�º�J u�{
x′ = x′

‖
+ x′⊥ (A.2)

= β
βx′

β2 +
(

x′ − βx′β2
)

(A.3)

x′
‖
¤ � i ? ±(¼�½M¾ ª Lorentz ¿SÀ W>ÁÂ b��@u {SÃ \ « x′⊥ ± ¿SÀ¯Ä �Å § {

x‖ = γ
(

x′
‖
+ cβt′

)

(A.4)

ct = γ
(

ct′ + βx′
‖

)

(A.5)

x′⊥ = x′⊥ (A.6)

γ =
1

√

1 − β2
(A.7)

Æ
(A.3)

´�µ�Æ
(A.7) ÇÉÈ « x ¤&Ê §S?>Ë�Ì
Í u v°ÎÏ {

x = x′ + βγ
(

γ

γ + 1
βx′ + ct′

)

(A.8)

ct = γ
(

ct′ + βx′
)

(A.9)

(A.10)Æ
(A.10) ¨ Â §�? « S ′ £KÇ¯ÈÑÐ � S £ ª x ± « β ª ÒSÓ�W>Ô�Õ Í u AKv ¤CÖ�× i ? «

x′ = x + βγ
(

γ

γ + 1
βx − ct

)

(A.11)

ct′ = γ (ct − βx) (A.12)

¨ t�u {
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A.2 fitting ØwÙÚCÛSÜ ªCÝÞ o º�ßY± «�à Þ �EáÉ¨ Fourier ¿�À Í uâ v b ÎMÏª
ã
ä ¤ t È �Yu {
(i)l = 0

dσ0

dkz
=
σT B2

0κb
2
min

2π
[K2

1 − K2
0 ] (A.13)

(ii)l = 1
dσ1

dkz
=
σT B2

1b2
min

2πκ
[k2

z (K2
1 − K2

0 )

+(k2
z + κ

2)(K2
2 − K2

1 −
2
ξ

K1K2)] (A.14)

(iii)l = 2
dσ2

dkz
=
σT B2

2b2
min

8πκ3
[(3k2

z + κ
2)2(K2

1 − K2
0 )

+12k2
z (k2

z + κ
2)(K2

2 − K2
1 −

2
ξ

K1K2)

+3(k2
z + κ

2)2(K2
3 − K2

2 −
4
ξ

K2K3)] (A.15)â�â(b&«�å>��æ>� ªCç�è ± ÎMÏª
ã
ä ¤ ¬< Ä ��u({
k

à á { p = k~
b é�ê ����� kK�:k ,bmin ± å ªCë�ì �
σT í
îUï�ð
Bl ñ Ü�òXó�ô ª à Þ �Gá�¤ � Í u�õMö����S�<÷ � ÷
κ À�ø }�ù µ ´�µMÚ(Û<Ü º<úYû�ü:ý�þ ÷ Sn ¨ Â §<ÿ ÎMÏ
κ =

√

2µS n

~

ξ ξ = bmin

√

κ2 + k2
z

Ki ¿�� bessel �Eá , �Cá�± ξ
�����	� ± «�
�� ¤ ã��� Ú(Û<Ü ª ºMß�� ª�� § ¨ Â §�ÿ «�å ª����Yª�� ¨ ����� � {����ÿ « ��á ª��<� � ±� ! ��"$#"«�%�&('*) ý Í � í
î>ïSð σT ± Â §@ÿ�§ Å §,+ � � « B

ª �±.-@ø0/ ÷21 ¨ Â §<ÿ ���&« Sn ± ç�3 � ��" � +�4 ���S�<÷ � ÷ ± ÎMÏª	5Uª ¨ Â §�.+��6
l Sn[MeV] bmin[fm] Bl

s 0 1.847 2.89 3.469
d 2 3.26 2.89 2.185
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