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Abstract

Recent development of high-energy heavy-ion accelerators has led a nuclear physics to β unstable
neutron-rich region. In this neutron-rich region, exotic phenomena, which do not appear in the stable
region, such as “neutron halo structure”, has been found. The 6He nucleus has been found to have a
two-neutron halo structure, which is composed of an alpha particle core and two halo neutrons. 6He is
a suitable nucleus for studying the two-neutron halo properties since the interactions of the constituent
subsystems, 4He-n and n-n, are well known.

One of the unique features of halo nuclei is a strong E1 strength at low excitation energies of about 1
MeV (Soft E1 excitation), as revealed in the Coulomb dissociation of neutron halo nuclei 11Li and 11Be.
For the 6He nuleus, the previous Coulomb dissociation data reported from GSI and MSU are inconsistent
with each other. In the present study, we have measured the Coulomb dissociation of 6He to determined
the low-lying E1 transition of the two-neutron halo nucleus. The experiment was performed using the
RIKEN projectile fragment separator RIPS at the RIKEN Accelerator Research Facility. A radioactive
beam of 6He from RIPS with energy of 70 MeV/nucleon bombarded a lead target to obtain a excited state
of 6He (6He∗) above the two-neutron separation energy. All the momentum vectors of decaying particles
from 6He∗ were measured. Using these momentum vectors, relative energy spectrum was determined
by the invariant mass method. The E1 strength distribution dB(E1)/dErel was obtained from dσ/dErel by
using the equivalent photon method. The obtained B(E1) distribution is slightly shifted to lower excitation
energy compared with GSI data. It was also found that the MSU data was not reproduced.

6He has attracted much attention as a novel “Borromean” quantum three-body bound system, where
its two-body subsystems, 5He and two neutrons, are both unbound. We can also extract information
about Borromean structure by comparing the obtained B(E1) distribution with a three-body cluster calcu-
lation. This new data of B(E1) distribution of 6He provides is important criteria to test these theoretical
calculations.
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1�C�Ñ�¾�è�é � ��Ç�~HT�w	���gÿ � Ë;Æ
Çëê<ì�8���í ý}(«4�Fnê�|b~P��î$dð�� Ø = f Ë
Ò	d � ����� 1)F)Hg� !b"�ÿ3¡�¢ µ ©·¶��	�$d 6He 
;î���� E1 �
� � ^�_�»�d��$|
7¡�¤ T0-`A f n���ÿ�ÿ ���3� �3©�
 Ù	��»7d���| �GÙ
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�
1.6: RIKEN, GSI, MSU ÿ Ý$Þ$%'&�(.��&�20
ba�c	d Geometical acceptance ÿGF�H [14]
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1.7: Nakamura ©P
�¡Vd 11Li ÿ B(E1) ��� [14] �k��Õ x -`A f ng
)wE�K��ÿ ��x Ç È Ç Ü ·�


�71$Òª¤ T0ÝEÞ$#�ý��7|V¡�¢û¸�À,~��	��d��
11Li 1
ºª�9¶3Ç�¡3��
�T 6He 
Vî$���gË 1 MeV VkW�ÿ�t_u�vYQ�SV:�T�ý�
ba3c	d ú � � ¿�ï �1$ÒEd Ø = f �Gð
ñ �9¶E����d�� �	��� 1 x T Nakamura ©�|�÷��7¾�t
u�vYQ�S
:�T�ý	ð;1 ú �
â? ��x î�ÝEÞ$%�&�(.�7&�2 � �$�0� 6He ÿED.ý	4$FH��<�Z�[ ��ú �Ã~P���Ed �;ygÆ �;T 6He ÿ�t�Q
SV:�T�ý ��� 1�ÿ E1 ã�ä�wV? (B(E1) �_� )

� Á�?Ã¡�¢¤ò	��»�d���| �GØ =ª|�¾3ÆVÇ;����©�
 x T�~ÿ�ÖÊ~9��Ý3Þ$#�ý3�7| 11Li ÿ Ý$Þ$#�ý�� � F�H7»7d��3|9
7¡�Æ��
T�-`A f n$ög4�ý t ÿ�ó�ô��¾ v < �Kõ
ö ��
 Ù	��»7d;¨gËE~å¶�¾��V��
Ã�÷ 1 x T 6He ÿED.ý	4�F·��<�Z�[ ú �7
7¡VÆ � ¯ ©H¶�Ç�� � Q
S;:YT�ýVM)Û�D,( :Ã|ûG0I�>?����Xÿ Ý$Þ3#�ý�� ��ø
ù »7d��bÝ$Þ x v Î w	���_ú ÿ Õ	Ö	i ���
û_ü RARF ÿ�¿E�0� t û~ý�þ�	�`�b8�F RIPS
� ����� § ÆVÇ
� RIPS 
7¡0Æ��V¿E�0� t û.ý�þ 6He

� �	�������í~åT ½ ����
æ0ç�»3d9� ½ ����|QÿED.ý	4�F·�0<�Z�[7
3¡VÆ��G¥�¦,~9Ç 4He | q î�ÿ	A f n � ÷)ý
hg_3~HTEè�¶©Qÿ�°�o ý U�DÃ( : ��� ±�T;¿0Í ü0ý à � �$�0��� � °�o�Q�S;:YT�ý � ^g_3~ Ç��$ðbÇ�T�¡�� � u
v �
� 6He∗ ÿ�G�I$>�?	��� � �3��� E1 ã_ä ��þ {$_7~åT�� � °	o�Q_S;:nT�ý 0

U
4 MeV 
0a�cd�\
�	] � ^�_7~ Ç�� ��Ã�÷ 1 x T�ÿb-���1
ÝEÞ����g
;î��0�VT�ÿ Æ �31
ÝEÞ)ÿ9h�_�i�%`&g(<��&20
VîE���VT�ÿ����71�#�ý��P<	��
VîE���
´ Ð T
ÿ�
	�71K
�� � ºí~
� Ã`�?§ ���
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2.1 ���������������
6He

���! #"%$ u�v'& È)( Ç�±�*,+ � ÝEÞ.-./ 6He 0  !132�½�465 *87:9<;8=,> ½)?3@%ACB8D'EB,F:G�2IHKJ!465�?8L	M + 6He N 4O5�PRQTS6U (WV:X	Y#Z /:[�\ �� #"3$ V:X	Y#Z<] B ( > �! #"$_^:` /!a#b ?8c)Bed�f65eg�h)B�i	j!k * @�l8men�oKp (Kq.] N�- E ( > 6He 0  �1.?8r�s	tKPRQu (6] + 6He /wv:x)-zy	{ p (W| 465�P}QTSOU ( �� #"%$ V�X�Y#Z * @�lwm!^:`%p ( > qI~ /,�K�P#� ~)�
6He N!�	���#� 2��!� ; ^�`3p (O]�� ��m�@ ��> q ? � ����2 equivalent photon method] � A > equivalent photon method

?8�	�)�32!�
2.1 *8� p >

b

Eex

�
2.1: equivalent photon method - ?#�� #"3$_^:`�?W�)�z� �����)�e� > | 4)5 N Y�( F��:L ] ? VX#Y.Z 2 �	�:�	� ?��e� ] ; m � � ( >
equivalent photon method

2 Z � (K] +_� ( ^!`#���wk.�z Eex � ?:�8 �"	$�^z`%?8�W��� σCoul(Eex)/ photon
?:�e�K�!�#�

σE1
γ (Eex)

] �	���	�	� NE1(Eex) 1
] ?,� -e  ?)@3A *8¡	¢)- E ( >

dσCoul(Eex)
dEex

=

∫ ∞

b0

2πbdb
nE1(Eex, b)

Eex
σE1
γ (Eex) (2.1)

=
NE1(Eex)

Eex
σE1
γ (Eex) (2.2)

1NE1(Eex) £¥¤�¦¨§ª©�«­¬W®z¯°¬w±�²´³_µ b ¶_· photon flux nE1(Eex , b) ¸¹¤C©C«­¬W®e¯°¬w±T²´³_µª·¥ºT»½¼ b0 ¾,¿ÁÀÂÄÃwÅ ¶ÇÆTÈ!ÉÄÊCËÇ·ª¶¨¦
§¹Ì´Í�Î
¶
£ b0 £¨±¥ÏWÐ¨ÑÇ³!ÒÔÓ½ÕIÖª×_Ø_§ grazing angle θgr Ö¹Ù8ÚÄÛ�§¹¼ÝÜ b = a
2 cot θgr

a Þ closest distance ßI¸¥à_á
§¥Ì
7



& Q *z+ photon
?��e�K�!�#� /wâ	ã	ä#å	æ�ç B(E1)

] +
σE1
γ =

16π3Eex

9~c
dB(E1)

dEex
(2.3)

?.èwé *	� (Kq%] P}Q +�ê	ë�ì dσCoul/dEex / dB(E1)/dEex
]Wí,î#ï6ðzñ � m � ( >

Esbensen
Q / E1

? â�ã	ä	å�æ�ç�* J � m /,+:a.b ?Kò:ózô)õ�ö8÷�ø�2Iù6ú ; m � ( [23] > p.Bû6ü +
B(E1) =

∫ +∞

−∞

dB(E1)
dEex

dEex (2.4)

=
3

4π
(
Ze2

A
)2〈~r1

2
+ ~r2

2
+ 2~r1 · ~r2〉 (2.5)

=
3
π

(
Ze2

A
)2〈r2n−Core〉

2 (2.6)

q	q - ~r1 + ~r2 /#ý ~)þz~:ÿ�� ö.2����%p (��	��
 � ?���
K2 ¡ ;
+ r2n−Core /���� ?�� ��� ]����
 � ?�� ��� ?����'2 ¡ p > q ?.ò:ózô)õ�ö8÷�ø * @ � + B(E1) !#" PRQ 6He
?�$#%#&(' *�) U (����
 � ? V è�*��#� * èep (�+�, ?�-#. N0/ Q ~21%q%] N û P 1 >



2.2
3547698;:=<?>=@BADCFE=G?H

2.2.1 IKJMLONQPSRUTVPMW�XZY[(\#]�^`_�a | 465
(Z=82) b @ 1 6He

? ! n�c#dO?�e(a�f(g:4O5 (Z=6)
2 Z �.= 6He

? ! n#cdih ê.ë<; m � 1 > | ?)@3AWB Z
?zDRE � 4�5K2 Z �.= L#M`aUj2k 
#l(m _Kò:ö �2n�o Nqp�r 5^ � 1 >�s �`a�f`gO?)@)AIB Z

?utwv � 4�5K2 Z �K= L.M _u� o b @ 1�l(m Nqp�r 5 ] B 1 > �
2.2
_

Wang
Q b @:lzm ê�ë v ~ = �	��
 ��! �K�!�#��^ � 1 [16] >Ux Qy_�a 7�9 �#�!kO�:ö 23.9

MeV/nucleon
^

6He
2wc{z
Be4�5 bz7	9 ; a ����
 ��! �)�!�K� bQ|U} 1 ò:ö ��n ^�` ] � o ^`O?�~#��2y��� =z> �%ó!ö��)ö ñ Ez?�� Nu�`� j.öKõ:2 ¡ ; aq�#� N ò�ö ��n�o}] � o ?�~#�6?��ã�� 2 ¡<; m � 1 > � o ?�~���_ua��	4O5�?���� ] 7�9 � 6He

?����
(
q	q ^Q_

2.6 fm
2�� Z

)
?÷ b dU�.p 16]C� ��Q ~21 > ò�ö �Qn�o ?�~#��_�aq��465�PRQ´SOU 1 �������:� b dU�Kp 16]
� �Q ~21 >qx Q�_ ���:����� 2 Z

?#è � ^��#������� n0� ; a ���������3N Z1.8 b d��Kp 1KqK] 2��� ; m � 1 >	aQ� P}Q ����
 ��! �3�!�#��� aKb ?3@3A b �	��h:l =e>
σ2n = σnuclear + σCoulomb = a(1.2A1/3 + 2.6) + bZ1.8 (2.7)

q ?#è � ^ �`� j.öKõU�#�#������� n0��� = ï�� �e� 2.2
? � ��^ � p 2 > q ? ï�� PRQqh�a0f#g�� �?wL	M2_�� o Nup�r  �^ � 1.qK] N û P 1 >0s �(a | �� �^#? �	�y
 �#! �K�e����_.ò�ö �Qn�oNup#r  0^Q_ � 1 hz?:?�a�� o � !%Nq¡ l,m � 1.qK] Neæ�¢ ^)E 1 > @�l8mqa | �  �^ ê�ë v ~ =�!�#�3PRQ,ò�ö ��n�o b @ 1 ^�`#� ! ] � o b @ 1 ^�`�� ! � ! �3p 1�£#¤ N#� 1 > [�\(]�^Q_ual#m(¥#¦ !(" � ê�ë � a ¥#¦ �0§ ë p 1KqK] ^%ò�ö ��n�o b @ 1 ^:`#� ! ��¨ ð � � =z>z 2b�ý ?©�ª b J � mu«�� 1 >

�
2.2:
���y
 ��! �3�!�#�O?��  �¬(­ 
 [16]

2a=0.0734±0.0065, b=(3.66±0.50)×10−4



2.2.2 ®Z¯±°³²µ´�¶¸·i¹ºI;JML{N�P�»³¼½W	¾{¿[(\#]�^`_�aUÀ�Á
6He

? y	{:ì�Â ò�ÃÄk ] j(Ä(Å�^�`#&#' 6He∗
PRQÇÆ	�Qv ~ = 4He

]�È J%? �

 � ? y#{	ì�Â ò±Ã k�� ê	ë � m � 1 > qw~ QW? ê	ë#ì P}Q�a�É b «�� 1 @)A b À#Á 6He

] �� ] ?�� � t b�) U 1 6He∗
? l(m�¥(¦

θC.M.
��Ê��ep 1%q%] N ^OE 1 >

Nakamura
Qy_�[Q\(] ]yË c b 11Li

?Kò�ö ��n ! n�c(d bU)#� m ý ? l(m�¥(¦ !�" ��Ê�� � =e>ý ? ï�� �e� 2.3 bw� p > � 2.3 bU)�� m � � _�a equivalent photon method
� Z � m�� ã v ~ =�ÌÍ2Î �`^ � �Ïa l#m�¥#¦ N 0 Ð PRQ8óyÑ��(Òwö;Ó lUm b�) U 1 grazing angle:θgr Ô ^.?�Õ�Ö�^`_�a �� j.öKõ ] [�\us�× � m � 1KqK] N û P 1 3 > l�m(¥#¦ N θgr @2�ÙØ:��^ � 1 L�M(a 6He N D'E,B#Ún�Û òKÃ Û ó�Ü:ö%õ0^�À(Á3p 13q)] b V�Ý�� a q#q ^�_%ò�ö �2n�o ? u N�Þºß ]W� �	m�@ ��>(s��a

θgr aQ� ?,D ¥(¦ � ? l(m _�a�twv � Ú n�Û ò�Ã Û ó(Ü�ö%õu^ 6He N ��  b À�Á3p 1%q.] b VÝ2� a#� o b @ 1 ^�` N0à Ô ~�16]�� �RQ ~�1 >q ?3@%ACB l�m(¥�¦ � Z �#= ò�ö �Qn ^:`(� ! ?y¨#á ©(ª _�aqf(g���  b @ 1 j�k 
�l#m ? ���j.öKõ ] ?(âKE ã3Nuã ¤ ^ � 1 > f#g��� �� Z �#= jQk 
�l#m ?e�z�	�	�,i�j�k b ¬�­ � muä(å�æ� a | ��  b ­#çKp 1 � o � ! ���:��h 1 � ª N#� 1 N a ý ?�ô�è.özk �Qé,ò	õ!ö�_�i�j�k b ¬#­� m � 1 > l�m(¥#¦ ?�¨#á b @ 1 � ª b @��êa�i�j�k b ¬�­ � B � ò�ö ��n ^:`(� ! ��¨ ð �,p q] Nuë�ì ] B 1 > [(\#] _�a 11Li
^qí û ~ = ©(ª ��îUï � a l�m�¥#¦ !(" � Z � m)ò�ö ��n ^�`(�

! ?�¨(áð�yí�l =e>

�
2.3: 11Li

?Kò�ö ��n ! n(c(d ê	ë bU) U 1yñ ! l(m �!�#� [14] >

3 ò ×ª¤ Nakamura ¿ £½®´³�ó
«õô�ö�÷�ÈI·ùø�úw¸ùû�ü�Ö Û�§´ÊÇý ¤ θ ≤ θcut ·êþ ÿw¸ � à,É��½á_§¥Ì



2.3
��� G?H

2.3.1 �	��

�	�[`\(]�^�_ua�j�Ä�Å�Õ#Ö b	� 1 E1 � ¦ ��� ë p 1�� }`buã����	ì ª � Z � ��� � 2.4 b a 6HeN | ��  b�� l,m3ò!ö ��n ^:`��I` q�� a 4He
] �	�y
 ��b���� p 1 c � �����   b8� ��� � ������"! J$#�% � #'&)( y	{�ì �ya P1 = (E1, ~P1), P2 = (E2, ~P2),P3 = (E3, ~P3)

] 
 ß �6q�q ^qa � ö+*n-, ã.��ì | P1 + P2 + P3 |
2 b-/	0 p 1-�

Pout = P1 + P2 + P3 = (
3
∑

i=1

Ei,

3
∑

i=1

~Pi) (2.8)

| Pout |
2 = (

3
∑

i=1

Ei,

3
∑

i=1

~Pi) · (
3
∑

i=1

Ei,

3
∑

i=1

~Pi) (2.9)

= (
3
∑

i=1

Ei)2 − (
3
∑

i=1

~Pi)2 = M∗2 (2.10)

] ¡ 1-�'q	q ^ M∗
_ ã.����ì ^ � 1-��q # ã.����ì _

M∗ =
3
∑

i=1

Mi + Erel (2.11)

]21 U 1"�Kq:q ^ua
Erel
_ V.3 y�{ �:�zk6�!ö ]54��z~21 ì ^qayj�Ä(Å76#� � #w^:`%���ek3��ö Eex]

Eex = Erel + S 2n (2.12)

] �98 èwé b	� 1-�'qW~ Q�#Kèwé � � a ã.����ì P}Q ����
 � Ä�Å)�#�!kO�:ö aQ�Qb ­(ç%p 1 E1� ¦ #���
Q�5: } 1.qK] N ^6E 1�� ã��.�:ì ª #�;#��_�a ã����:ì3N À�Á.% � #����ek6��öu* l#m¥#¦ b<� Q>=qa ��� % � # u � ê:ë p 1KqK] ^e^:`�6(�	��Ê	�q^6E 1.q%] ^ � 1�� ý # � } a7?7@��ì ª � ��h v6�q! n ì#NBA�C ^6E 1 4
�

a`� #�;��%P'QÇ[#\#]�^`_ ãD�.�:ì ª ��� Zw� a ���7E t b�)�� m ��� % � # y	{�ìQÂ òiÃ¥k��ê	ë p 1%q%] ^ Erel
��Ê���a�F<GB6(�H#���
���� ë �-� �

4 I2JLK2MLN ·POLQ�¤SRUTzÉÄÊWV5XZYI·W[]\ M>^ ®z¯`_wËbaSceÉ ò Øed>f ò ¿ ò áªÌ



�
2.4: 6He

#Kò�ö ��n ! n(c(dH#-�D�6�
2.3.2 ®Z¯±°³²À#Ág% � ]�l(m % � #�h)m'# y#{�ì�Â òKÃÄk�� ê#ë p 1%q%] ^�a 6He∗

# l(m`¥(¦ ��Êð�ep 1%q] N ^OE 1-� [�\(]�^Q_ua l(m�¥#¦ _�À#Á 6He
] �  �#�� � t bU) U 1�¥(¦ θC.M. ^qÊ��ep 1-�ê	ë �-��l#m % � #�� y#{�ì�Â ò±ÃÄkKP}Q�a ý ~ Q !gi #�� � # y#{�ì�Â ò±ÃÄk ~Plab

out N
~Plab
out =

~Plab
α +

~Plab
n1 +

~Plab
n2 (2.13)

] : Ô 1-� �`�DE t�^'# l(m�¥(¦ θlab
_ua#À#Á

6He
# y#{:ì�Â ò±ÃÄk Plab

b

� Z � m�a

θlab = cos−1(
~Plab
out ·

~Plab
b

| ~Plab
out ||

~Plab
b |

) (2.14)

] Ê��0^OE 1��
θlab
P}Q

θC.M. � # ��â _qa#À#Á 6He
] �  �#u� � t � # � öj* n-, �	â P}Q aKb # �<8yb Ê)P~�1-�

















EC.M.

| ~PC.M.
f | · cos θC.M.

















=















γ −γβ

−γβ γ































Elab

| ~Plab
f | · cos θlab

















(2.15)
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3 l m n

�`� _�a Ì æDo(\#]�pq# ã�r!ë �9szö7t-u#��ó0Ú n RIPS
� Z � muí�l � � RIPS b<� lWmq\#] 3vq#

6He
�wszöDt��)u�� � a�x ë �-�8| �   b À#ÁKp 16] �98 aDy y#{ o�  ©(ª � Z � mqí�l ���[�z�^Q_�a ãgr:ë � 6He

s,öDt$#�u(��� ª b J � mq«Q��a Pb(6He,6He2n)
c�d ê�ë b�{ Z����-| �} #D~ð�	Ã � � ��a%jKö%õW�����!ô(��t b7�.� m ÔH� } 1-�

3.1 ������� 6He ������7�	�"����$� o$�g�gp+�-�g� } �$���'�
RARF �"�� $r.¡g¢	£B¤�¥B¦'§j¨D©«ª RIPS ¬-­<®�¯B°<±�¬"²j³´�µB¶ °$±'·g¸ 18O £�¤B¥9¹ Be ºH»$¬�¼�½9£�¤7¥7��¼�½.ºH»«¹�¾)¯D­'®B�<¿�ÀÂÁ ��Ã.Ä ¢�Å�Æ�ÇÈHÉËÊ ³ ¯ 6He ¬5¦g§Ì¾ ´�µ

ECR ©DÍ+ªÏÎ<· ¦g§Ì¾ ´ 18O ©BÍ+ª7¬"� AVF Ð<©�Ñ�Ò	Ó]Ò<ªÔ��Õ�ª7Ö�Ð<©'Ñ.Ò	Ó]Ò<ª ÉËÊ ³ ¯×�Ø ��� ¾Ï�+Ù5ÚgÛ�ÜgÝÞ¹Uß�Û.àgÜ�Ý ÉËÊ ³ ¯�¿ � á�âgã ¹Lä�åw¬�æ�çÌ¾�è�éwÁU� F0 ê�ë.ì+íB·î�ï<ðËñ µ
F0 ê�ë.ì É ¸ Be ºH»Bé�òHóËô�À$¯�õ	öP� 100 MeV/nucleon

��÷gø�ùHú ¤'¬5û9³ ´ 18O£ ¤7¥.éqü.ü"·7¼D½�ºH» É�Ã�Ä ð�ñ µ Ã�ÄË÷�ø�ùËú ¤7é ý ÷.øBùqú ¤ �"þ.ÿ � Ã�Ä ¢ � �5����� �¢�à ��� é�ºq» É<Ê ³�¯$¸��	��Á]ÀD�'¿ ��
q�
����� ¸
�����	¹5è'³�¯�������� ��� ·�ºq»'�D¬��� ðËñ µ
Be ºH»�� · �Âü ñ ü �-Ã.Ä ¢�Å.Æ�Ç È ¬�­�®.¯7� 6He £�¤D¥Ë¬)¦g§Ì¾ ´�µ
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18O £�¤D¥9¹ Be ºH» �-Ã.Ä ¢�Å�ÆgÇ È ·'¸ � 6He '�( É*),+.- è ¢�/<é�¦$§9ô"À ñ µ ¿<ü�·7�g 0 ¡�¢w£�¤D¥ ¦g§+¨7©Hª RIPS ¬�­�®.¯21�»«¹ ðËñ 6He ¢+¬43�5 ðËñ µ

RIPS
�
% �+¬ ! 3.2

É76 ð µ
RIPS ·$¸�� Ã�Ä ¢ � A/Z × v

É98�: ð<ñ Ü�;�< � ¹ Ê9= À ñ7> ¹U�?�@
Z
É98�: ð<ñ ÷�ø�ùqú ¤�A�B�C�· �7÷�ø�ùqú ¤7D�E ��F ®'¬4Gg­9¾)¯��21�» � (A,Z) ¢«¬,3�5ðËñ µ
RIPS

�
H��H�
I�J >LK Ñ�MONQP'ª�R$¸ | P/∆P |= 3.0% ·�S ñ é7� ¶ °'±g·'¸
T � è�U �H�
6He £�¤D¥�é�V�Á>À ñ ´�W � | P/∆P |= 0.1% ¹YXj³ ¯B²j³ ´�µD¶ °'±'·[Z'­w¾ ´ RIPS

�
status ¬\

3.1
É íH¹ W ñ µ RIPS

ÉËÊ ³ ¯�3�59ô"À ´ 6He £ ¤D¥'¸ × ½�ºH»^]`_g��a�b.ºH»9cQdÂ¹ Ã.Ä ðñ µ�e�f � g�h �iVÞÁ>À ´ × ½�ºq»�j�· � 6He
� U � � purity � ÷�ø�ùËú ¤$¬�� \ 4.1

É íH¹ W ñ µ

!
3.2:   0 ¡�¢w£�¤D¥ ¦g§+¨7©Hª RIPS

� % � !



Beam Primary target Bρ1 F1 slit Degrader thickness Bρ2 F2 slit Energy@D2
thickness [mm] [Tm] [mm] [mg/cm2] [Tm] [mm] [MeV/nucleon]

6He Be 8.0 3.859 2.4 815.7(#6) 3.770 50.0 72.9
A/Z=2 Be 8.0 2.286 2.4 - 2.286 50.0 -

\
3.1: kw£�¤D¥ � ��lnm ¦�§ É ­�® ´ RIPS

�9o ¨�pD¤qP
3.2

r s
¶ °$±�·$¸-�'Ñ7¤.Ò�ª � e Ç ÈË��t ¡ É natural Pb ºË»u] 206Pb:24.1%, 207Pb:22.1%, 208Pb:52.4% c¬"�.¢�v�Ç ÈH��t ¡ É natural C ºH»w] 12C:98.9%, 13C:1.1% cH¬�­�® ´7µ í ´ � NEUT

�Qx�y Õ7z{ ¤�|~}�ª � ´�W É 7Li(p,n)7Be Ç È ¬ t ¡Ì¾ ´�µ ºH» É[� ®�¯7� \ 3.2
É íH¹ W ñ µ Pb ºH» � �ôB¸ �[���9ô�À ñ Yield, Signal/background

8
,
÷�øBùHú ¤���� ��� eq� ¬9�i�Ì¾���¡Â¾ ´�µ C ºH»¸ � 6He é Pb ºH» ��þgÿ ¹ ÷gø ùHú ¤
D�E<é��	¾*�>è ñ ÊO� è � ô�¬4Z$­w¾ ´�µ

Beam Target Thickness Energy loss Multiple scattering
[mc/cm2] [MeV/u] ����� [mrad]

6He Pb 783±6 2.91 9.9
C 347±1 2.45 2.2

proton Li 166±1 - -

\
3.2: ºH» � � ô



3.3 � ����� � �2�w���!
3.3
É7����$Ë� M��ËÓ K �4N.¬ 6 ð µ)¶�� ·g¸"� 6He

� Ñ�¤�Ò$ª � e Ç ÈË�7t ¡ É ­$® ´ ����$
ML�qÓ K ��N�¬�� RIPS £ ¤7¥<¨B©Ëª�j É òËóH¾ ´ × ½j£-¤7¥ ���7$�  � ! 3.2

É7¡ � Experimental
Area

É òHó«¾ ´ @�?�¢ à �L��$�  �¤£ ã à �L��$� HÉ �¤¥ ¯�¦�§ ñ µ
RIPS

É<Ê ³-¯ ¦�§ m¨��l ô"À ´ 6He £ ¤7¥'¸�� ! 3.2
É�6 ð

F2 ê�ë�ì É òqóH¾ ´ N�¨9R�©2��Ñ
|Ëª7© { ¤*P�ª (F2plastic) ¬4� � ðËñ µ F2plastic ·'¸ 6He

�[«�¬9­�® ¹
|Hª7© { ¤qP�ª�£B· ��÷ø�ùqú ¤�D�E > É
¯¤° ð�ñ7± ý�¬ t ¡ ð<ñ µ ü)ÀÂÁ �7­�®O² Á´³ É ¦�§ ñ e�f�µ�¶ É�Ê ³�¯7� RIPS·'¸ ��l ·�· è ² ³ ´ 
q� ¢�/«¬43�5Â¾Ï� 6He ¢+¬�3�¸ ð<ñ µ _�ºq» ��¹iº · ×�» �½¼ Õ7¾ÌÓ¿©*Àª,Áq¤ BDC1, BDC2
É-Ã�Ä ¾Ï�.ºH»id �-Ã.Ä�I�J >qÂ ÑÌÓ ù ¬ t ¡ ðËñ µ

_�ºH» É Ã.Ä ¾ ´ 6He ¸'ÑD¤'Ò<ª	Ã��j¬7�Âü$¾Ï��Ä â�Å�Æ�ÇHÉ Ã�� ðËñ µ Ã��	¾ ´ 6He ¸ ðÉÈô7í 4He ¹ 2
�$� £ ã à É
Ê�Ë ð<ñ µ @�?�¢ à 4He ¸-�9_Dºq» ¹ ³ É òqóË¾ ´ ¼ Õ�¾ÂÓÌ©QÀ$ª	Á<¤

MDC d ÃDÄ ¾>��¿ �
Í�Î é t ¡jô�À ñ µ MDC
��Í�Î�g�hO² Á 4He

��I�J >QÂ ÑÂÓ ù éiV	Á]À ñ µ¿ � ³�� Dipole magnet
� Ü þHÉ<Ê ³-¯ Í�Î ¬�Ï�Ð«Á]ÀD� ¼ Õ7¾wÓÌ©OÀgª	ÁË¤ FDC3 dw¹ ÃDÄ ð<ñ µ

Dipole magnet d Ã.Ä ðËñ º ³'· � Í�ÎH� Ñ � ² Á)© Â ªjÓ � Ü�;�< � ¬4Ò W ��Ó�Ô @�?�¢ à � £² Á A/Z=2
� © Â ª9Ó>¬
Õ�5 ðËñ µ FDC3 ¬�� � ¾ ´ ³g� H�Ö�×«É ò�ó«¾ ´ N$¨�R�©2��Ñ�|Ëª�©{ ¤*P�ª Hodoscope dÌ¹YØ�Ù�¾Ï� @Q?�¢ à � ± ý ¹ «�¬�­�® é t ¡Âô"À ñ µ Hodoscope

² Á � üÀÌÁ � ­�® ¬"­�®.¯7��Ó�Ô @�?�¢ à � £ ² Á Z=2
� © Â ªjÓ>¬43�¸ ðËñ µ

Ä â�Å Ã�� Æ�Ç 6He*
² ÁÛÚ � ô)À ´ £ ã àH¸�� Dipole magnet

É�Ê ñ ÒD¤ { ª�Üiv ��Ý�Þ ¬�ß ¥à É�¹�á ¾Ô��N$¨iR�©2��Ñ�|qª7© { ¤qP�ª4â NEUT · �L� ô"À ñ µ NEUT ¬
ã�§ ðËñ Ng¨iR�©2�Ñ�|Ëª4© { ¤�P�ª É ¸ ä�å É PMT ¬��
öçæ ¥ ��è�é ² Á «�¬9­�® ¹ ± ý+¬ t ¡ ðËñ µ ü � è�é �«Q¬ ê*² ÁiëQ��Óçìqí�|2}�ª7¬4Ò W �¤£ ã à �
I�J >qÂ ÑÌÓ ù ¬7V ñ µ
' Ö ��k �¤��$H�9î�ï ¬.íH¹ W ñ µ
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3.3.1 ðòñôó�õ÷öLøúùOû½ü
Õ�ª7Ö�Ð<©�Ñ�Ò	Ó]Ò<ª ����� PB©�ý.ª7Öÿþ RF signal¶ °'±'·'¸ � F0

É õ ¥ ñ © Â ªjÓ ��«Q¬9­�® ¬7V ñ ´�W É � Õ ªDÖ�Ð<©�Ñ.Ò	Ó]Ò<ª ����� PB©
ý.ª7Ö (RF signal) ¬7G$­9¾ ´�µ Õ�ª7Ö"Ð<©�Ñ�Ò	Ó]Ò�ª ² Á Í���� ¾ ´ 18O £�¤B¥'¸ � F0 ê�ë.ì+í·�� � © Â ªjÓ ) �����¤� Í ² «Q¬ (Time Of Flight:TOF ¹���� ) ·�Ø�Ù ðËñ ´�W � F0 · ��«	� ¬
RF 
���·�
$­ ðËñ ü�¹5é.·�· ñ µÕ�ª7Ö�ÐË©�Ñ.Ò	ÓÏÒ<ª ¸ 70 ns

� ¼�¡ ¬�� · ��� ¬�� ö��	¾"¯g® ñ µ ¼��'� RF 
��j¬���� ðËñ
TDC ¸  �� «Q¬ ¬)û � ´�W � 70 ns óO· É �«³�¯ò� ñ RF 
��j¬��<¯���� ð<ñ ü�¹Ôé�·�· è.® µ ¿ü�·B� RF 
��j¬�� �qÉ�¬ � ·)� 140 ns

¬��$É è$³ ´ RF 
��+¬gôËÁ É 70 ns
à Á7¾Ï� × �$� RF 
� RF1,RF2

É
��¥ ¯	���Ì¾ ´ µ ¿ � ð<ñ ü$¹5·B� F0 ·9Ú � ô"À ´ 6He
����!q«"� ¸-� RF1 ·g¸- � «Q¬ � ·�S'³ ´�´�W É ���<·�· è ² ³ ´ þgÿ · ) � RF2 ·����9ô"À ñ ü�¹ É è ñ µ

Ng¨�R�© ��Ñ�|Ëª7© { ¤qP7¤ þ F2plastic

� ô 1 mmt �"ì�# 80×80 mm2
� N.¨
R�©¤��Ñ�|<ª�© { ¤QP[ª.¬ F2 ê�ë7ì É ò<óH¾]�
è�é � PMT² Á ± ý	¹ «�¬
­�® ¬ t ¡9¾ ´ µ ü � F2plastic · � P-©�ýDª Ö é$�'¯ ��% ¤�Pi|iR�&�¥ � Ó-Õ('�¤
���¹�è ñ µD¶ °'±Ë¸
� 10 kcps ¹ � U �H� × ½w£�¤D¥�é Ã.Ä ðËñ ´�W ��è�é � PMT

É ¸Qz�¤�R
PD¤'¬��
öÛæ ¥ ¯�)$­Â¾ ´�µ RF ¹ F2plastic

� P7©¤ý.ª�Ö�¬-­�®.¯D��¼.½�º«»	* F2
¬g�9Í ² «Q¬

TOF(tgt-F2) éiV�Á>À ñ µ F2plastic ·����+ô"À ´ ± ýH¸ �j£�¤D¥ � N�¨�R�© ��Ñ�|Ëª7© { ¤qP�ª�£· ��÷gøBùHú ¤
D�E > ∆E
É ¯L° ¾Ï� TOF(tgt-F2) ¹ ∆E ¬�­�®.¯ × ½j£�¤D¥ � ¢ àQÕ�5+¬)² � µ

£�¤D¥D­ ¼ Õ7¾ÌÓ ©�À�ª,Áq¤ þ HRBDC(High Rate Beam Drift Chamber)¶ °$± �<ÊO� è ?�@ �$+ ô-® × ½w£-¤7¥ �
Í�Î ¬ t ¡ ðËñ þ�ÿ � PPAC ·g¸ �¤�-,�. é�T � ·g¸è.®Hü�¹5é�/ ² ³ ¯g® ñ µ¿Ëü · ¶ °�±'·�¸B� PPAC
� 
0/ ö É HRBDC ¬ ­<® ´Bµ HRBDC ¸ Z=1

² ÁLÚ ¢ àjí7·q¬�1
ÁË¤ ðËñ-2 ó �¤��$ ·QS ñ µ ô<Á É HRBDC ¸[M ùq¬�� ¬ 2.5 mm ¹ + ô�� ð<ñ ü�¹Ô·B� � U �q�£ ¤7¥ t ¡ ÉO) )g­$·�· ñ ÊO�43�5 ô"Àg¯.® ñ µ 176gª[PB¤�'�R É ¸ He(50%)-C2H6(50%)

��8.ÿ
'�RË¬"� � ;�9<·D­�® ´�µ ' Ö$É HRBDC

�$:�+ ¬.íH¹ W ñ 1
µ

1 ;=<?>A@CBED dP/P=±0.1% FHG�IKJMLÄ³ON(PRQ�ITS?UMVOJ4W D BDC XMY=ZT[?\4]=^ 160m×160 mm ZA_ D L ³`N�a�b(cdEe IKS�fgJ-F`h`ZKi(j 1/4 Z4kCPlQCm$nEJ`o�p?p @CBKD�q Z 1/4 ZEQCmOr=s dOt U=SCZ4kKu(vgVlo



w�, ì # 80 mm×80 mm

M ù Ð<©�x anode-potential
¬ þ 2.5 mm

anode-cathode
¬ þ 2.5 mm

wire � anode:16
¶
/ ìy�z

anode wire:15 µmφ Au-W/Re
potential wire:80 µmφ Au-Al
cathode ì :12 µm

K ù ý�{'©�x ¼ 1�N	Ó)ª'�R window | :4 µm
K ¨Oý ¼ì�ã�} Fr-Als-C-Y1’-C-Y2-C-C-X1’-C-X2-C-Als

-C-Y3’-C-Y4-C-C-X3’-C-X4-C-Als-Fr~�� ? 9 BDC1(Cathode,Potential)=(1150V,1550V)
BDC2(Cathode,Potential)=(1175V,1575V)

\
3.3: BDC

�$:�+
ügü ·7� X’ ì�¸ X ì É$� ¾"¯��*M ù�� -X ��� É à À ´ ì'� Y’ ì�¸ Y ì É$� ¾"¯��*M ù�� +Y��� É à À ´ ìÂ¬-��� ðHñ µ Anode wire ¸ GND

? 9 É � Cathode/Potential
É ¸ -HV ¬ ~�� ¾ 2 �

Anode wire ¬�£��Þ¹�¾ ´ ? þ7� òj¬��g§g� Ã.Ä @�?�¢ àËé Í�Î j É�� · � ¾ ´ ? àËé Anode wire· ��®$�«í-ÀD� signal ¹D¾)¯ ��� ô�À ñ :�� ¹)è$³�¯�® ñ µ ×�» � BDC ¬ ! 3.4
� � ö 216 mm

�
¬�� ·�òHó«¾>�.ºH»id �-Ã.Ä Â ÑÂÓ ù ¬ t ¡Ì¾ ´�µ

!
3.4: ºH»$��� � òHó ­�® [mm]

2Potential wire
d B Cathode ���E� more negative

dA�T� n D=�?�M�O� PA�����AWMV4ZO���-�(nTU



Ng¨�R�© ��Ñ�|Ëª7© { ¤qP7¤ þ F3plastic

� ô 1 mmt ��ì�# 100×100 mm2
� N$¨iR�©~��Ñ�|qª�© { ¤OP�ªg¬ TQ12

�q���
¹ ³ É ò�ó�¾Ô�
è�é � PMT

² Á ± ý	¹ «�¬ ­�® ¬ t ¡Â¾ ´-µ òËó�¸ ! 3.4
� � öL·QS ñ µ F3plastic ¸ (p,n) Ç ÈqÉõg®.¯7�9£�¤7¥�� � t ¡ É )$­w¾ ´�µ

3.3.2 �¡ £¢¥¤ øúùOû½ü
Ñ�¤�ÒËª � e Ç È ·iÚ � ô�À ´ @�?�¢ à�¸�� ¼ Õ
¾	ÓÛ©�À�ª,Á�¤ MDC ¬7�9³ ´ ³gß$Û�à$ÜgÝÉqÊ ³ ¯Ë¿ �9Í�Î ¬[Ï�ÐjÁÏÀ��jôqÁ É½¼ Õ ¾	Ó ©�À�ª�ÁH¤ FDC3 �¤N$¨iR�©2��Ñ�|Hª�© { ¤OPD¤

Hodoscope d9¹ Ã�Ä ð<ñ µ ¶ °$±$·'¸��7ß.ÛDàgÜ.Ýq¸ 12kG(6He beam
�"þ�ÿ

)
É Ã.Üw¾>�Dß.ÛDà�ÜÝg� FDC3 � Hodoscope ¼�¦+¬'£�¤D¥ ² Á?§<¯ié É 100 mm

à ÁD¾Ï�9£�¤D¥	¨ É$� ¾"¯ 20◦ © ¥ ¯òqóH¾ ´ µ í ´ � MDC-Dipole magnet gap-FDC3
¬ ¸ @�?�¢ à ��÷.ø�ùHú ¤�D�E���ª�Ú+Ñ7¤$Ò'ª�Ó

Ôj¬�«�¬ ´�W � He '�R�·�­ ´ ¾ ´�µ
¼ Õ�¾ÌÓ ©�À�ª	Áq¤ þ MDC× ½�ºH» ��¹ ³ É òHó«¾ ´ ¼ Õ�¾ÌÓ ©�À�ª,Áq¤ MDC

ÉËÊ ³ ¯7��Ó�Ô @�?�¢ à � Í�Î ¬ �L� ¾Ï�I�J >�Â ÑÌÓ ù ¬4V ñ µ w �Dì�#q¸ 140 mm×190 mm ·QS9öZ�D¼Bì 12
¶ �

Anode wire ¬ ) ³ ´ Mª
R7ìËéD� X ì ( _ ¹ ��� ) é 4 ì'� U ì ( £�¤.¥�j ×O² ÁA§<¯[é Ö é	ö 45
� ��� ) é 2 ì'� V ì

( è Ö éÌö -45
� ��� ) é 2 ì���� 8 ì¤S ñ µ

¼ Õ�¾ÌÓ ©�À�ª	Áq¤ þ Fragment Drift Chamber(FDC3)

¼ Õ7¾ÂÓ¿©qÀgª	ÁË¤ FDC3 ¸�ßDÛ�à�Ü.Ý ��Ö9×qÉ òqóH¾>� ß.ÛDà�Ü.Ý�� � ³ � @�?�¢ à ��I�J >Ñ � ¬ t ¡ ðËñ µ I�J > � Ñ � é A/Z
É�8�: ¾�¯g® ñ ü�¹�¬�­�®.¯7� @�?�¢ à � A/Z · � Õ�5+¬² � µ FDC3 ¸�¼Dì 16

¶ �
Anode wire ¬)û+³ ´ MHª�R ìËéB� X ìËé 5 ì$� Y ìËé 4 ìË·�ã�§+ô"À¯g® ñ µ

Ng¨�R�© ��Ñ�|Ëª7© { ¤qP7¤ þ Hodoscope

� ô 10 mm � ì # 800×100 mm2
� N�¨�R�©2�-Ñ�|Ëª4© { ¤�P�ª�¬)ì+¬$£�¤7¥ É�®*¹ è$��� É ��¯ó*· É ¾�¯[� 7

¶ °�± É òHó«¾ ´�µ k¤|Ëª4© { ¤�P�ª � ä�å É PMT ¬4� öçæ ¥ �qj Ö�² Á ± ý�¹«Q¬ 
��j¬�² �q� ð µ



3.3.3 ³0´µ¤£¶¸·½ü
6He∗

² ÁÛÚ � ô�À ´ £ ã àq¸�ß�Û�à�Ü.Ý É'Ê ñ ÑB¤�Ò�ª,v �7Ý�Þ ¬4ß ¥ à É[¹
á ¾]��N�¨9R�©¤�Ñ�|Ëª7© { ¤�P�ª4â NEUT
ÉËÊ ³ ¯ �L� ô"À ñ µ

Ng¨�R�© ��Ñ�|Ëª7© { ¤qP7¤ þ NEUT

NEUT ¸ ��� 4 ì ² Á)è ñ Ng¨�R�©~� Ñ�|<ª7© { ¤qP�ª�âË·�S ñ µ ¿�À7¹�À � ì � ã.§+¬ \ 3.4É�6 ð µ � ·�ô 60mm× 60mm× 2140 mm
� N.¨9R�©L��Ñ[|�ª4© { ¤�P�ª.¬gºËóq· É ¾)¯	# � Ú0»7�Ã�Ä ð<ñ £ ã à ��¼*¬ »�è �¤��½ > ] K Ñ9MqN�Pgª7RicË¬g¾+³"¯�® ñ µ 4 ì � òËó�¸ ! 3.5

É76 ð µ
k�|<ª4© { ¤�PB¤ � ä�å É æ ¥ Á]À ´�¿ ? à�À�Á�Â ² ÁL�ÄÃ © Â ª�Ó É�� ¾ è�é ² Á ± ýÞ¹ «�¬ 
�j¬����Ì¾ ´ µ

ID# Layer# Cluster#

101-112 LN1 ClusterA
201-212 LN2 ClusterA
301-315 LN3 ClusterB
401-415 LN4 ClusterB

\
3.4: NEUT

� ì�ã�}
Ng¨�R�© ��Ñ�|Ëª7© { ¤qP7¤ þ Veto Counter

ß�Û.àgÜgÝ � Ü þ*² Á ('À ´ @�?�¢ à«¸�£ ã à�¹�¹ )�É NEUT · �L� ô�À��¤£ ã àH© Â ªjÓ É� ð<ñ Á � Ñ.Ö.¨ 6�ª ¼SÉ è ñ µ ü �<ÊO� è @�?�¢ à+¬7Õ�5 ð�ñ ´�W � � ô 5 * 10 mm
��Å ®QN�¨

R�© ��Ñ�|Ëª�© { ¤*P�ª 23
¶ ¬ NEUT Æ º ìj¬�¾ �BÊO�"É ¯qó�· É ° § ´�µ ü�À«¬ Veto 1�6gª

P7¤�¹g��� µ @�?�¢ àH¸$Ç à Veto 1�6gª[P7¤B· �¤� ô�À$¯ NEUT
É-Ã.Ä ðËñ µ ¼��¤£ ã à«¸ @�?¢ à�¹"¸�ÈHèÂöEÉ¤Ng¨�R�© ��Ñ�|Ëª7© { ¤qP�ª�£�Æ proton � C Ê.àg¢+¬�Ç�Ë ðËñ ü�¹5· ¬$Ì » É�¤� ô�À ñ ´�W ÉON�¨9R�©L�-Ñ�|�ª4© { ¤�P�ª É<Ê ñ �¤�g,�. ¸ + ô�® µ Ê ³�¯9� ý�Õ�Æ � ôg¾ ²è�® Veto 1Í6.ª[PB¤7·$¸ �¤� ·�· è�® µ ü$Æ F ®�¬4G�­9¾�¯�É NEUT · �¤� ô)À ´ © Â ª�Ó=ÆÏÎ�É

Veto 1�6gª�P7¤D· ��� ô"À ´ © Â ªjÓ>¬gÐ�Ñ ðËñ ü�¹5·O£ ã à�Ò ÂÔÓ ÓMÕ43��qü�¹5é�·�· ñ µ
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3.4 ÖØ×ÚÙÜÛÞÝ ßáàãâåäæ�çéè�ê0ëÔì-í�î�ïéð$ñ�ò
3.6 óÏôgõ÷ö"ø(ù ú�û	üéý�þ0ÿ�� ñ�������� ý�	�

��
��
��������ú����� ú � ý���� �"!�ó7ô ñ ö	ø(ù ú�û	ü�ý$#�%&�'
)(

ò
3.6:

� ú �+*�,.-�/1012 í ö	ø�ù�ú�û	ü ò

• SF2L,R 3 F2plastic 4651798	ú 21: ç�è<;$= 

• SF2Z 3 F2plastic 4)>1% í'?�@ : ç�è<;+= 

• LN1 ∼ 4 3 Neutron counter

í
1 ∼ 4 ACB�4 ç�è<;$= 


• Computer Veto 3D�����E��ú ��:�� ú � ý��F�G�
H<I ñKJ �ML ð�N�O �EPMQ�/�: æ�çéè-êÏë�ìí$î�ï ý � ú ���'R�S I
D.S.BEAM

ñ
NEUT

ð1T6=
U6=�V H6W<X�Y�� J[Z�\ �+� Jgñ ö	ø�ù ú.]��+�E^�þ�4�_ � (



3.4.1 `Facbedgfihj�kMl 4 ð	ñ�m1n�o<p 4 �<� 6He+Pb
� ó �<q ú<r
�[s�t�u1v í)w %.x�y�4 ð õzL ñ�æ ç�è�êí�{�| ø+}.~gú -e� ��� P9� q��1�<� ��� w % í 
�� ���c� õ k<l � ú � ý��1�&�+� ÿ � (�� 3.5� ñ�w %&�'
 k<l � ú �)�e� öMý���]+� � (

Data# Beam Momentum Target Trigger
acceptance

1 6He ±0.1% Pb BEAM/500+NEUT
2 6He ±0.1% emp BEAM/500+NEUT
3 6He ±0.1% C BEAM/500+NEUT

4 6He ±0.1% Brass BEAM/500+NEUT
5 A/Z=2 ±0.1% emp BEAM/1
6 H+2 Li BEAM/999+NEUT
7 H+2 Brass BEAM/999+NEUT
8 H+2 emp BEAM/999+NEUT

9 Cosmic ray NEUT
10 Time calibrator Self

� 3.5:
� ú �)�e� ö �<� ø(ú

1.
m1n�o�p 4 ����q ú�rM��s1t1u1v í'w %

2. Pb(6He,6He+2n) I í'�<� � ó � P&� q1�1�<� �e����s í'w %
3.
P&� q��1�<� �e� í'w %

4. NEUT
í'�1o �����1�

5. F2plastic
í

[ch] � [MeV] � í �1� ñ Hodoscope
í'�1o ���'�1�

6. NEUT
í$ç�è+�1��í'w % ñ /�� ú'���

7. NEUT
í'�1o �����1�

8.
P&� q��1�<� �e� í'w %

9. NEUT
í$æ - �+ ¡~�ú ��¢ í I$£1¤"¥'W<X1Y ñ gain W<X1Y

10. ¦�§ � /   � q - �+ &~�ú ��¢ í [ch] � [ns] � í �1�
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4.1 àâáäãæå ç 6He èæéëêäì
4.1.1 6He í�î�ïFð¡ñóòKôöõó÷Fø
517ù8	ú 2�� ð 6He Ñ�ú � J 8Li � 9Li õ.û í'��ü :Eý9þEÿ ��ÿ � 
�� ñ t�­ � ó ÿ � Q6È ��ö� ] � 6He ý�·�Ç ¹M��º�» : ��� ( T�¼ 4 ñ F0-F2 � í�� É���� (TOF(F0-F2) ]���� ) ] ñ F2plasticí'?�@��
	 ý�þ0ÿ � ( TOF(F0-F2)

ð"ñ
RIPS

í
Dipole magnet

í���

B
ñ��'�����

ρ
ñ ½�¾�¿ OéíÃ�Ä1Å A

ñ���O���ï
Z
ñ�� Ý v ] Ñ�� í���� : ��� (

Bρ ∝
A
Z
v =

A
Z

1
TOF

= const (4.1)

����í���
 ] ���
�
��í Ð ð��
�� Ýz]���! =�ñ QEÈ ��ö í���
 � o<¹M�"� : � � L ; ý�� ¹ ( ��� Ý ð Q�È ��ö í Ã�Ä³] N�Âéí"# A/Z ] � Ý � #
$ �$��%C� ñ ��
 ñ RIPS
í����� Ý ð � 3.1í ó0ô �'& %
( ����� ö[����ÿ � (�ó ÿ � ñ") 4.1

í���� ó"� TOF
ð

A/Z ] #�$ ����ÿ � (���
 ñ
F2plastic 4 í�?�@�ð ½�¾1¿ O�íEÖ ´ �"× ú+*�, �
-
.0/ �ML ñ�Ö ´ �
× ú�*�, ð È ú 0 }�r �21 í) ó��

∆E ∝
Z2

v2
(4.2)

]�ÿ�ô ��� : ��� 
�� ñ ½�¾1¿ Oéí�N�Â Z
í��
	 ý�Î ÿ � ÿ � (�ó ÿ � ñ TOF(F0-F2) ] F2plastic4 í�?�@éí$�3��ð QEÈ ��ö í A/Z ] Z

í��3� ý�Ï ��¼ ] � �34 � ñ���ü ý65'% ¹
�<¼ ] : 4"_ � (
1
T �+� ñÏò 4.1
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)( T)=�U6=�ò 4.2
í�7�8 4 6He ý[·�Çz� ñ 6He
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purity
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4.1: ½�¾1¿ O�í'À�Á7ò ('?�@ ð TOF(F0-F2)[ns]

ñ"A @ ð F2plastic 4 í palse height [MeV] (E½�¾8	ú 2 í�Ó�Ô Ä í�B : � ð +-0.1% (

1F0 C timing DFEHGJILKLCNMJO�E�PNQSRNTLUWVJX'YZXWQH[�\Z]J^J_�`LaNbWcFdJe�f TOF bhgji;k�lnmnohG RF pFq�rtsu mhv
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4.2: 6He

í ·1Ç 7
8

Energy 70.3 MeV/nucleon
Intensity 31.6 kcps

Purity 95.6%

� 4.1: 5�7�wyx�Ò�4 í 6He
í 8	ú 2 §�r�z|{ QE�



4.1.2 }�~���a��FíKô������
w�x í Ò'� ��� ¥���
$5�� í BDC ý�þÏÿ�� ñ w�x)� í ½�¾ È q ö � ý w %¡��
'( 6He

ð
BDC �í ù / ¿ O ý N
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 N�Oéð"ñ BDC � í'N
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4.3: BDC1

ñ
BDC2

í
drift time(X1 A )

¼	í �	ø�z ö ���0ý-þ0ÿ�� ñ Ñ�� í����Ïë ìÚN�Oéí �	ø+z öH� � ý Õ � � (.8	ú 2�: BDC
�6&��� ½�¾z�+��ÿ � ]; 1% ¹
� ] ñ
: Å ;$="� Q�È ��ö Å ð 6He

í ½�¾�¤"¥ � ó ì ¶ & %M4 ��� (
dN
dx
= const. (4.3);Íì � ñ

dN
dt
·

dt
dx
= const. → x(t) = C

∫ t

0

dN
dt′

dt′ (4.4)

]�õ � ( ° ��� ñ�ò 4.3 ý�Ð�s ¹��<¼ ][4³�"ø+z öt� �¢¡
dla ]�¥9Lh£ : � ì�=
� ( T ��� ñ � ì =
 æ A
4 í �	ø�z öH� � ý0��¤�5�¥�¦�ý$þ0ÿ���§'¨M4 fit
¹
��¼ ] � óK� ñ 6He

í���� :"© % ¹
�¡
tracking £ ( ¼1¼ 4 ñ tracking 4 © %&�'

§'¨ ëÔì � ì ="��æ A
4 í �	ø�z öH� � ý dlb ]+¥9L (� ë � ñ�k<l 4 ð 8�ú 2 ð BDC

�6ª ¦ �6&���� ð ½�¾z��õ�ÿ<
�� ñ �	ø�z öH� � dla ] dlb
�ð�« :6�Cþ � ( TM¼ 4Et1­M4 ð	ñ �6¶ ) 4.4 4 Õ ��
 R1S ) ý è�¬�­ � ñ �zþ 
�® « dla-dlb ý&�ø+z öt� � ��¯|°)R�S ) ý © �
§"� ñ"± �-ÿ R�S ) ý�þÏÿ��'²"¸£ö � � { � � ý�É£ô ( ¼"í É�³�ý´ �hµ ¹�¼ ][4 ñ ó"�S® «�í ¤ ; ÿ R�S ) ý Õ ��
 (

¼�í �
¶�· í É�³�ý Space Time Caliblation ]
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f (ch) = a + b × ch (4.5)
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4.4: �	ø�z ö ����]K�	ø�z öH� �éí����

BDC1(X plane) BDC1(Y plane) BDC2(X plane) BDC2(Yplane)

a -0.0620249361 -0.0411635302 -0.0896142051 -0.0770014822

b 0.0314917192 0.0311191268 0.0331049412 0.0338012576

� 4.2: BDC1,2
í

STC º ��» ú �
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4.5: �	ø�z öH� � ]éö � � { � � ¼�½ í ® « s�Þ



BDC1
ñ

BDC2
í ö � � { � � ¼�½�ý ò 4.6

� � ¹ ( ò 4.6
ð�æ

BDC � � %�y � z=0
í ¤
¥�4 í8	ú 2"¾ 4 ��� ( j1k<l 4 ð"ñ RIPS ���6� í>¿�À�Á���Â TQ12
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4.6: BDC1,BDC2 4 í 8	ú 2"¾ ( BDC1,BDC2

í���� t1­ �1�
j t1­M4 ð"ñ7ò 4.6
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4.7

�
BDC1,2 ý�þ�ÿ��6ú�Ï9��
�w�x�I�£�4 í 8$ú 2'¾ ý2� ¹ ( ¼¼ 4 ñ w�xE� í ½1¾�¤�¥ : RIPS

í 8	ú 2 � Q � ë ì 20 mm Ñ�Ò ��= 
 Q�È �Ôö ð"ñ w3xÏýÎÐ6%�+� ÿ � z�~�ú 2<� ½�¾&�+��ÿ �0Ñ =EÆ : ��� (�ó ÿ � ñ�ò�í ó0ô�õ RIPS
í 8"ú 2 � Q � ëÔì-í

� � R
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20 mm Ñ3� í Q�È � öMý<8	ú 2 ] %
Òz�'
6(�Ó BDC ý�þ0ÿ�� 6He
í���� ý+� �+�1�éð

86% ]�õ ÿ 
6(

2RIPS b�E TQ12 Ô0ÕÖ['\ 1334 mm CØ×�ÙLD F3 Ú;ÛjÜ�rtÝ;Þ6ßtK u lØvSàLá;GFâ;^F_0`;E 1300 mm ãFä+DNå0Ù0ßæG
TQ10, TQ11, TQ12 rtç�èNKSé;êjëWk�lHvJìjíLî�CNïFð;G Dipole magnet ñ MDC ròå0Ùnk�lnmFoLDØGFâj^Fó�`;CØ×�ÙWrÖàá�ô0õØöH÷hø0DHå2Ùnù+úJljrhû;üJ[�èhm
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4.7: wyx�4 í 8	ú 26¾ ñ 8	ú 2 í %
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4.2
( á*),+ ãæå ç 4He èæéëêäì-/./021432576987:<;

6He∗ = ¹?>A@CB 4He+n+n
8ED4FM¹G;�HJI ÇLK =EM D4F ¿4N 4He OEP1­®�¯RQ;¼
½ 8 °2S4TVUXW ;�H

4.2.1 4He íKôöõó÷cøY/Z4[ N 4He =EM]\V^ z`_baLc2d�eLf MDC M Dipole magnet M]\V^ zg_%ahcXd�ehf FDC3 MhiGjT ���'� Hodoscope kgQ �7l<mL;�H wyx6� Hodoscope n/O �4ohp n (TOF(tgt-Hodo)) =EM 4He O [N4q4r MVs7tCu2vxw _	yhOAzC{7|~}�� ; O 8�À4�G���C� K :/;AH iX� K M BE� TOF(tgt-Hodo) OAz{ p n/OA�7��} o����VH
TOF(tgt-Hodo) =EM F2plastic

K �R��� ; TF2
8

F2 � target n/O TOF ���/| 51.9 ns }��G� ; � QK��x�/���hK O pV� Ttgt }��4� j�M Hodoscope Q�O pV� Thodo � ��  j�¡£¢�� Q K � �EH z7{ p nOA�7� 8 =EM A/Z=2 OL¤VfJ¥h}�¦ �G� 8�§4¨ j �A©<ª/« fX¬C}A­ S �EH � O�®7� =EM RIPS
8J¯ ST7°7± yx²�fA³C´/µ~}·¶�¸ M A/Z=2 O�¹ T7º v d�_�}�»L¼�½GO Hodoscope

B KE¾ j �h¿ O K :/;AH�4� K @ � 8 M Dipole magnet O�ÀCÁ�} 7.5kG � 15kG
B KEÂhÃ7� 8�ÄÆÅ M Hodscope }�Ç4È mh;9ÉbI¹ T O plastic scintillator k A/Z=2 OL¤VfC¥L}4Ê T ;VH � O ©<ª<« fX¬ � � M �x�JK O °2± yx²CfË2ÌhÍ�Î7Ï j � S 4He O TOF(tgt-Hodo)

�7� } É�I O Hodoscope
K i �GÐV�J�Æ��� ;�H i �Ñ��}�C�/|<k��7� mL; � Q K M É�I O/ÒLd�agÓ�fX¬4ÔJOAÕ7{ p n�Ö<×7Ø M z7{ p nX}�Ö2×7Øx} o����VHBJ� MÚÙ º v d�_ 8 { mh; Hodoscope

K OhÛ7Üx_�ÝCÞ4ß (Mhodo) O�à7á9}�â ; Q M Mhodo ≥2 O ºv d�_ Í :2; Q�× � ���VH Mhodo ≥2 O º v d�_ =EM §4¨ j � 4He
Íhã/äVå aæÜ w ÒLd�a`Ó�fX¬4Ô��K

proton }�ç7è j�M ç7è proton
Í Q �gÅ O7ÒLd�a`Ó�fX¬4Ô7}Eég� j T4S ; Q·ê/�£��� ;�H ih�K M Mhodo ≥2 O º v d�_ 8 { j T =�M TOF OAë @ SEìîí » ¿�ï ¢�ð4ñÑj � º v d~_óòG}�ô2­ j �EHõ4ö M 4He O TOF

åC÷ w _	y =Cø 4.8 OLùhú 8C�h���VH à7PXû = σ | K 170ps }�� �EH
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4.2.2 FDC3 ü?ýÿþ��������	��
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BDC 
�� M \V^�� _%aGcXd�eGf FDC3

8�� S4T ¿ M \V^�� _ p n � � \V^�� _����XkhO������}�� � M"!$# K O hit position }"%�& K('$) mh; � Q K M 4He O+*�,~}�-4� mh;AH ø 4.9
8

FDC3 O
X1 # ,Y1 # O \V^�� _ p n å4÷ w _�y9}/. mVHJI P�0 K =EM \V^�� _ p n Í 0 � 1000ch O�1�2 8:2; º v d�_ 8�� S4T P�0�}/34� �VH
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ø 4.9: FDC3,X1 # O \V^�� _ p n åC÷ w _�y
FDC3 O \E^5� _ p n � � \E^�� _6�7�XkXO+��� =�M]\E^5� _ p n 8 ù � T�8 ¼/OLùXú 8 Á4Ö4à9 } j T -7� j �VH
• 200ch

8;: OAÁ/Ö f (ch) = a + b × ch + c × ch2 + d × ch3

• 200ch
8 ¼2OAÁ/Ö < ä�= f<¬ e }/> § j�M f (ch)

8+?A@h��BACED5F }��4�I P;0 K ô<­ j � STC < ä�= fX¬Cf<}5G 4.3 H�. m�I ��J STC < äA= fh¬4}�­ S ��õ/ö;K X # K
Y # H�L 9�M�N  2à/á O ø 4.10 ø 4.11 P �gÅQK i �LÐ�� σ |SR 128 µm

K
117 µm }�� �(I FDC3J *�,�T�0 J È�U�V�WXO K Z=2 PZY�[]\�� � º v d�_^H�{ j 86% P �h���(I

FDC3(X plane) FDC3(Y plane)

a 1.16142559 1.15649939

b 0.0213401429 0.0212024003

c 9.38554149E-06 9.91944216E-06

d -8.37708924E-09 -8.77295481E-09

e -2.55651194E-05 -2.47003845E-05

G 4.3: FDC3 J STC < ä�= fX¬
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4.2.3 4He ü4_a`	bdc e Z üfbgcihYCZ�[7j J Y7[G}�k ��l"j�m"n Z H �$o7pAoh����I Hodoscope R J °J± yX²�f ËCÌ ∆E P TOF(tgt-
Hodo)

Í
∆E ∝

Z2

v2
∝ Z2 × TOF2 (4.6)

P o ú D�q Í;r M � P � � K ∆E P TOF(tgt-Hodo) P J Õ D ø }A­ o�p Y�[�} o ú I

4.2.4 4He ü4_a`	bdc e A üfbdcshY/Z7[�j Í"t�u j À�v J À4Á � } ¾�w m M"x K i�J §C¨�y$z J�{ L x
K�| ß θ K ���7}�~ � � Js7tCu4J ��� δ O K ÀCÁ;� Y7ZC[$j J °7± yG²Cf2}�­ o7p -Xk M _ ä d å ��� f o�� HXù �+p 8 ¼J ùhú5H+G���R9¸ M I �7� R"��� b O §4¨�y (B � ) R J�� � K ��� a O §7¨Az (A � ) R J�� � }
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(4.7)

�7� R K B ��} BAC �9� R J�� � (xt,θt,δt)
K

A ��} FDC3 J ¼�½ # R J�� � (x f ,θ f ,δ f ) H�{���� 9p
xt H �;o�p(� ¸E¼$�]P K

xt = ax f + bθ f + cδ f (4.8)

P � M I �x� R J�{ L Í]� J º v]��� R ¿(��� 
4�5R r M P^�7�;� M P K x f P θ f
J Õ D ø H ¯Aop�K

δ f � }5- � M � P Í Rx¸ M I \h�5H δ f O
δ =

P − P0

P0
∝

Bρ − Bρ0

Bρ0
(4.9)

P o ú D/q H r ÅQK À$���4ß J ��� u H����d� p�o M í �C� R(�$� 0 O ���$}�~ J |�R r M � P�}� �Jò I À��$�7ß4O
Bρ ∝

A
Z
v ∝

A
Z

1
TOF

(4.10)

J ùhú5H ! º v]�]�^J A/Z H(�$��� pAo M � � K δ f � O A/Z J �4� }/�S��R o M I
FDC3 J »G¼V½ # R J X

ì � J�{ L x f P | ß θ f
J Õ D }/� M P K ø 4.12 P � M I ø;J+ �¡ ÍÀ����7ß J ��� u4J � }/G�� I \L�5H K ø 4.12 RV�?��� � ∆Bρ � H �;o7p TOF(tgt-Hodo) P J ÕD }5¢4�£� K ø 4.13 }�� �(I
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ø 4.14: 4He J ¯�j Y�[



Z=1 Z=2à�T<û Z/∆Z(FWHM) 7.9 21.3

A=4 A=6à�TXû A/∆A(FWHM) 11.5 31.9

G 4.4: Z,A J à�T<û
4.2.5 MDC üÆýÿþ��������	�²
X��x� % z H+³ L � �µ´(¶ �d�¸·�¹��»º�¼ MDC J½� ä Ü w õ4ö }�­ o$p�K 4He J;¾ ¨ vxwd� yG}
� � M I�¿ � R�k ��K 6He

Í�À �G� H §J¨ �ZÁ$Â ¯$j Í Z=2 PÃY$[]\�� � º v��]� }�­ o$p MDCJAÄ�Å ¶»Æ Ó ¼ Ò]Ç � }/È o"K *�,�T�0~}�È ����I MDC J X1 # K U1 #4J ´�¶ �d�ÊÉAË åC÷�Ì �yx} ø 4.15 H�.�� I�± T�0�R;O Ka´�¶ �d�¸É;Ë Í 0 � 400ch J 1724H r M º"Í �]� H �Ao$p T$0~}
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ø 4.15: MDC X1,U1 #XJ ´(¶ ���¸É;Ë åC÷4Ì � y
MDC J ´�¶ �f�ÊÉAË � � ´(¶ �f� �$��Î J ���4O K f (ch) = a + b × ch + c × ch2 + d × ch3 P o úÏ C ��}�­ o/�(I G 4.5 H ± T�0SREô2­f� � STC < ä�= ¼ ¬4}�.�� I�¿ J õCö�K X # K UV # J N /à7á O ¿ �hÐV� ø 4.16

K ø 4.17 P �£ÅÐK σ |SR 62 µ
K

m63 µm P �X���(I MDC J *�,�T�0 J È
U�V�WXO K ¼E½SR «�¬�­A®�¯�j Í 4He PZY�[g\�� � º�Í �]� H�{�� 98% R r ���(I

MDC(X plane) MDC(U,V plane)

a -0.120436415 -0.00799882039

b 0.0396074876 0.0370114818

c -7.60740222E-05 -5.82965513E-05

d 1.00177296E-07 6.32090718E-08

G 4.5: MDC J STC < ä�= ¼ ¬
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4.2.6 BDC Ñ MDC üXÒÔÓdÕ½Ö üf×£Ø
MDC J½� ä Ü ÄS��Ù R�� � �x� R J�{ L�P | ß xtmdc,ytmdc,θxtmdc,θytmdc P K BDC Jµ� ä Ü Ä��Ù RV� � �G� R J+{ L xtbdc,ytbdc,θxtbdc,θytbdc

Í ¦ �G� J Á7Ö;Ú"Û�� M5Ü � Í;r M I;¿ � R K : ½h¼½ � � J '�) õ4ö J   xtmdc − xtbdc
K
ytmdc − ytbdc

K
θxtmdc − θxtbdc

K
θytmdc − θytbdc } ã$© Ü � � K"ÝÖ�Þ~} ·�¹ Ü Ì � ��I ø 4.18 O K �G� � � J ©2ª7« ¼ ¬ J;° K Á$Â ¯7j Í 6He PÃY$[]\·� � º"Í �� H �Ao�p T�0d� � xtmdc − xtbdc

K
ytmdc − ytbdc

J à/á í ¢4� z ò;R r M I MDC J *�, õJö H BDCß J *�, õ4ö }�à �(á Ü � ( � 0.3 mm) \�Ø K�âã´(¶ ���¸· ¹��äº ¼�J Ý Ö�Þ�} P ���(I
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ø 4.18: BDC P MDC J½� ä Ü ÄS��Ù õCö J�{ L J Ý Ö�Þ



MDC J	� ä Ü Ä �7Ù õ/ö } 'A) � p � � �~� : R J ¤ ¼ ¥7åæ}�æ M P K ø 4.19(a) P �h����I
BDC R '�) � � ¤ ¼ ¥"åµP�O+ç �gÅQK Y

ì � H J�è M © ¼�é å7Í âG� M I � �`� J º�Í �]� O�ê| ß;Î J «�¬ }�ë�ìd� K »�í õCö J(î"#�ï H º Ü Ì Ù äAð � ´ P7� p �<� M � � K�ñ�ò � M5Ü � Ír M I;¿ � R K ø 4.18 J ytmdc − ytbdc
J åJ÷ Ì �Qó H ¯�o$p(K 20 mm

8A: J º"Í �E�Zô ñ�ò � M/õö ô �9� �"I �"J õ ö ô�÷ � � P5R K MDC R '�) � � �9� R J ¤ ¼ ¥"å Í ø 4.19(b) J ùhú�H �ÅQK
Y
ì � H�ø è M © ¼�é å ô � Åäò�o2�(I
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4.2.7 4He üEùÔúµû	üiýÿþ��
MDC J � ä Ü Ì � � 4He J�¾ ¨ Í Ì � óEô K TOF(tgt-Hodo) � ������� J	��
��]ô �X� K 4HeJ ����� Í Ì �ÐóXô�ø 4.20 J ùhú5H�� �(I
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ø 4.20: 4He J ����� 6He+Pb



4.2.8 
��������©<ª�� �SR J «�¬A| ß J à�TXû�O K 8 ¼ J ��R�â ï ¿ M � P Í Rx¸ M I

θx = θout
x − θ

in
x

= tan−1(
Pout

x

Pout
z

) − tan−1(
Pin

x

Pin
z

)

∼
Pout

x − Pin
x

Ptotal
(
Px

Pz
� 1, Pin

z ∼ Pout
z ∼ Ptotal)

ù ��p�K
∆θx ∼ ∆(

Pout
x − Pin

x

Ptotal
) (4.11)

P�� ÅQK�| ß J�� O K �x� y$z R J ����� J   J�� Í Å P ����� � o�I8�: J��� ì�! H�" o�K 6He+Pb
K

6He+C
¿ �2ÐA�;H ¯ 9�M | ß�à$T7û ô â ï ¿A����I T�0 õ ö O K

• BEAM � ¶$# ¼
• 6He % 6He J'& Þ «�¬ ô � � º(Í �]�äô�(*)

P$� � 4
I

6He+Pb, 6He+C, 6He+emp J « ¼ ¬�H ��o�p x,y,z J�! �����4ÈCà J   ôEø 4.21
K ø 4.23

K ø 4.22
H+.S� I

4 +-,	.0/21436567986:6;=<�>?567A@CB�DFE4G�/IH2J=K=LF8NM6OA@�PRQ4:�SFT9U4V�WFX6Y
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åC÷4Ì �Ðó 6He+Pb
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åC÷4Ì �Qó 6He+empty
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åC÷4Ì �Ðó 6He+C



� 4.11 HLù ��p"| ß4à�TXû ô â ï ¿ M P K G 4.6 P�� ����I
∆(Pout

x − Pin
x ) ∆(Pout

y − Pin
y ) Ptotal ∆θx ∆θy

[MeV/c] [MeV/c] [MeV/c] [mrad] [mrad]
6He+Pb 23.6 28.4 2184 10.8 13.0
6He+C 9.50 10.7 2190 4.33 4.89

6He+emp 5.90 7.40 2226 2.65 3.32

G 4.6:
| ß7à�TXû (σ � )

\h�/H K ¦ �L� P J   O À �G�/� R J ÝCÞ Ì ¼ © � «�¬ J Î4Ï ô Gd� p�o M I ÝCÞ Ì ¼ © � «7¬J Î7Ï O+G 4.7 P�� Å�KC©<ª$y H�â ï ¿C��p�o2� � í G 3.2 H	Z\[2ò�ù ÅA¿=] ¢ Î4Ï ô�^ 9 pAo M� P Í × � ����I
target ∆θmulti

x ∆θmulti
y

[mrad] [mrad]

Pb 10.5 12.6
C 3.42 4.88

G 4.7:
�x�2� R J ÝJÞ Ì ¼ © � «�¬ J Î7Ï (σ � )



4.3 _a`cb d 2n ecfhgjik*l�m�n�o�p*q
6He* � �Ir ¾ \�� �tsä� J � Þ j O�ê�� � ô %�3£� K ã/äVå · Ü Ì Ò �5· Ó ¼¬4Ô�u NEUT R'v ¾ \A� M I7±*w R�O K NEUT ô ­ o2� � Þ j J T�04H �;o�p�K4¿ J�x�y P õ4öô�z|{ M I

4.3.1 NEUT ü~}�� ü���������������� ü����� Þ j J �*��� Í Ì ��ó ô��\� � M H�O K NEUT H���� M hit position � Ü\� R r M I�����p(K k  É;Ë	¡ n�¢�£ { L�Î J�¤�¥§¦�¨ o�p'©*ª ô È ��«	¬
NEUT ô�­�® �°¯*±�²	³ ·�´ Ì\µ �/··¶�¼|¸�¹�¦*º ¿�»�â�¼ ¦ PMT ��½*¾�¿�À�Á*�·ÂÄÃaÅRÆ Í�g�6¦�
 �»¤ ¦ » É;Ë�¡�Ç È TL, TR É ô Z�Ê�� «'¬�¿ À £ ¤ ¦ » É�Ë	¡�Ç »�Ë dT = TL − TR

º	ÌÍ�ÎÐÏ
X ÑCÃ

X =
dT
2
× Ce f f (4.12)

Ñ�Ò�Ó�Ô=Õ ¦*Ö ¯ ¬t×*×�Ø Ce f f
º ±�²�³�Ù ´�Ú µ�Û Ù ¶�Ü|¸�¹ �'Ø�» µ�Û Ù ¶�Ü µtÝ�ÛßÞ »�à\áâ�ã ô�ä°å ¬�æ µ�Û Ù ¶�Ü|¸�¹�¦ ��Ò�Á Ce f f ç �*�·è Ã hit position ç�é «�¬ê

4.24 ¦=ë|ì�í » dT ³\î Ú·ïÄðñÈ LN1-7 É »�ò ç$ó å ¬ ë�ì�íÐº ±*²�³�Ù ´	Ú µ°Û Ù ¶�Ü�¸�¹¦	ô�õÐ¦=Ì Í å ¯ «�ö Ã µ°Û Ù ¶9Ü�¸'Ü »�÷�ø\ù\ú°Ø º	ô��Ð¦�û�ü ¿�À�Ã ê »|� Ó$ý�þ�ÿ�� »����ç�ó å ¬ ¨�� Â Ã ×�» þ�ÿ »	� � µ�Û Ù ¶�Ü|¸�¹ »�
 ¿ ¦
���|å ¯ ¬ � « Ã ê 4.24(a)
¢�£ Ã æ µÛ Ù ¶�Ü|¸�¹ »���� � 0 ns

¢ £   À�Á*Ò|¯ × Ñ9��� ¢ ¯ ¬	��©*ª°Ø º Ã
1. Const

ù�ú§»���� ç 0 ns ¦ ¾����Ð¯
2. Const

ù�ú�Ø Ö ¯���� � ç µ�Û Ù ¶�Ü|¸�¹ »�
 ¿ 2140 mm ¦
����� ��¯
Ñ�Ò�Ó������ »� "!°Ø ê 4.24(b)

»�� Ó�ý ë|ì�í » Ì Í�ÎÐÏ X
»
�"� ç�é « 5

¬

dT [ns]

co
un

ts

0

500

1000

1500

2000

2500

3000

-20 0 20

X [mm]

co
un

ts

0

500

1000

1500

2000

2500

3000

-2000 -1000 0 1000 2000

ê
4.24: (a) ë|ì�í » dT

�"� #�$�»	%�&
' ´�ï)( Ã (b) ë|ì�í » X
�"�

5gaussian+Const+gaussian *,+
-/./021436587:9,;=<?>/@A*CBEDGFIHKJML LN1-7 NPOKQ6< Ce f f R 163.2560 *,S4TUJML



ý��'Ã�V�W »�©�ª º V�X » ³ ð°Ü�Y�Z�[ Ã æ PMT
»

gain ¾���� ç?\ ��«�] Ã�^ ã \ Ó È ³ ð°ÜY�Z ç å ¯ÐÑ dT ³�î Ú ïÄð�º=¤�_�å ¯ «\ö É ¬ ê 4.24(b) º:` Á »"a	b�c?d ¶$Ü µÐÝ=Û ] Ã 6 MeVee» ³ ¶�´ µtÝ ðfe ç�g ��Á é « ë�ì�í » X
�"�|Ø Ö ¯ ¬

4.3.2 hjifkmlon�:p�q º�r ½�s�t�¿�À�¯ »�Ø º ývu Ã�±�²�³\Ù ´�Ú µ�Û Ù ¶9Ü�¸\¹ ��Ø proton ç?w�x è Ã"y » w
x proton � µ°Û Ù ¶9Ü|¸�¹ � ç?z ¯ × Ñ ØA{ � À�¯ Þ � PMT

ØA|�� ¿�À\Ã µ�}�~ ð Ñ�ý�¯ ¬§���Á'Ã �:p�q �"���6�"����� ð���Ü È ��� â*ã É Ø µ°Û Ù ¶9Ü�¸\¹�¦=Ì Í è «�� ¾ Ø�� Ã proton ç��À�u £ Ò w�x å ¯ ¢ ¦ ��� Á�Ã	s�t�¿=À�¯ Pulse heigth ����ý�¯ ¬ å ¯ÐÑ�Ã Pulse height ç���� ¸�ð��� è ÁA��¯A��� ¡�Ç�º ê 4.25
»�� Ó ¦ Ã Pulse height

»
��� ¦ ��� Á��A� çI��� ¯ ¸ Æ�� ÛA} �
��ý ÂNÃ   À�� { �	¯ ¬~×�»:��� ç ³ ð�Ü ÑI��� ¬ ³ ð°Ü ��� º Ã � Â Pulse height

»
� ¿�Ò � ¾¦ ��� ¡�Ç��� �¡ ç?¢�� ¯ ¬

ê
4.25: ³ ð�Ü ���Ð»�£�¤ ê

³ ð�Ü*¦ � ¯���� ¡�Ç »   À ç Ã�V�X »�¥"¦°Ø'©�ª ç?§ ö Y�Z�è «�¬
1. 7Li(p,n)7Be

» � Ü|¸ ç ©*ª (NEUT trig.)

2. Veto Counter ��¨ � Á�Ò�ý\Ò
3. |X|≥150 mm ¦�©�´�ï
¥"¦ Å º ”

�?p�q«ª Ü­¬ ” Æ	® Û ï ç ©�ª å ¯ × Ñ ¦
¯m°�è Ãt¿ £ ¦ ¥"¦²± Ñ6³�´�¾����Ð¯ × ÑØ�µ�¶�·\ã ç�¸ � è Ã�¹�ºA» ô » ������� ð���Ü Ø Ì Í å ¯�Æ�® Û ï çI¼�½ è Á�Ò�¯ È ¨�� Â ×	»
¼�½ ¦ � Â ¼�¾ À «���p�q º ��� ¸ Æ�� Û	} Ø ý���À ¾ ý £ ý\Ò É ¬	¥"¦²¿ º Ã­À�Á � Ü�¸ »�ÂIÃÄ�Å q§» Æ	® Û ï ç?Æ�Ç å ¯ × Ñ ¦
¯m°�å ¯ ¬
V�W »�¥�¦°Ø TOF(tgt-N) Ñ AL Ã AR Ñ » ¯ Ô ç?È ¯�ÑCÃ ê 4.26 Ñ�ý �'«�¬ pulse height � � ¿�Ò
¹ � Timing �AÉ|À�Á�Ò|¯ õ q ��´ � ¯ ¬
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4.26: TOF(tgt-N) Ñ AL,AR Ñ » ¯ Ô (LN1-7)

¬�Ê ê � Â TL Ñ AL Ñ » ¯ Ô�Ã�Ë ê � Â TR Ñ ARÑ » ¯ Ô ¦�¨ Ò�Á	Ì�Í å ¯ ¬�Î�Ï�»
Ð � � º�Ñ�Z�è Á�Ò�ý�Ò ¬
ê

4.26
»�� Ó�ý pulse height � � ¿	Ò�¹ � Timing �AÉ|ÀÐ¯ ¯ Ô ç Ã

f (A) = a1 +
a2

A2 (4.13)

Ñ9ÒtÓ=Ô ü Ø ä·è «�¬�×\×=Ø Ã�Ò­��Ó�� AL,AR
� »�Ô�÷ ç ä è Ã TL,TR

¢�£ a2
A2 ç Ë è
Õ u × Ñ Ø Ã¯ Ô ç a�b Û ' ð�è «	¬ ³ ð�Ü�Y�Z ç è «
Ö�× Ã ê 4.27 Ñ�ý �'«	¬ pulse height ¦ �|£   Ã TOF �ô\� � Ø Ö ¯ × Ñ9��Ø"Ù Ø�Ú ¯ ¬
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4.27: ³ ð�Ü�Y�Z ]�» TOF(tgt-N) Ñ AL,AR Ñ » ¯ Ô (LN1-7)

¬�Î�Ï§»�Ð � � º 0 ns ¦ %�&A' ´ï�è Á�Ò|¯ ¬

³ ð°Ü�Y­Z ]Ð»�Û�Ü�Ý NEUT � TOF ³�î Ú ïNð »�ò ç ê 4.28 ¦ Ã æ­ÞÐ» TOF
��©�ß ç ä 4.8 ¦ó å ¬ ê 4.28 Ã ä 4.8 º Ã�V�à » NEUT ¦­á�â ¯ ©�´�ï/ã�ä ã�å Å Ø Ö ÂÄÃ�æ ¨ pulse height

å
6

MeVee V�W Ø Ö ¯�Æ	® Û ï6¦�¨ Ò�Á ©*ª è Á é «�ç"è�Ö�×�Ø Ö ¯ ¬
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4.28: LN1

»
TOF(tgt-N) ³\î Ú ï ð ¬�Ð � � º 0 ns ¦ %�&A' ´�ï�è Á�Ò|¯ ¬

NEUT Layer# ³ ð�Ü
Y�Z�( ³ ð�Ü
Y�Z ]
LN1 0.65 ns 0.37 ns
LN2 0.65 ns 0.36 ns
LN3 0.58 ns 0.40 ns
LN4 0.60 ns 0.42 ns

ä 4.8:
æ�Þ|Ø�»

TOF(tgt-N)
�*©�ß

(σ � )



4.3.3 TOF(tgt-N) é�ê�ëíìoî�ïñð²ò
proton beam ç brass( ó­ô )

Û�Ü�õ Ì Í è Á�ö { ¿:� «ø÷ í Æ�® Û ï ç?ù�ú Á æ ±�²�³\Ù ´	Ú µ°ÛÙ ¶�Ü�¸�¹ » ¯�� ��� ç ¾�����Ã 6He beam ç brass
õ Ì Í è Á�ö { ¿�� «ø÷ í ÆA® Û ï ç:ùvú Á�ÃÞüû Ñ õ
Ð � ��� ç Ñ�Z�è «�¬

ê
4.29: Flight lenght

»
£�¤ ê
÷ í » brass

Û�ÜAÝ
NEUT � Ø�»
ý \�þ�ÿ È Flight length É º ê 4.29

»�� Ó õ Æ	® Û ï û Ñ õ����Ø�Ú ¯ 6
¬�×�»

Flight length Ñ ÷ í »�â�ã ç�� Ò�Á TOF
»�Ð � ��� å�� � ¯ ¬ y ×�Ø V�X »�	�õ» ú Ñ ú Á�Ã TOF(tgt-N)1

õ�� À�
 ÷ í���Ü�Ú å�æ Flight length
õ ����å 
 TOF � õ ý

 � Ó�� %&A'�� ï�������Ü�� IDo f f ç �Ðö����

TOF(tgt − N)1 = (TN − IDo f f ) − TF3 (4.14)

	
4.14

õ�� ú�� Ð � ��� ç Ñ�Z·è � TOF(tgt-N)1 �\î Ú·ï ð ç ê 4.30
õ ó å � proton beam+brassõ�� 
 ÷ í ç �

• Veto counter
å ¨ ú�� Ò�ý�Ò

• NEUT
Â	Ø © � ïGã�ä ã�å! 

Ñ�Ò�Ó ¥�"°Ø�#%$ è ����&�Ø Ö 
 �

6Y,Z ')(6N hit position R+*-,/.10�243/57698 1;:�0�D4<>=�?1@9A;B>C�;)JML
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4.30:

	
4.30

Ø�Ð � � & Ñ�Z ç è �ø÷ í & TOF(tgt-N)1 �\î Ú ï ð � proton+brass
õ�� ú���D tEGF �ø÷ í & ��Ü�Ú å È���� Ò�
 �



(p,n) w � & TOF �\î Ú·ï ð ç ´�
�Ñ/� ê 4.31
&�� Ó�ýH��î Ú·ï ð å éJI F ���
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4.31: (p,n) w � & TOF(tgt-N)1 �\î Ú·ï ð

×�×	Ø ôLKLM�N å Ö 
 � V�W &�a"bmc�dPO Ü
Q Ý�Û�R proton
ª Ü�¬ & À�Á � Ü�� ç�� Ò �	\ ú

� Ú���� proton
ª Ü	¬ &���S �
�%T Û�ÜU& W�V õ R F3plastic ç)WYX è �%Z 
 � ôU[ Ø � 6He

ª Ü�¬&���S R
F3plastic

R�\^] Ç Ú � F2plastic ç-W_X è ����� ú�� � 6He
& Ú�Ü
` Ûba�c
d �e& � Ü��ç #%$ å 
 �
S � Û�ÜAÝ NEUT � &
ý \ ��� R F2plastic

& ����f�g ç���Z%� ��� å 
 � å 
eh ××�Ø ��^ ã�Ð � ��� ç Ñ�Z�è ý â F ¾ ý I ý Z �
y ×	Ø � IDo f f

õ_� 
���� S ��� R æ Q Û Ù O Ü��Li � & ¯�� ��� S ��� õ ¯ü°�å 
�h�j � �
6He+brass

&«÷ íYk ® Û ï ç��LZ�� V�X &�	�õ�� ] Þüû h õ
Ð � ��� S ��� ç:\vú ���
TOF(tgt − N))2 = ((TN − IDo f f ) − TF2) − LNo f f

6He
&�#%$�õ R�l ] ×nm I�ç:ùJo �



4.3.4 gain ïñð òp � ��Ù � ÚUQ Û Ù O Ü���i & gain
S ��� ç ë|ì�í � Ü�� ç���ZH� ��V�X &�¥�"°Ø \vú ���

• |X|=250 mm

•
æ�Þ|ØL&

hit ã�ä ã�å 8 V�W×�&e� o õ � ë°ì\í &�q�r å 
 ý�s�ù*ú ç­¸ � å 
 × h Ø � Y [_t õ � ú åvuxw Ú-y â 
 k ® Ûï ç?¼_z t è ��Z 
 � ê 4.32(a)
R p � �*Ù � ÚHQ Û Ù O Ü{��i}| LN1-7 ~Y��� & ë|ì\í & ��� ð�\Ü���� & �\îe� ï ð �L�

 � ê 4.32

&�q ] �H���"� ð��%��� õU� ��ð ç Õ Z � ���U�L� �"�Y&ÿ ç è �%Z 

�Lh å �"æ{
 � � & raw data ç ��V�X & �L�U��� �"�e� ü � &��>�-��� � } è � ����:� ç-� ö����
P(λ) =

√

e−(λ+e−λ)

2π
(4.15)

�%���n�
λ = R(E − Epeak) (R : Const)

��� ] � Epeak
å �L����� ��� � & ��� ð��U���H� &:çU� �L�%��
 � Epeak[ch] çe� Å qY& p � �U� �� Q{� � O �L��i ��� & ��� ð��H�G����� 7

õ Ñ�Z·è � æ Q�� � O ���Ui & gain ç S ����
 � y &Ö�× � ê 4.32(b) h�ý ú ���

<A> [ch]

co
un

ts

0

5

10

15

20

25

30

35

0 200 400 600 800 1000

<A> [ch]

co
un

ts

0

50

100

150

200

250

300

0 10 20 30 40

ê
4.32: ë|ì�í & pulse heigh �\îe� ï ð Ê��

raw data �\îe� ï ð Ë � gain
S ��� ç è � �\î��ï ð

76.1cm N9�9�+� 0 7�� ,b.10�243/576 D-���>�b �¡>¢G£�¤U< pulse heigh N1¥>¦>§ R 11.7 MeVee 19¨©£



E I õ � p � �U� � � Q{� � O �L�Ui &
Ê Ë & ����ª dT h9� pulse height h & �%T
« p ` � ï ç
È 
Yh/� ê 4.33(a)

&{� o õ |dT|
å��vÚ Z ù\ú �n� pulse hieght

å � ußý ú��%Z 
 õ q�å �"æ{
 � �F R � PMT
õ�¬ Z�­YX õ�®�¯±°�� k ® �~ï õ � ° � R�²�³%´ å � u1� PMT æ IxµYZ�­�X õ�®�¯¶°� k ® �tï õ � ° � R � ³ å PMT

õ%� � ];· u � � õ�¸H¹ E�F ²%³�´ å�º Z �±h Z»o �Lh�¼¾½ °
��Z 
 �P� ú�� � (U¿ &�®H¯ ­YX ¼ ¸ �À° � S ��� � gain

R � |dT|
&�� Ú Z ù�ú � RnÁ F ��Z 
 �

y{�G�n��V�X &�� ü ¼ ��ZH� pulse height h dT h & ¯ �GÂ�� ¼ � ö �_� & ¯ � ¼ a�b � 'UÃ»°����
dT = a1 + a2dT 2 + a3dT 4

Ä 
eh/�{Å 4.33(b)
&�� o õ � dT

õ�� I ÁHÆ � ý pulse height
�"��å�Ç I F ���
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Å 4.33: ÈLÉUÊ & pulse height h Ê Ë & p � ��� � � Q�� � O ���n� & ����ª dT h & ¯ ���



4.3.5 Ë±ÌÎÍ©ÏÑÐ±Ò =2 é^Ó�Ô!Õ^Ö±×ÙØÚÍ
é�ÛÝÜ
��� p­qe&G#�$ ¼ Ä 
 ��ö�õ � Æ ª ��¬ õ � ° � NEUT �As�t E�F 
 k ® ��Þ ü ¼ �H�À° �{�H�
� R y F ¼ © � Þ/ã�ä%ß Multiplicity h � �Y��h%h Ä 
 �Àà�Ü%& � �
`�� �%# w � ¼ #%$ Ä 
 ��öõ � Multiplicity=2 | V�à M=2 hI����~ & k ® ��Þ ¼ ¼�z t Ä � �%�G�n�Y� ` � Þ>� �Yh Z»o ���å M�N õ ýL
 � (�¿ &Gq ] �{� p�q R rGá d � Ä 
L�
h å � Ú ý Z �\ö � p � �H� � � Q{� � O ���i ¼�â Â Ä 
 proton

�
° u R C
#�q�ã ¼ w�x ° ��y F IKw�x Å q ¼ d � Ä 
���h)��� á Ü�õ �p�q ¼�smt Ä 
 � Ä 
_h/� w�x EGF � proton

å Q�� � O ���%i Â �nä � I Á õ ��y &
]På � �
°
u R W�X & Q{� � O �L��i ¼
¨ I Ä �
h å �

 �AÖ�× � M=1 k ® �PÞ �
�

 õ�� æ�æ�� I Á M≥2k ® �PÞ h ° � smt ° � ° � o � � F I ¼�æ�ç ° ��ó & M=2 k ® ��Þ ¼ ¼ez t Ä ��è�õ � � À�Á� R NEUT ¼?� �Héê° ��W�X Ä 
L��h¾�n� ¿ � p�q�å � & Layer

õ © � Þ °G�%& æ | hit pattern h
����~¶h Z�o f�g�¼ �LZ�� V�X &�¥�" ¼�ë Ä �
h)� M=2 k ® ��Þ æ I � ` � Þ>� � k ® ��Þ ¼ Æ
Ç °���� � ` � Þ7� � Æ�Ç &�¥�" R � (p,n) w � õ á Z�� M=2

& k ® �PÞ ¼�½ ° ��� & k ® ��Þ &{�ì ´ ¼�í%î �n� ° ý å I �%�±°����ï
Hit pattern

&�����ð
� K & � p�qe&Gñ ß h9�As�t E�F � Cluster# ¼ �LZU� �H� Ä 
 � �_� p�qe&�Â � ñ ß &�ò Z k ®�PÞ ¼ n1 ��É Z k ® �PÞ ¼ n2 ��y &Gñ ß ¼­y F�ó�F β1 � β2 h Ä 
 � Hit pattern

R � n1
å s�t E-F�

Cluster(m) � n2
å smt EGF � Cluster(n)

!�õ�ô
õ � mn h>ö Ä �U÷ ��¾ �LÅ 4.34
&��%S � R � n1R

LN1 �n� n2
R

LN4 ��smt E-F �%& �n� Hit pattern=AB h�øL
 �

Å 4.34: Hit pattern
&G���

ï � ` � Þ7� � k ® ��Þ & Æ�Ç ¥�"{ð
Same wall event
Same wall event h R �)��� pAq�å ��� Cluster

Â ��s�t EbF � k ® �YÞ ¼/ù Ä | Hit pattern=AA,BB ~ �
� ` � Þx� � k ® �PÞ &��%S � Ænú àG& � p�qe&G¬ u9� ¿ © � Þ àIå s�t E�F 
 � y��G���A�_� pq�& © � Þ7û � QPü�� & þ�ÿ R =| ~r1 − ~r2 | ¼ È�� ´{
 � R

&��"� R Å 4.35 hGø ] ����� p�q�å á



ý Z ¬ Z�­�X õ © � Þ ° ��Z 
��Lh å ��æ�
 � y��G���e� F I & � ` � Þ7� � k ® �PÞ ¼ Æ�Ç Ä 
¥�" ¼-ö 4.9
&�� o õ��%�±°����
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Å 4.35: �P� p�q � & © � Þ�û � Q�ü�� & þ�ÿ Same Wall event

Different wall event
Different wall event h R ���»� p"q�å ��ø�
 Cluster

Â �­s t E�F � k ® �¶Þ ¼�ù Ä | Hit pat-
tern=AB,BA ~ � Hit pattern=BA

&4�nS �G� ` � Þ�� � R ¹	º c � I ø Z h/j �eI F 
 � Hit pattern=AB&��%S �A��� p�q k ® �PÞ � &�ñ ß β12 =|
~r1−~r2

TOF1−TOF2
| ¼ � è � β12 ≥ β1 h Z�o ¥%" ¼�ë °���� � `� Þ>� � k ® ��Þ ø I:¾  © � Þ à�&�ñ ß � ] � É ubø ú�� ClusterB ��smt EGF 
eh)j � ���

Same Wall event, Different Wall event
& � ` � Þ7� � Æ�Ç ¥%" ¼ � h è 
Yh9��ö 4.9 h-ø

 � y Fó�F &�¥%"�õ{� ú�� � (p,n) w � � & M=2 k ® ��Þ å � &{� o õ Æ�Ç E�F 
Aæ{¼�í�î ��� ° � ` �&�¥�" ¼Gë Ä h 97% Æ�Ç h�ø ú ���

Hit pattern
¥�" Æ�Ç ( Æ�Ç ] {�ì ´

AA |R|≥ 170 mm 28500 930 3.26
BB |R|≥ 230 mm 64750 1308 2.02

AB β12 ≥ β1 1649 97 5.88
BA ø ° 529 529 100.00

total 95428 2864 97.00

ö 4.9: � ` � Þ>� � Æ�Ç ¥�" � (p,n) � & M=2 k ® ��Þ &�{�ì ´



4.3.6 Ó�Ô!Õ é�þÝÿ��Ý×�� ÍIi
V�W &�a"bmc?d�O ��Q�ü�� ¼ \{Z �
• Veto ¼�¨ I ° ��Z ø Z
• Multiplicity=2

• 6 MeVee V�W &�� �P¼�� K
h Z�o ¥�" ¼�ë ° �
¼Yz t °�� 6He+Pb

& w	� � D t E�F � � p�q k ® �PÞ & ��� � ®Y� Þ Ã R Å
4.36 h�ø ú ��� Px

&�
	��å	Ê Ë
���	�Yø & R � NEUT
&�� ��� p �L� � &��	� �L�
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4.3.7 NEUT é��! #"%$
NEUT

&'&)(+* ´ ¼ (p,n) , � &.- ��� ¼ �{Z��0/	1 û h õ � è
��� 7Li(p,n)7Be(g.s.+1st.)
& ,

� R �
• ∆L=0 , � �
�

 ��è �.2	3�4 ß65 0 798 ² � Ä 
 �
•
®�¯;:�<�Ã>= � 8;? I Á ��@BA�C R	D	E�Æ.F �

h Z»oHG	I 5 �

 �KJ�&%��è � 7Li(p,n)7Be(g.s.+1st.)
&

0 7L2	3 & @BA�C R �_���
� &M(�Ne&�&M(* ´ ¼ � è 
BO��BPRQ{ø d	F � �
�RS�T®U¯6:
<�Ã#= � 80 U 795 MeV �	V 7Li(p,n)7Be(g.s.+1st.) V�, � @�A
C#W�X Ä ��8 T. N. TaddeucciY 8#?'Z�[ d
F)\+] [
^�S [24] T�_	`ba��RW�X ®U¯;:	<�Ã;= � 80 U 200 MeV �RVB@�A	C 25.9 mb/sr
¼�c�Q ° X»�'V�d�egfbh Ä S6i6e9j NEUT V &M(+* ´ ¼�k è�l Tbm	n>W'X

1. NEUT trig.

2. Veto Counter 5
o Z'[�^�ø.^
3. |X|≤150 mm X |Y|≤150 mm V�p
q�8;r�s Þ
4. tMu#v+wyx�z6{
|�}'j�r�s Þ�~
��ß#5��
5. 6 MeVee ��ORV pulse height ¼��#�

e�^������#j���Z l Tb������8;?K��X 7Li(p,n)7Be(g.s.+1st.) , � V6} 0 7L2	3����	���+[	^6S�T
i'V+�
�M�-ë��9[�� l	� �.�;V ñ ß6�0�;����� �'� 4.37 8� R¡'T�¢0_>V+£#^;¤�z � W�X�¥
¦.§ 5

7Be(g.s.) e 7Be(1st.) j�¨RSB©�8�ª ( \�] lR� �.��V;¤�z ��5��>« Z l;¬ VbjR¨RS�T NEUT Vb©R­
 m6® 5 i�V�¯#��V;¤�z � � 
�° S DM± ?>² « ^ l
³ X �>« Z'[B´#µ
[�^6S�T>¶ l�· ^�p.q�8	W'X¸	¹Kº « 
	� 5�»R5 Z�[
^�S�T6i ] W (p,n) , � 8#?0Z+[ 7Li 5 7Be V 4He+3He ¼6V � x�s+u�½ �¾ ?>�À¿K^�Á
Â�¦	§>8�Ã�Äy� l�l
³ X 4He+3He ¼#V 
 m6wKÅ6v < ��5�Æ�Ç X	¥
¦�§ 5�ÈRÉ 8 « Zl.Ê � v � �ÌË��Ì[	^�S�T 4He+3He V�Í�s �
Î
ÏRÐ v ¾ �BÑ�Ò6j�´
CÓ��X 7Li(p,n)7Be(g.s.+1st.) ,
� V 0 7À2.3#@BA�C#Ô Y /	1 V &M(+*	Õ ��k ³ S>eÖXbË 4.10 e « Z l T0Ë 4.10 8b× ° S &M(+*	Õ
V'Ø.Ù�W'X
Ú º V�Û \ e�� 4.37 8b× ° S�Ü	ÝÖs�ÞKÝ�v Î Ø.Ù���ß.ày� l;¬ Vbj�¨RS�T
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� 4.37: 7Li(p,n)7Be , � V�á�â �.�;�y�ã�



LN1 LN2 LN3 LN4&M(+*	Õ
[%] 6.74±0.18 6.69±0.20 4.47±0.19 5.57±0.25

Q�^ l F
ä
Li Ú º V�Û \ 166±1 mg/cm2

6Li e 7Li V�å	æ�f 7.5% : 92.5%ç �	è 6Li:6.0151, 7Li:7.0160

Livetime B 0.8746

Livetime N 0.7931

BEAM trig. gated 8765386

BEAM trig. DS-factor 1/999

reference cross section 25.9±0.4 mb/sr[24]

Ë 4.10: NEUT efficiency

4.3.8 �é �ê�ë)ìîí�ïñðKò
ó	ô
õ � &�(+N
ö X � �.� &�(+N.ö W J ]#÷�] P;ø « A
CM� ¬ � lb³ X't#[RV Ê � v � � &�( ¡
S�i�e+WBj Ç'« ^BT J V lb³ X.@�A	CM�Ìù ( ¡#Sb8
W &�(+N#ú PKV�P * A	C	X'ûKüR�'ý�þ�� l�&�(� � �#ÿ�{�v � j����#¡;S���� 5 ¨	S�T J i�j.���RV����M�
	���� ] l u�
��Kx�z	u�½�vB�+�;^BX&M(
� � �#ÿ�{�v � ��ß
ày� l T� ��� õ ���
• Ú º ¼����;¡KS.Ñ��>V��Bz��6V �R� èMV 
�� egX X ��� Y ���RV��>ü�eÖ4�â�V 
�� �� "!- z�{'Ô Y 	�� ( � X J ] �
#%$#¡;S6?#� Ê � v � �.u�
���xÌz�u�½�vb}'j�&�' \�( S�T� ó�ô	õ �%)��
•
�.�+* 8
,>Z-	>Z+[�Xb¨	S :
< � = zKeH4.âRj'Ú º Ô Y &�' \.( lbÊ � v � V0/+1���X � v.2� s'{
3>8;?K�54%6%7%8�9	n6¡#S�T / &M(+N V;: Ç \ X�<�=�> ��? zA@�B)��C>80D�E
�
�)�F F �gX�/�1 5 D%E.�.�)}B8
¨
S�Ô�G ] l Ô#�.HR@
¡#S�i�e9jBX � � �6ÿ�{�v � �+ßbàR¡#S�T

• ¯�6
Ú º X Dipole magnet V gap �.I ³ [�^6S He-bag
� j�V :�< � = zAJ�K)��c���� ] S�T� � �
��)"�

•
&M(�*	Õ W 100%

•
����* 8�,�ZL	�Z'[0X6¨RS :	< � = z�e 4	â6jBÚ º Ô Y &�' \0( lR� �.� Ê � v � � NEUT
¶Bj�Ñ'Ò#j�G+M�� X / Layer V�P * A�C>80�MSBÔ�G ] SBÔ;�.H#@	¡;S�i6eÌj0X � � �#ÿR{�v� �+ß
à6¡;S�T

• 2
� �
��� &M( ¡;S Layer �LN F � X�r�s �PO {0z>v�Q6e�8�R�S�T J V;r�s �PO {bzKv�j�	
��� ] l ��TB�%� z �
U�V V����)�0W�¡�T

��O
V��.��j�X.X.� �b�6:.< � = zKeÀ2b3
40â�� Ê v�ÿ�s � e0�9[AY6µb[RuZ
���x9z.u;½�v
� X óô.õ ��)bX � �b��)�e ¬ 8 &K( \�] l.[�\ X � � ��ÿ � \9] l e�HR@ \
( l T J �Ì[�XÌ� YH] l
� �
��ÿ
{	v �+] sÌÿ.��� 4.38 8+ R¡�TL^bÚ º e�_�`BÚ º V ±�a;Y V [+\�¬ X hit pattern=AB V � � �Rÿ



{Rv � W 20% �%�bjR¨	SRi�e 5�b Ô�Z l T J V lb³ X;X
� �.�#:	< � = z.W hit pattern=AA,BA,BB
V Ê � v � �
c�Z'[�dfe>i6e	e9¡#S�T
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� 4.38: Geometrical acceptance [×100%] 6He+Pb



0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Erel [MeV]

θ C
.M

. [
de

g]

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Erel [MeV]

θ C
.M

. [
de

g]

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Erel [MeV]

θ C
.M

. [
de

g]

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Erel [MeV]

θ C
.M

. [
de

g]

� 4.39: Geometrical acceptance [×100%] 6He+C



g
5 h i j k l m

n
4 oKj�p�q l m�n�r�sutfv�� � z T vw9Rm�x%y��+Â�i�� l
Ê+z v � �+�|{�}K� X%~%�%�	è�3

�0��^.[�X����%� ��� z �.�K����� �Ìù�}#� l T \#Y t�X 6He V0�����.â�9%�M�Ìk ³ X����%�.âM�
ø;��¡#S6iRe9j pure E1 Ã
Ä���9M����{�}#� l T>i.i�jRW�¶;�+�+�#jBX�_	`
aKV�� º jR¨�S 6He V� z T v�9	m%x%y�t0�R^
[ E1 �0â%9��yeL�����>VA�����
p�qKS�T+���;j�W'X C(6He,4He+2n) x%yt0�R^
[�V�m
n%�����
p"qKS�T
5.1 Pb(6He,4He+2n) ��� ����� � E1 ¡£¢
m	n6j Pb(6He,4He+2n) x%y���Â�iR� l
Ê�z v � ���.����¤��%� õ�¥ 4He eH¯ �0¦�¥�§0¨�© è z�y�ã� Ô«ª¬¤��Z� §�­0® �A�"¯�°�X%�f��� �|� z��Ìù±};� l�²

M∗2 = (
3
∑

i=1

Ei)2 − (
3
∑

i=1

~Pi)2 (5.1)

Erel = M∗ −
3
∑

i=1

Mi (5.2)

�³ª�´ l X%�f�%� �|� z �.�>���ã� �B� 5.1 t� #¡ ² � 5.1 tb×%¯�°�µ�¶�·;¸�R���Ë���¤+¹�º °�§
r �%�ÖÎ	Ï �Z·A»	Ú º tfv�¼�Í�s �	Î	Ï�Ð v ¾ 1 �ÌË���°%¯"¼ ² � 5.1 jZ·�¤�½ 1 MeV

§;¾ ÁbÂ��� �|� z�p
q|t;¤�z � ºB´³ª�´�¼ ²

1 ¿ÁÀ;ÂÄÃ�Å�ÆPÇwÈÊÉÁËÁÌ�ÍÏÎÑÐwÒ
69
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� 5.1: Pb(6He,4He+2n) x%y�tb× ° ¼ Erel
�.�>�y��� ² µ�¶�·�Ó Ð v � äfÔ ¨�¼ ²

Íys �	Î	ÏRÐ v ¾ ��Õ Ç S�� l ��¤R�Z� §AÖ³×¬Ø � ä �A�"¯�°���������ù±};� l�²
σinela =

N4He+2n
LiveT imeN

NB
LiveT imeB×DS− f actor

At

NA x
1
εMDC

1
εFDC3

1
εNEUT

1
accNEUT

(5.3)

N4He+2n
4He+2n

§
Ê�z v � ä
LiveT imeN NEUT tirg.

§
Livetime 0.749

NB ��� 6He ��z+� §
Ê�z v � ä 3.22×106

LiveT imeB BEAM trig.
§

Livetime 0.778
DS − f actor BEAM trig.

§ ­�Õ Ç Õ 1/500
At Ú º%§ �
è ä 207.710
NA Ù�Ú�Û ¾ T � ä 6.02×1023

x Pb Ú º%§ Û \ Ë 3.2 Ü�Ý
εMDC MDC

§;Þ }�ß Õ 0.980
εFDC3 FDC3

§;Þ }�ß Õ 0.895
εNEUT NEUT

§ ¯ �0¦�¥�§;Þ }�ß Õ Ë 4.10 Ü�Ý
(hit pattern Q × t;à%� )

accNEUT
4He+2n

§
geometirical acceptance � 4.38 Ü�Ý

Ë 5.1: � z T vw9%á%x�y § ����� § ù±}�t;�"¯�â OMÏ >bz6{



¶����%���	â%9����+´�°�ã�¼ ² � 5.2 ·;¤ Ö 2.15 t;äæå�°�ç ³ â;��� 6He
× ^�Ú ºu×0§ ��è öt.× ° ¼ 6He∗

§ �����Râ θC.M. 9�� Ô ¨Z¼ ²æé�§ ��â�9���·�¤�X������ ��� z�º 0 ê 4 MeV
§�ëì

2
Ô �³ªw´�â;9�� Ô ¨Z¼ ²+í  �! §A[�\ î ������� �|��ï 70 MeV/nucleon ðñ¤ ÏAò Ü"ó ï ¾ �%�t0× ° ¼ grazing angle:θgr · 3.5 ô Ô ¨��P¤R� 5.2

�+§0õ ¯�öu÷ Ô  ��Aâ ² �
â�9�� §0ø ��ã�°�ãZ¼× ¤ 0 ô9��¤ ïR� × �Aâ �+ï�T"ù 9%á�ú�û § 9����6�.°�¯Z¼ éZ× º b Ô"¼ ² 11Li ü 11Be tB×�¯+° ¬ý�þ « �	â%9%�M�� ���°	×��P¤ E1 Ã�Ä § ú%ÿ × ý�µ ª�´�¼ ²

θC.M. [deg]

dσ
/d

Ω
 [m

b/
sr

]

10 2

10 3

0 1 2 3 4

� 5.2: 0 ≤ Erel ≤ 4 MeV t.× ° ¼ Pb(6He,4He+2n) x%y §�� 9��%������� ²�õ ¯�ö±÷�· θgr § �Kü
��Ë#¡

2 �������
	���Ã�
 0 � 4 MeV Æ�����È������ 4.38 È���Í��������� "!�#%$&
 20% '�(�)�* È,+�Ò��&-��/.ÊÆ%0�132546 È�7�8&9�:�;�<,2%=3>LÍ�?�@



6�tAX��Z�%�BA ��ïDCFEHGJI ALK�MON ² �����.â"º θgr(=3.5 ô ) vHP �+�+�
â Ô ¨%¼ [%\ ¤ 6He ºQ ùLORGSIPOMÏ > ïOT b º 9.7 fm UWV Ô ���XNf¼ é"× t�XRYBNf¼ ²æé%é Ô ·[Z]\ G+ï�Tfù,^ § ãºD_a` ×�b �ON�¼ ²Hcfé Ô ¤ed ªL´�â;�%���[f�9��|tFg�¯�° grazing angle vRP�hei §;ë%ì K,j]k
N�¼ é"× t"vHP G�ï]l�ù�^ t�v�¼3m�á%x�y��nmoK�j�{�¤]p 5.3

§ vOq�t G�ïrlZù m�á%x�yZ����� §s �����BA �+ïDCeEHGtI AuK�vu}xw;â ² p 5.3 t�·A½ 1 MeV Kry ïWG × wAâ E1 �zfZºz{x|Z¼ ²�é§�s �����zA ��ïeCeELGSI AuK 0 ê 4 MeV } Ô �]m~ww¤ Pb(6He,4He+2n)
§ G+ïWl�ù m�á%x%y § ����oK
çL�Z¼ × ¤ 319±4(sta.)±19(sys.) mb

×3� å�â ²

Erel [MeV]
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E
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p 5.3: 0≤ θC.M. ≤ θgr tzgO�%¼ Pb(6He,4He+2n) x�y §/s �����BA �+ïDCFEXGtI A ² µ+¶�· � m����� [mb/MeV]
²

p 5.3
§�s �f���zA ��ï m��f·�¤e�[�[�]�[�n� B(E1)

× UW� § vxq�tn������{��f¯+°�¯"¼ ²
dσCoul(Eex)

dEex
=

∫ ∞

b0

2πbdb
NE1(Eex, b)

Eex
σE1
γ (Eex) (5.4)

=
NE1(Eex)

Eex
σE1
γ (Eex) (5.5)

=
NE1(Eex)

Eex

16π3Eex

9~c
dB(E1)

dEex
(5.6)

c"é Ô ¤ é�§�­�® K0�Z¯�° s �"�%�BA �+ï m��W�«ª B(E1) m%�RK�vu}xwAâ ² p 5.4 ·/��¶�t s ����DA ��ï ¤�µ�¶ut � m[�]�]�r�[�]�JK[� lH�RI w;âL� § ÔO� ¼ ²es �f���DA �%ï 0 ê 4 MeV } Ô
K��[m~wAâ B(E1)

§�� · 0.329±0.005(sta.) e2fm2
×3� å�â ² p 5.4

§
B(E1) m���tFg�¯�°�¤ 1 ê 1.6



MeV Kry ïrG × wAâ E1 �zf"ºB{O|�¼ ²�é ´xK,�u} Ô t3�n� \ ´�°%¯Z¼ GSI
×

MSU
§

B(E1) m��×"�D� w�°�ãZ¼ ² }A��¤ ín�[�f§ ����·A¸[�e�F�fºB� \ `Ä¤B�nf"º[ �¡tw
°�¯Z¼ éZ× ºe¢]�"¼ ² }â�¤nmZ� §;ø tF£Z¯�°"· Aumann ª § ��� × Z]\B¤e¥¦w�°Z¯"¼x� §%§ ¤F§LVSPwºF¨©`�y ïOGBªx«¬o­ ù · 500keV ZR® ¾ ���BA ��ï/¯ t ¬r° I w�°%¯"¼ ²�é ´�·;¤ 11Li
Ô M \ ´"â Þ }3±[f §/² ¯× w�°z³X´ ÔHµ ¼ ² p 1.6 t/MONuvOq�t;¤ GSI

§/¶r·W¸ �uI Ù � ��· ¾ ���zA ��ï/¯ Ô §;Þ },±[fº ¾ ¯ ²nc�§ âe�A¤ í[�e� t"vHP ¾ ���BA ��ï ë�ì Ô § E1 �zfZº�¹~wx`
ºe» \ ´Zâ ×�¼ |±ª¬´f¼ ²
Aumann ü Wang ª
·;¤ ¶r· ���|t;�½w
°B¾[¿ GnÀ�CHT�ïDÁ[Â ALKA�Z¯%â/Ã[Ä]�F� Ô § ³x´WK3Åã%°Z¯�¼ ² wÆ�Çw�p 5.5

§�È P�¾r¿ G]ÀzCuT�ïeÁ]Â A Ô · ¶O· �%�½KÆÉ]Ê ÔRµ °�¯ � ¯DË]ÌuÍ �¼ ² ¤ei í[�[� Ô ·�¤F�[f §XÎ ¯ ¾XÏnÐ ALÑ ï ë�ì Ô § E1 �]�[»nÒ�º ¶ Ê½Ó
´�â ² �[Ô%¤Dd³ª�´â B(E1) m]ÕRK�¾]¿ GnÀBCXT�ïFÁeÂ ALK3ÖH��¤ no-core shell model
� ® § Ã[Ä]�e� ×��D� Nf¼ é"×

Í Î PP¤�×RØ ¦�¥[Ù l+ï §/Ú[ÛuÜ ÓFÝnÞnßOK
áH´ éZ× º�àOá ×,� ¼ éZ× ºBânãoÓ�´f¼ ²�é�äxÎ q �
Ã]Ä]�e� ×Æä��F� ·�ån�[Ô ä�æeç ÔW� ¼�è



p 5.4: 6He
ä G+ïrl�ù m�á[é[êLÍFgO�]ë3�[�n�]�[�n� B(E1) m]Õ [e2fm2]

p 5.5: ìîí Aumann ï GSI ðÆA ï �DÍ Î ë B(E1) CFELG~I A [15] èDñîí Wang ï MSU ð/A ï �eÍÎ ë B(E1) CeELG~I A [16] è



5.2 C(6He,4He+2n)
òôó õ÷öùøôú

2+ ûýü
þO�]�Hÿ�� å������	��

�����
���������r»rÒS�����
���Xëzènh�� ä�È�� å C(6He,4He+2n) é
ê ÿ �"!�# Í Î ë$� ÚrÛ�%�&('�) 2+ * ä
%�&�+-,�. �	/ � ë�è 6He

ä
2+
'�)0�XÎ2143�5 ï76��

g � å c]ä8%(&uÏWÐ:9 Ñ�; � 1.797 MeV (Erel=0.824 MeV)
ÿ � ë�< / + ¢O���
���Hë�è c < ÿ å

C(6He,4He+2n) énê2
>=�?tw�å 2+
'�)Hä/s�@WÏ[Ð89 Ñ-;BA:C�DFE 9 
�vHGÆå cFä y";�D ªW« ¬u­$I

/4J�K � 
 �F� w�å s�@xÏnÐ-9 Ñ:;BA:C�DLE 9xä"M�@e� 
,��N½w$��è]p 5.6
�

C(6He,4He+2n) énêä/s�@xÏnÐ89 Ñ:;BABC�DLE 9rÿ � ë/è
O�P ��Q R I ETS	
>U~w�å8V + � ä�W AXE"ð À ß �$Y ����

=�?twZ��d��"[ � Dnð À R I2\^] m ÿ � ë/è]p 5.6 Ízg����zå8_ 0.8 MeV 
ry
;�D /Fw`�$a�b '�)+ {X|��(�Oë/èL}���å Pb(6He,4He+2n) énêLÍ �(5 �DåJy8;�D äBc(+-d �H<�/ + ¢r�xë�è

Erel [MeV]
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p 5.6: 0 ≤ θC.M. ≤ 3.5◦ ÍFgx�]ë C(6He,4He+2n) é[ê ä�s�@XÏWÐ-9 Ñ�;�A�CHDeE 9 è�O�P �
f �2

U g�è



Pb(6He,4He+2n) é[êh/ji-k]å�[ � D[ð À R I�\ 
�l µ �Sw"��Ô]å�mW� ä
n À Ü ;�o�
`�����8p
5.3 Í ÎH�rq8s(t 
ZuL�(�Bè

N4He+2n
4He+2n

ä�vBw I E^S
LiveT imeN NEUT tirg.

ä
Livetime 0.727

NB x�y 6He z8;Fß ä�vBw I E^S 1.89×106

LiveT imeB BEAM trig.
ä

Livetime 0.757
DS − f actor BEAM trig.

ä�{ l µ � 1/500
At �H� ä"|�} S 12.011
NA ~B��� \ l Ò�S 6.02×1023

x C �H� ä$� Ó U 3.2 �(�
εMDC MDC

ä"� Gj�[� 0.979
εFDC3 FDC3

ä"� Gj�[� 0.897
εNEUT NEUT

ä ×RØ$��� ä"� Gj�[� U 4.10 �(�
(hit pattern ��/ÆÍ"�[Ò )

accNEUT
4He+2n

ä
geometirical acceptance p 4.39 �(�

U 5.2: C(6He,4He+2n) ÍFgO�]ë ä � �B����� q-s(tHä v	GeÍ8����� n À Ü ;�o

¤Fi[å C(6He,4He+2n) énêHÍzgW�[ëZ���8����� ä`� fnm[Õ � p 5.7
äOÎ q,Í/d¦ïr6���ènp 5.7

� å
2+
'�) Í @ ê�gxë s�@XÏ[Ð89 Ñ:; + 0.5 � 1.5 MeV

ä$��� 
,jnk~wj�
�¦ï�6 � ��� mnÕ ÿ � ë/è-�
�H� ä`�(� / �"@ �H�[Í�å � � µ � /ew"���
� n o-; I +(� |Oë�è
< äxÎ q � ��� ��� m[Õ ä"n o-; I � å�� ä �[�XÍzgW�[ë3��� ������} Í(�
gxëj�F�	
,Ö�� ÿ �

ë�è 0+ � 2+ * ä �]� � ån��� ���(��} ∆L
+

2
ÿ � ë�è�< ä deflaction pattern

�
∆L=2

ä �]�	

é��Çw"�`����� � m[Õ ÿ � ë�/ ¼ |oï 6Xë/è2<j6 � å:¡�¢�£ I Ð89:¤�� �e�	¥B; \ ECIS 
`�����¦H§"¨ � 9 I�©(ª Í Î ë,Ã]Ä[�e�h/ �F� gXë�<�/ ÿ-«�d Í
¬eÄ ÿ µ ë�è ∆L=2

ÿ �e�JÓj6Hë,Ã]Än�
� + ��� ��� m]Õ2
,É[Ê gXëz��
j¬nÄ�gXë�<�/ � �nÔ ä�æeçXÿ � ë�è
}:��å ECIS 
$�����ÆÃ[Ä]�F�h/ ä��F� Í Î�� å 6He

!Hä`­:®�� ÍD£(���H� uL�rë�<�/ +[ÿ µ ë/è¯±°7� mehnå(²"������
$�����j���-�����[»eÒ	
Z� �Bå�i"k �"��� mnÕ0
,v2Gxw�å 6He
ä$!�­:®��


�uH���BèO� l ;�³�/FwZ�-���:����
`���(� ��� />²
������
`���(� ��� / ÿ�� å 6He 
Z´ ] gxë
²
��µ Øj�:�HÍ @ gWë,»nÒF± ��+`¶H� ë(<�/ +
· ïr6(���rë [25] èZ���:����
e� l ;(³�/Dw$� ��� å
6He
ä ²
�¸µ ØZ���LÍ @ gxë3»nÒ[± ��� 1:1

ÿ � ë/èF¤Fi�²
���H��
$����� ��� åB��� ä proton /
6He
ä

neutron
{ Í"¹ 1�s�º(» � +�¼h1 åF< äB��� 1:3 / � ë�è Î �
�zåF< ä ×X£ ä/¶W· Â ;�o��

ï½uH�(� !�­�®�� 
 �D� gXë�<�/ÆÍ Î�� å 6He
ä ²
�¸µ%Ø���� ä`¾�� m[Õ2
�¿e§uÍ$uH�Wë�<�/ + àÀ / � ë�è

m�Á äXÎ q � åeÃ]Ä]�e�Â/ äB�D��Ã ²8��� �B����� ä/¶W·�¤�Ä / äB�z�0� �[Ô ä�æeçXÿ � ë�è
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5.7: 0.5≤ Erel ≤1.5 Mev Í:Æ�Ç]ë C(6He,4He+2n)

ä"È�É ��� q-s(t è
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5.8
�`Ê PLÍ$Ë @xÏ[Ð89 Ñ:;�å8O�PLÍ È�É�q8s�t 
 /"�8�/å8��� ����+ 2 � 4 Ì ÿrä Ë @xÏnÐ89

Ñ�;:A�CHDeE 9Wÿ�Í ë�è�_ 0.85 MeV 
�Î8;�DH/�Ï"� 2+
'() +�� � µ � /�Ê�6���Æ � åF<Z6HÐ ÿä"¤�Ä

[15][20] /BÑZÒ:ÓÔÏj�(�Oë�<�/ +�Õ�Ö �B�Bè
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'()Lä a�b c Í-×����0Ñ�å�Ø[Ô(¬�Ù2
ZÚHÛWëZÜ�Ý +Í ë/è8Ë @xÏ[Ð-9 Ñ:;BA:CHDLE 9 ÍÆÊ�6XëZa�b c�� å 6He
ä ¨ � ��S	
,Ò�Þ gxë�ß�à c /Zá`â ¤�ãä �����rë/è�< ä ß�à c�� å
� Ú[Û å a�bzË�æ ä-q8s�t 
 Î�1èç ��gxë Breit-Wigner

ä a�b-é�p2

�����8ê�ë�ì�;�o�
�í(î ïjð�î I ð
gXë <�/ÆÍ ÎH� uHÛJï 6Hë�è�ñ�òJÓ$6�� 2+

'�)uä ß�à c ÍB×
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5.8: 2≤ θC.M. ≤4◦ ÍBÆ�Ç[ë C(6He,4He+2n) énê ä Ë @OÏ[Ð89 Ñ:;-A:C�DLE 9 è8O:P �`È�É�q
s�t

[mb/MeV]

m�Á äxÎ�ó Í�åH< ä C(6He,4He+2n) énê ä$ô Ïj�"ê�ë�ì�;�ozÍ Î �`�zå 6He
ä ²
�õµ Øj���HÍ-×

��� ä`¾���É Õ0
Z¿�öLÍ$�nÒ�gxë�<�/ + à À / å÷� å 6He
ä ¨ � �jSLÍ�á`â ¤�ã`äø1 ß�à c Í��
g

ë ô Ï$� ¤�Ä 
Zù g2<�/ +[ÿHú ë�è þ(û�üHý�þ �
�Då 6He
ä

2+
'()Hý ×���� ä"È�ÿ � å
! ´�� äû�ü Ñ>Ø���Ú���gXë�<�/ + â[ã��j6Hë�è
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� ��������; ! 6He �8���0� ý�þ�� D:;�� I É =����	
$ò��ÔÏ�����������æ ý! �" g �$# íÔE
E1 %�&'� ¼8��É�( 
*)2G Ï`�,+`ê(ë � �,-�.0/ û�ü�1 �32�40� ! z
;�5,6 ]87 v I RIPS 
$���:�
���B�,+ RIPS

ý�þ �
�-�:9�6 � 6He z8;05�
 ! �<;�� � 70 MeV � x�y'=�> 9@? ; ÿ ���H� ý x
y ÏA�8����� %:& ��æ 6He∗ 
B6 ] Ï`�,+ 6He∗

Ö 9C�3D0E�F�� 4He /HG � ���@� �(��}�w DLE 9 

ò��eÏB�I2 ­(|�}�J 
`� ���-Ë @ =K> 9@? ;�
juHÛ(�L+���� ¤�Ä � %(& ¼B� ��Î-;�D(
j_ 1 MeVä © ý ñ�ò÷ÏA�j��� ����+ 0≤ θC.M. ≤3.5◦ �"Ë @ =�> 9'? ; + 0≤ Erel ≤ 4 MeV

ý Æ�Ç � 6He �(D-;� I É =I��� q8s�t /:ÏZ� 319±4(sta.)±19(sys.) mb /�� óNM 
Z���,+O�K9 ý �8Ë @ =�> 9'? ; É�(Ö 94ß�à�%�&�P�Q B(E1)
É�( 
C)	G�Ï"�R+�Ø0Ð ÿ�ý3S�T �$6������ 6He � B(E1)

É�( /AU0V g �
/W� þ(û(üxÿ �X9 6 � B(E1)

É�(��RY�� +2þH1 �0Ð�� É�( � ®2� GSI
ÿ �"ò�� ¤�Ä /$i
k ÿ�Í��

Ñ,��� ¼8� Î
;�D � GSI
þ�� ÑBZ 1 ö Á��`��� �jÉ�(Wÿ(Í�� <�/ +BÕ(Ö �
�,+ B(E1)

� D 7 A o-;[�\ ý3]Ôó /^�I_ 1 ���<�j6��3` � ���@��¥ ~ ý`@ g �ba0c �`� S + �d9�6 � +�<3��D 7 A�o8; [\ ý�þ�� ` � ���Â/8¥ ~ /e�"Ë2� ý �8g � =�? � ��Ø��@�,fIg ÿ�Í�� +
6He � # íeE E1

%�&0ý ×���� � ��k °7å -�ÙH� û�ü + � Õ 6��(� � + 6He
�ih F���
(¥ ~ /�Ï

�eG � �:���@�:; !Wÿ�ÍF� �,j÷ÑRk IRl 9�å G � �:���@�:; !Wÿ�Í�� +��I�`´ ] Ý(� α− n � n-n Ëº�» � ��þH143�5 976��(Æ � �IG � ���K�8��; ! �!���im Q�n�o 5�
 û�ü g � Á ÿ jÔÑ*phÏ
� ûü(@KqOÿ�ÍK� +HÐ��R� 6He
�
α+n � n+n /j� ó G�r�s ÿ�� �K�Kt�u!� α + n + n /$� ówv r�s ÿ�x

Û������ g � /j� ó �(�	
�Ñ��B�,y(S�¡�r�s z � �@{ ~ I !�|Oÿ�Í�� +�<L� � �'{ ~ I ´��8�
ñ}Xÿ ÑB� 6He �!���im QIn�o 5 �,~d� �"6��(� � + Danillin 9 �!v r�D 7 AHo:;0�(ì 9 
e���0Ï*�
GSI
Ã

MSU
ÿ ��9 6�� 6He � B(E1)

É�( /3�LU0VF
3� � ��� �-+ ��ê ë�ì�; o�
b��� ÿ0ú-å �ÿ � � + þ�û�üxÿ �d9 6 � Y�� � þ �"ê�ë�ì�;�o�/ v r2D 7 A�o-;0��ì 9]ÿ �3-(Ù���à�
3U�VÔÏ��G � ����Ë2� ý ×������"� S�+ �d9 6 � <�/ +L�I� �$6 � + ���!� ý Ñ*� no-core shell model
Ã

ab
initio shell model

å<� �3-(Ù���à +L �" Ï�� þ(û�ü � ô Ïj�
ê�ë ¤�Ä0� �
6�9b�3-�Ù���à��!�@;$�

e��`�g � Á ÿ �I��Ý å,��� ì�;�o�/ åK� +
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 l �:;�³�/:Ï`�$���B����� ý ×����HÑ*� ô Ïj�"=�? ¤�Ä + �d9�6(��� � +-���

��� ý þR�jÉ =���� �e�Hý`!(#�ý þL�j%:& +
,�. � ÿ�Í�� +R2 ­�|:}�J�ý�þ�� )2G Ï$�`Ë @ =�> 9? ;:A�C0DeE 9�ý�� _ 0.85 MeV
ý a�b '() + ñ(ò��$6I�F<j6 �3�0ý`· 976��(� � 2+ �`����� %&�'�) /rÒ:ÓeÏ`�,+�Ð:�!�8��� ����É�(�ý���� P å �"� n o8; I + ��6���&�� ������} ∆L=2 �`�
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C����Ïj��� � <�/ +,��� �j6 � +0<j6 � �-¡�¢�£ I > 9:¤�� �:àF¥-; \ ECIS 
`����� ¦H§`¨
� 9 I ©�ª ÿ �e-�Ù��:àÂ/WULV g � <�/ ÿ P Ö Û<9 6 � +@�$9 ý ECIS

ÿ �3�:à ¤�Ä /e�,ULV ý þ� � 6He � !�­�®(��ý ×��:�HÑ uHÛ � <�/ ÿ�ú�� +:mI� ¯ ° + ���B²8����� ý�þL� � �-�����'�`=
? ¤�Ä /�U0V g � <�/ ÿ � 2+
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6 � +

79



�
7 � � �

7.1 ����� �'  ¡£¢�¤¦¥¨§ª©¬«£­¨®¯�û�ü�°�±ev�²I³ �µ´,¶jí¸·º¹�»�¼�½$¾�¿eÀKÁ�Â!+RÃ�´,¶jí¸·º¹�»�¼�½$¾ ý�± G ²I³ �3Ä�ÅIÆ�ÇsOÈ ÍK� +�Ò�× ± Cathode
ýKÉeÊOËO� Ä�Å��FÑ ó Ò�× ± ´L¶`íµ·Ì¹'»�¼C½@¾�Í ý Ä�Î'Ï�Ð�¿bÑ�ÒËO� Â�Û ý Potential wire
ý�ÉbÊ$Ë'� Ä�Å °�Ó�� + �!Ô 9LÕ3Ö�×�Ø�ÙLÄ�Å<¿bÆ�ÇµÚ�� Potential

ý�±
Cathode

þ@Û Õ��$9 ý Ö�×�Ø�Ù,Ä�Å ý,Ü � ËO� +�Ý�Ý °K± �-ê�ë ý3Þ@ßKà!áLâ�à Â3j�p�Ä�Å�ãO¾R¹ý ×�Á áRS�T�ËO� +ä
7.1
± � β å�æ8¿eÀ�Á á MDC �ej�p�ÄIÅ�ã$¾R¹$¿ â8à Â�ç��3è�éCê'�3ë�ì °�Ó�� + MDC ¿�Gí � l�7 ÙI¹<î3ï0k$¼C¹¸ð*¾KñIò °,ó�ô!õOô ��ö0÷O��k$¼C¹¸ð*¾KñIò�øúùûå�æ8¿I; áIá Á �büIýK°Ó�� +Lþ�ÿ@�����!÷���øúù å�È���� ËO� +�ÝR�
	
�
�!è8éeê'�3Ð���ø���Á á � MDC �!Ä�Å<¿�����IÈú9�������� ° )<é���� � MDC �!è�é���Qi¿R� n ñ�¾@ÚeÂR+

ε =
G ¯ ��kO¼b¹¸ðC¾�ñ�ò ⊗MDCG ¯ ��kO¼C¹�ðC¾�ñ�ò

ä
7.1: β å8¿eÀ�Á�Â MDC � Efficiency ������� üIý + MDC ¿BG í � l�7 ÙI¹8îeï0k$¼B¹¸ð*¾Kñ0ò°Ró'ô

MDC � efficiency ¿�����Ú!ÂR+
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Ý�Ý °�± �
 !u Cathode Ä�Å"! Potential Ä�Å$#�Ú á j�p�ÄIÅ8¿
%�&�Â!+ ä 7.2
±�')( ø�Ö�×LØ�Ù� É3Ê Ä�Å��+* ( øRè<é���Q�¿ l �'î8·bÚ,Â'ÕL� °$Ó�� +IÄ�Åi¿,�
- � #Wè<é���QOÈ����<Ú*� íÁ�ø ± 100% ø�.$Á M ø0/ ËO� + ËO� #W��12���3�RÄ�Å<¿ ÉbÊ Ú á Õ*è@é���Q ± �+��t�u0öI� °KÓ� +iÝR�
	
�
� 100% ø0/µÚ á öI� M$°�Ó���435 ¿ platau z l�7 ·w¾ | #
637R�8�O9Bø29+:@ø<;�=Ë$� #^�2>)?8�$9Cø3ÄIÅ8¿ ÉCÊ Ú í+@�A+B #^�@Ý2C platau

4�5�°�± ö�×ED8¼<·Nø0F¸Ú á�GI¯ Õ2C
H×�I�¾�Jú9LK+MOÈ�è8é����)N+O+PRQKî8·N×,Di¼i·ÌÈ�S�� B Ý�#BÈ)T�J B<U 1+C3Î3V3N M≥2 ×,Di¼·ÌÈ�S�� B ö0÷ ° M=1 ×,D<¼i· ±<W�X Ú á Ú< Y� U 1$Ý ° N,Z�[�Ä�Å ± platau ø��KÚ�J+J à Â!ÄÅ�\ ] ä 7.2 C3Î3V ±�^ 2.9kV _'ø Ü+`�Ë B<U

ä
7.2: β åaC Efficiency b,å U '+(�± potential wire # cathode wire ø ÉbÊ Ú!Â!Ä�Å [-kV]

U Ã+cd#Õ HV platau È�e�� á Á B<U



7.2
fhg ikjml §onqp ­¨®¯3r
s�°K±

F2plastic, F3plastic, BDC1, BDC2, Hodoscope, Veto, NEUT C0t ²�³ CRè8é3êi¿!À$ÁÂ U Ý�Ý °K± N�Ã�è8éeêaC<u�v�Ä�Å<¿+ a#�& á �$w U
L R

F2plastic 1900 2000
F3plastic 1450 1500

Cathode Potential
BDC1 -1150 -1550
BDC1 -1175 -1575
MDC -2050 -2150
FDC3 -850 -2500

Up Down
Hodo1 1457 1471
Hodo2 1487 1477
Hodo3 1435 1406
Hodo4 1403 1396
Hodo5 1427 1406
Hodo6 1430 1456
Hodo7 1373 1400

x
7.1: y3z|{R¾�}Lè8éeê+~3N)��Ä�� ý è8ébê�~aC<u�v�Ä�Å [V]

Veto1 1450 Veto11 1300 Veto21 1440
Veto2 1450 Veto12 1300 Veto22 1400
Veto3 1350 Veto13 1380 Veto23 1400
Veto4 1500 Veto14 1430
Veto5 1230 Veto15 1320
Veto6 1250 Veto16 1400
Veto7 1210 Veto17 1400
Veto8 1350 Veto18 1350
Veto9 1400 Veto19 1450

Veto10 1650 Veto20 1500

x
7.2: Veto Counter C<u�v�Ä�Å [V]



LN1-1 1450 LN2-1 1480 LN3-1 1750 LN4-1 1710
LN1-2 1580 LN2-2 1440 LN3-2 1670 LN4-2 1600
LN1-3 1460 LN2-3 1430 LN3-3 1750 LN4-3 1670
LN1-4 1560 LN2-4 1480 LN3-4 1740 LN4-4 1800
LN1-5 1490 LN2-5 1520 LN3-5 1640 LN4-5 1800
LN1-6 1750 LN2-6 1510 LN3-6 1670 LN4-6 1770
LN1-7 1460 LN2-7 1550 LN3-7 1790 LN4-7 1700
LN1-8 1700 LN2-8 1550 LN3-8 1800 LN4-8 1780
LN1-9 1520 LN2-9 1560 LN3-9 1760 LN4-9 1600

LN1-10 1490 LN2-10 1450 LN3-10 1880 LN4-10 1700
LN1-11 1490 LN2-11 1510 LN3-11 1790 LN4-11 1840
LN1-12 1540 LN2-12 1460 LN3-12 1790 LN4-12 1790

LN3-13 1900 LN4-13 1970
LN3-14 1850 LN4-14 1670
LN3-15 1720 LN4-15 1730

x
7.3: NEUT L C<u�v�Ä�Å [V]

LN1-1 1450 LN2-1 1600 LN3-1 1900 LN4-1 1670
LN1-2 1400 LN2-2 1430 LN3-2 1680 LN4-2 1720
LN1-3 1430 LN2-3 1400 LN3-3 1790 LN4-3 1580
LN1-4 1520 LN2-4 1480 LN3-4 1710 LN4-4 1740
LN1-5 1540 LN2-5 1520 LN3-5 1780 LN4-5 1760
LN1-6 1400 LN2-6 1540 LN3-6 1690 LN4-6 1740
LN1-7 1480 LN2-7 1440 LN3-7 1730 LN4-7 1700
LN1-8 1560 LN2-8 1440 LN3-8 1820 LN4-8 1750
LN1-9 1570 LN2-9 1400 LN3-9 1830 LN4-9 1730

LN1-10 1500 LN2-10 1360 LN3-10 1860 LN4-10 1620
LN1-11 1380 LN2-11 1440 LN3-11 1730 LN4-11 1820
LN1-12 1440 LN2-12 1520 LN3-12 1790 LN4-12 1840

LN3-13 1810 LN4-13 1830
LN3-14 1730 LN4-14 1780
LN3-15 1710 LN4-15 1690

x
7.4: NEUT R C<u�v�Ä�Å [V]



7.3 7Be §h�������£¥������

ä
7.3: 7Be C)�3�E�a�I¾0�+� ä [MeV]
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