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«
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«
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11Li(=9Li+n +n)
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[1, 2]
¾%j5�5�p�<�5«�n��pj������ PEÌpx5«�|7}5~p�p¾Ez5|5}5~p�p¾����E�5�®°«<>#? ` �p¥E��,�	9ÅEj ~p¨p¾�p#qp�5���E� ¥ �9¥E«<>7?pj=¦¥<û<� ÅE«Ï´5ý�«<	#
��p¾�
5½�X�pj ò\ ¶ J � �?����5« Y�[ ò\ ¶ J ���������5j��H�� [ o ò\ ¶ J [3]

§¦¥E�7«���!" Ò þ
q8"5� J + ò �<ä5j<å5úp¨5x<ú��¦¥E�5�5�5�<� û�ÅE¨5«

4
Ì8;<tpj�� l x5«�� [ ò\ ¶ J j��p�5��

[4]
��Î » �5« » j J + ò �<ä5±5«

3
Ì!;<tp¨��?�<�5«��5�p�<ý7���#q����5±�%��<v5vp«5/�� ` «

� � ` ±pp�<ì5×C½! �"¦¥E�5«$# â «&%'�(�)�*�+�,.-!/�0�1�2�3�4���5�4��!)�671�8!9�:�;�0�<%'�1.=?>A@�-7*!B�C
CDCC D 1�EF�G�HI�J�KL�M NPO�Q.R�SK�L�MT�U�VW�X�Y�0.E�F.G

H�IJ�Z�[�\�]^F�H7_�`�a/�0�b�c1�d!e?fg_�CihjN
I) CDCC k Z.[�\�]^F.H�1.a ��l -7*!B�%�'/m0!<�n^o�p�q�r^C&%^'�1�=

2
@�-�*sB�C�E�F$G�H�I�J^K�L�M�_�t^u�1�v�w�x^y�1�z�U�{m|�d!e?f_�%'/�0�}~�:;70�<3�4��7574���U.�7�70

CDCC D 1���7�C.��B.�� [1]
1�=

3 � U.�7�B��70!<q�z1�M7C��������C�q��1.���7���.��4.���7�����H7:��.��W�X�Y�0�<
2. ���¡ �¢

•
�7���74��.£¥¤O¦�§¨�©t�ª7E�F.G�HI�J D N

CDCC D T�U7+�0�«�¬ k�® {¯�d�e?fN±°�1
I)
¤
CDCC k Z.[�\.]�F.H�1.a�² N´³.µ

CDCC cdcdeu)¶�· £¥¤
Continuum-Discretized Coupled-Channels Method for Nuclear Reactions

(I) : CDCC Nuclear Potentials

•
�7���74��.¸�M¥¤md\����¹e�º¹�7���74��

• »¼�½ ¤¾¿�ÀÁ N±Â�ÃÄ�ÅÆ�ÇÈ�ÉÆ�ÇÊ�T
ËÌ�ÍÀ NPÎ�ªÇ�ÏÐ�ÑÓÒ�Ô7Õ�Ö.¬�ÏT
×Ø ÍÙ N±Ú�ÛÆ�ÇÓÎ�ÇÏ�ÐÜ�T
ÝÞ�ß.à NPÆ�á.â�Q.Æ�ÇÓÎ�ÇÏ�Ðã�Tä K�åæ N±Ú�ÛÆ�ÇÓÎ�ÇÏ�ÐÜ�T

• »¼ oç¥¤ 2005
o

3
ç

•
VW�è · ¤

Fortran

• é e�ê1�ëì¥¤
/usr/local/cdcc/cdcdeu.f

N
Fortran é e�ê )

/usr/local/cdcc/cdcdeu.d
Nîíï�ðe�ñò�\.��HT

/usr/local/cdcc/cdcdeu.outlist
N´².ï�ðe�ñò�\.��HT

/usr/local/cdcc/cdcdeu.formfactor
Nîðe�ñó�ô���H�õ71�².ï�ò7\��.H�T

•
VW

OS
¤

UXP(VPP5000)

3. ö¡÷ùø¡úùû¡ü CDCC ý
(3-1) þiÿ����������
	�������
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���.���/�0d�e?fg�C���W79�����-7*�BC	��
.¬�í�� ® U�ªù*�b��.1:;�0.2C.`�a71� 37���W�9:;70.1�:C.ë��1
Fortran é e7ê_�åÊ����	���70���-.:C.å��71 2 � 4�êñ.ek í�� ® U����7U	��������:;�0�<����	����Z.��\�º¹�.q�zU	�� �*�B�;�0�<��
�¬

(d)
�	��!�"71�«¬ k :C�
.¬ (p) 1 # -.Õ	$�¬ (n) 1 #�%'&g¼ �B��)( C.«�¬ k 1Õ�:*��,+�-�.�/�J�0¬7:�;70�<7°�1�1�2�:C���!�"72�3	4/�0�«¬ k® ��C�571�å��71�/�J�0¬1 k��® 1 �76 U�.�0^-��!è�� 0!<���
$¬�� 1 # 1	879�§�¨): %	; b	<C�°^1�§�¨ :��	
�¬m-�Õ	$¬ � % .'(>=�|!I�J):!B���0$b�c�C�°�Y�2	5�1$«�¬ k -@?�A�/�0	B�C&å7C p

-
n
U$S�{

(breakup):!C�°1���Db	E�U�F ��B
d
U�.70�-���,>G�H79�S�{

(virtual breakup) I L72	J'��(>K�/7��-@L� & Y�0s<���B^C��$1 I L �	��
$¬�@�$^t�u�.NM�1	�7O�ð�e ñ�_	�N �/�0 Ë :	PNQ�U�ÆN��.	R7S�_T bU:!B���0!<^@�$�tu�q�V�1 �® :���C ® 1�Õ�Ö I L�-�:!B�S�{ I L�2	4���0,W�4���Æ����.<�.1���
�¬71.S{ I L7_ Í :.|,XY([Z ,�bcU�C	��
.¬7� >]\71�^�DU(!:��.7|&C°�1�_ ¼` "7:;�0
p
-

n
1

2 a�b -�:�B	L��70@c���:;70!</�0-.C	+�-�1b�cU�d�9 k (A)
��D7-�cB

1
0¬�-�:�B�Z7��b7-�:�B7�.C�� b :�� p+n+A

1
3 a�b -�:�B�Zù,	�-.U�.70!<U�.1�+7,,.e ¬ï�Ç79

3 a�f �7��C��U���
.¬�1.S�{�§¨�17+�,,.	P�8�9§�¨ N
p-n
1�tu�§¨�C�O¦�§¨�T_	g�h�-��C�°1�X)([Z7���i�j7U�kY:.|	.70�<�l�m1��.He7��:�C���1 f �7U	nY:�BC�3�oO�¦�p�q1.O�¦§¨7_	r�s�..K D :�t�q # 1.§¨7U�©tª�u�vY:�CE�F.G�HIJ�KLM71	w�x�y1	���	z7U	{�|�0�-.��,¹K D _��.6):�b�<'�!Y7_ hî©t�ª�O¦�E�F.G�H�IJ D (CDCC D )

l -!£
} �b�<
���.:��C���
.¬�í��7_	�7UU:!B��� ':�B��0.2�C���
�¬7_�_ ¼ :�B��70 p

-
n
_C�°.Y�~.Y

� 1 � 4.êñ�e�-,y�.	|��C.å��71 2 � 4.ê�ñ.e7:.����X�Y�0 k U�nY:�B��.C.q�z1��K�_����U	����/�0��-�2:��70!<
(3-2) CDCC ������^�

[1]
1$=

3 � :^1 formulation, notation
U�. & ��B^C��N
$¬ (d)

-@d 9 k (A)
1$t^u _

CDCC

D :�Z ,,B�1���K7U	\7��B��� ./�0�<��
.¬71�S{
(breakup)

§¨7_�
 U�XY(gíY 0.bcUC���
.¬i_�
.¬
(p)
-�Õ�$¬

(n)
U.Si�B�C.� b _ p+n+A

1
3 a���� :�L��70�< p-n

Ö�1���n���d�_
ρ
C

p-n b 1����7- A
1	��n���d_

R
-�:

( � 1 ��� )
C

p, n
1��.Ê�ê���\�_°�Y�~�Y

sp, sn

:�ì/�-	�C
CDCC D :.W��70 3 a

Hamiltonian H
�

H = TR + Up(rp, sp) + Un(rn, sn) + V Coul
p (R) + Hpn(ρ, sp, sn), (1)

-@�7��0�<'����:�C
TR

�
p-n b 1	���7- A

1���n�����1�������GH���e7C
Up (Un)

�
p (n) � A� Ö � k ï�Z�[�\.]^F�H�:�;���< V Coul

p

�
p � A

� Ö �
Coulomb

Z.[�\�]^F�H7:�;��	��C���d7_
rp %U& R

U.���B����<'��Y��C
V Coul

p

U����
Coulomb breakup I L�_�p����U�@u�v�U���s	��	�C	��Q � ���� ���¡

MeV
� í�����¢�£��.e�¤�¥�¦��§�����u�v�¦�¨��@©

p-n b � �.Ê Hamiltonian Hpn

�
Hpn = Tρ + Vpn(ρ, sp, sn), (2)

� ìUª@«U�@©U����¦�§ Tρ, Vpn

��§
p-n
� ��n�������¢�£���¬ � �� »�®�¯	°U±	²�³ £�¦�¨��,©��d

R, ρ ´ \�µ�¶ �	·�¸�¹ ��� e�º L, `
¦�»):@§

p+n b �	¼�¹ ��� e�º j
§

3 a�b ��¼�¹ �� e�º
J
¦�»�� �	½ §�¾,«)¿,À	Á ��Â�Ã�Ä º	Å�Æ ©

J = L + j, j = ` + S, S = sp + sn (3)
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p

n

A

rp

rn

R
ρ

�
1: 3 ��� (p+n+A)

¦��
CDCC � ���	� � ©

¼	
 ¢�£���¬
E
§ ¼�¹���	�

J
§��	�

z ��� M
º�Å�Æ ¼ � ��� ��Â�� ΨJM

À
Schrödinger �� Ä

(H − E)ΨJM = 0 (4)

º������ ©
CDCC � ¦�À ¼ � ��Â�� ΨJM � § p-n � �����	� ��Â�� Φ  "!	# 	� ��� ��Â�� χ

´��	$ ¦ ½&%� ('	) � % ©Uª�¿ ´ p-n � �	���	*�+ ´ Æ µ�¶�§�,&-�.	/�0&1	��2	3	4&5	��6�7	89;:�<�= *�+ ´ Æ µ�¶�À $	>�? º�@ µ �	A�B ´�C µ�D �FE(� %(G
ΨJM =

∑

S,j,γ

∑

L

Nmax
∑

i=0

[Φi(S, j, γ;ρ) ⊗ χi(S, j, γ, L, J ;R)]JM (5)

HJI�K
i
À

p-n � � 
�L�M ��N�*�+ º�OQP�� % ��R �JS���6 : i = 0 �QT�U�V ��WYX�*�+ : i = 1 ∼
Nmax � $�>	? 9 � T�U�V �	Z *�+ º » � G γ

À :
(S, j) [	\ �	��� ¹	��	� *	+ º�O�P�� % ��R�

index
6	] %;G ¾(^Y¿ ��_ ? � %(`&a : � .	b	c�2�3	4&5	��d ½&e À :	f�g&hi9;j	k %(>	l ºm�n � % � h�o � .�p&q h�r %(G

T&U�V ��W	X�*	+��	���	� ��Â�� Φ0

À : Á��
Schrödinger � � Ä º Z k�j�s R %;G

(Hpn − ε0)Φ0(S = 1, j = 1, γ0;ρ) = 0 (6)

¾�¾�6 :
ε0
À T&U�V ��W�X�*	+ 
�L	M ��N (t −2.2 MeV)

6�] %(GJu � : �	Z *	+ º » � �������Â��
Φi

À :�<�= *�+&��� ��Â��
Φ(k)

º
k
� O 5

[ki−1, ki]
6�v�w ? � % ¾  h p�x j�s R %;G

Φi(S, j, γ;ρ) =
1√
∆ki

∫ ki

ki−1

Φ(S, j, γ; k,ρ) dk (7)

¾�¾�6 :
k
À

p-n
5�� !�# ��	� 6�]iy : ∆ki = ki − ki−1

6�] %(G Φ(k)
À : Á��

Schrödinger �� Ä&z ¿ s R ¿{^ %;G
(Hpn − εk) Φ(S, j, γ; k,ρ) = 0, εk = h̄2k2/2µρ (8)

��| 9;:
µρ

À
p-n � ��}	~�� � 6	] %(G Φi

º ¹�	��� � �i �	� � � h ��Z � %(G
Φi(S, j, γ;ρ) =

∑

`

φi(`, S, j, κ; ρ)/ρ ·
[

ΞS ⊗ i`Y`(ρ̂)
]

jν
=

∑

`

Φi(ξ;ρ) (9)

ΞS

ÀY�����;� � ��� ��Â�� : ν
À

j
�

z �Y� 6�] %;G κ
À :Y���

(`, S, j)
º�Å c�. � ¿{��. % *�+º�O�P�� % index

6 :
ξ
À

(`, S, j, κ)
�

set
º u& R j » 9 � S��	6�] %;G
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� � h Vpn

h�� ��� M�� � ] %� : 1
Æ �

j
h # 9	� � � ` � couple

� % ¾  � 6 ½�%;G (9)
Ä

À��	��¾  º » 9(j�k %;G�
�C x j	k % T�U�V ����� : W�X	*�+�À 3S1  3D1 �� � 9 � *	+�6] % ¾  ��� ¿ ^ j�� y : ��Z *�+ h Æ k	j S ��� � mixing ��� ½ j�k %(G ¾�� program
6�À :

���&p�q(. ��� .����iS��	~ � % ¾  � 6 ½&% [1, 5]G
��Z *Y+J�Q� �NÂQ� º�� � B hQs R % �YR hY: (8)

º Z E�� : Φ(S, j, γ; k,ρ)
� �Y� � � � ρ → ∞h # � %�� 7�� ����� 6�] %;G `

�
mixing � . k ����À

φ(`, S, j; k, ρ) ∼
√

2/π sin (kρ− `π/2 − δ`Sj(k)) (10)

 r %;G ¾�¾�6 : δ`Sj

À >�l ��� !�� (phase shift)
6	] %;G `

�
mixing � ] % ����À� 9!����h.Fy :

eigen phase shift
º�" k � »�#&6 � 7�� º » � G�$�% À [5]

º�&�' G
R
� !�# Y� ��� ��Â�� : χi(S, j, γ, L, J ;R)

º�(*) h
χc(R)  » 9 : e ¿ h ��� � �F ¹���� � � º �,+ j�- E G

χc(R) =
uJ

c (R)

R
iLYLML

(R̂) (11)

¾�¾�6 :
c
À

(i, S, j, γ, L, J)
./.�0�1 L	M º	O�P	� % � h ��� . index

º u& R	� S���6	] %(G
(4)
Ä ��2�3 z ¿ [

Φi(S, j, γ;ρ) ⊗ iLYL(R̂)
]

JM

º�4 + j�: �&��� _ � : ρ
:

R̂
.,.

R [	\ � ¼j � _ � 6�5 � � % ¾  6 : uJ
c (R)

h # � % CDCC � � Ä º�6 %(G
[

− h̄2

2µR

d2

dR2
+

h̄2

2µR

L(L + 1)

R2
+ V Coul

p (R) + εi − E

]

uJ
c (R) = −

∑

c′

F
(J)
cc′ (R)uJ

c′ (R) (12)

εi

À
p-n � �	��� 
	L	M ��N&6 : T&U�V ��W	X�*	+ h # 9(j À ε0

: $�>	?ie ^ � �	Z *	+ h # 9j À O 5
[ki−1, ki]

6��
εk

��v�w A
εi = (h̄2/2µρ) · [(k3

i − k3
i−1)/3∆ki ]

º  �%(G F
(J)
cc′ (R)

À�0�1 L
M

c  c′
�	5��

coupling form factor
6 :

F
(J)
cc′ (R) =

〈[

Φi ⊗ iLYL(R̂)
]

JM
|Up(rp, sp) + Un(rn, sn)|

[

Φi′ ⊗ iL
′

YL′(R̂)
]

JM

〉

R
(13)

6�7 I ¿ ^ %(G 〈· · ·〉R
À :

R [�\ � ¼ j � _ � 6���5 � º » � G
CDCC � � Ä (12)

À�081 L�M ��9 � | + � <,:�; ��� � Ä h .Yx j�k %;G=</> .�?�@�A�B º 7I j
uJ

c (R)
º Z�½ : �	� � 7�� z ¿ >�l � S

@�C�º s R % ¾  � 6 ½�%(G CDCC � � Ä � Z��i ���
program

À	Á/D [/E h�F�GIHKJ�L � %�M�) 6�] %;G�
 D F�G � % program CDCC cdcdeu
À :

¾��
CDCC � � Ä,N Z E���R h ��� . coupling form factor

N �	~ � % S���6	] %(G
(9)
Ä 6O# e ^ % p�q h Φi

À � � hO� � � ` ��� �O � 9 6 % � 6 : coupling form factor F
(J)
cc′ (R)S � � �

`
��P&��Q  . %(G �	� �	R : form factor

N ��~ � %�R/S 6�À `
� A u 6�T ) 9 ��U PV  h ��~ 9;j�� ½ : CDCC � � Ä (12)

N�W � h Z E�� h�: 081 L�M c, c′
h�X �;j�� � �

`
��P

N�Y 9	Z�[ ¾  ����� h . %;G
(3-3) coupling form factor

(13)
Ä h�\ u ^ %�] V � ] �,^ � ��_�1 M UN (N=p, n)

h À :O`8a 
�L�M ��N
E/2

h # X � %
] V�b�c ^ � ��_81 M,N " k %;G=] V�b�c ^ � ��_81 M À : � � h�:�d�e � (central force; CE)  ���	��f�g �

(spin-orbit force; SO)
z ¿ � x j	k %;G

UN(rN, sN) = U
(CE)
N (rN) + U

(SO)
N (rN) `N · sN (14)
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rN
z ¿

R, ρ
h ��� N _ } � % �	R h�� T������ N @ q G

U
(α)
N (rN) =

∑

λ

v
(α)
N (λ;R, ρ)Pλ(cos θRρ) (15)

¾�¾ 6 :
α
À

CE u � À SO
6	]iy :

Pλ

À
Legendre

Â � :
θRρ

À :
R  ρ

�	. �	��
 6	] %"G
v
(α)
N (λ;R, ρ)

À�� Ä,N� h Z k	j�:

v
(α)
N (λ;R, ρ) =

2λ + 1

2

∫ 1

−1
U

(α)
N (rN)Pλ(cos θRρ) d(cos θRρ) (16)

6 s R ¿ ^ %(G�� ������� ��R h�:
U

(α)
± = U (α)

p (rp) ± U (α)
n (rn), v

(α)
± (λ;R, ρ) = v(α)

p (λ;R, ρ) ± v(α)
n (λ;R, ρ) (17)

N )�� 9(j�� E Gd�e � h # � % coupling form factor
À :

F (CE)(i, ξ, L; i′, ξ′, L′;J ;R)

=
〈[

Φi(ξ,ρ) ⊗ iLYL(R̂)
]

JM

∣

∣

∣U
(CE)
+

∣

∣

∣

[

Φi′(ξ
′,ρ) ⊗ iL

′

YL′(R̂)
]

JM

〉

R

=
∑

λ

Z(CE)(ξ, L; ξ′, L′;λ, J) f (CE)(i, ξ; i′, ξ′;λ; R) (18)

 ;�	Z � % ¾  � 6 ½�%;G � Ä � F
À�081 L	M ���&�

` u 6�T ) 9 � coupling
6�] %;G Z

À � 
�Y� ��� z ¿�� j E %���� c B�� V : f

À
p-n
5Y������� ��Â���z ¿�� j E % ��* � V 6 : ��� �

� ��À
Z(CE)(ξ, L; ξ′, L′;λ, J) = iL−L′+`−`′(−)J−S+λL̂L̂′ĵĵ′ ˆ̀̀̂ ′(2λ + 1)−1δSS′

× (L0L′0|λ0)(`0`′0|λ0)W (LL′jj′;λJ)W (``′jj′;λS) (19)

f (CE)(i, ξ; i′, ξ′;λ; R) =

∫

∞

0
dρφi(ξ; ρ) v

(CE)
+ (λ;R, ρ) φi′(ξ

′, γ′; ρ) (20)

 -������ %;G ¾�¾Q6 : â =
√

2a + 1
.,.Q6�]�y :

(abcd|ef)
À

Clebsh-Gordan
Ã�� :

W (abcd; ef)À
Racah

Ã��  ���� ^ % � ��	� h Â � % Ã�� 6�] %;G�&����f�g � h Æ k�j À : u���] V�b�c ^ � ��_�1 M � SO
� � N Á&��p&q h�-��� 9(j�� E G

U (SO)
p (rp) `p · sp + U (SO)

n (rn) `n · sn =

1

4
U

(SO)
+ (L + `) · S+ − i

2
U

(SO)
− (R ×∇ρ + ρ ×∇R/4) · S+

+
1

4
U

(SO)
− (L + `) · S− − i

2
U

(SO)
+ (R×∇ρ + ρ ×∇R/4) · S− (21)

¾�¾�6 :
S± = sp ± sn

6	] %(G
(21)

Ä � d 6 : >�l�! ��"�7 � d � .�P N r y ` ^ %;G�# program
6�À :%$

1
P

((L + `) · S+��P
)
:�$

2
P&� � � ((ρ ×∇R) · S+

��P
)
:�$

3
P�� � � (L · S−

��P
)
N C q	¾  � 6 � %(G�[� ¾(^)¿(� U P h Æ k	j � � � B .�& Ä/N # � G
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u�� : (L + `) · S+
N \�[�$

1
P z ¿�� � % coupling form factor

À :
F (LS)(i, ξ, L; i′, ξ′, L′;J ;R)

=
〈[

Φi(ξ,ρ) ⊗ iLYL(R̂)
]

JM

∣

∣

∣U
(SO)
+ (L + `) · S+

∣

∣

∣

[

Φi′(ξ
′,ρ) ⊗ iL

′

YL′(R̂)
]

JM

〉

R

=
∑

λ

[

Z(LS)(ξ, L; ξ′, L′;λ, J) + Z(`S)(ξ, L; ξ′, L′;λ, J)
]

f (LS)(i, ξ; i′, ξ′;λ; R) (22)

 ;�	Z 6 ��:
Z(LS)(ξ, L; ξ′, L′;λ, J) = iL−L′+`−`′(−)`+j′−J L̂L̂′ĵĵ′ ˆ̀̀̂ ′(2λ + 1)−1δSS′

× (L0L′0|λ0)(`0`′0|λ0)
√

S(S + 1)(2S + 1)

×
∑

Λ

(2Λ + 1)W (LL′jj′; ΛJ)











S ` j

S′ `′ j′

1 λ Λ











×
[

√

L(L + 1)(2L + 1)W (1λLL′; ΛL)

+ (−)λ+1+Λ
√

L′(L′ + 1)(2L′ + 1)W (1λL′L; ΛL′)

]

/2 (23)

Z(`S)(ξ, L; ξ′, L′;λ, J) = iL−L′+`−`′(−)J−S+λL̂L̂′ĵ ĵ′ ˆ̀ˆ̀′(2λ + 1)−1δSS′

× (L0L′0|λ0)(`0`′0|λ0)W (LL′jj′;λJ)W (``′jj′;λS)

×
[

{j(j + 1) − `(` + 1) − S(S + 1)} + {j′(j′ + 1) − `′(`′ + 1) − S(S + 1)}
]

/2 (24)

f (LS)(i, ξ; i′, ξ′;λ; R) =

∫

∞

0
dρφi(ξ; ρ) v

(SO)
+ (λ;R, ρ) φi′(ξ

′, γ′; ρ) (25)

 ��~J6 � % G ¾7¾�6 : { }
À � ��Y� �

9j
Ã�� 6Y] % GYu � : #���� N���� � % �YR h [U

(SO)
+ L ·

S+ + L · S+ U
(SO)
+ ]

�&p�q h�-�� } I j z ¿
matrix element

N �	~ 9(j	k % ¾  h�	�
 G ¾�� -� } I À [ � S ��� 6	] %(GÁ h�:
(ρ×∇R) · S+

��P h Æ k�j À : � ���� ��������b � � ] %��� .���� : �	��& Ä � () h .Fy : ��~ � % ¾  � 6 � %(G j = j′ = 1, S = S′ = 1, ` = `′ = 0
�  ��:

F (LS1)(i, ξ, L; i′, ξ′, L′;J ;R)

=
〈[

Φi(ξ,ρ) ⊗ iLYL(R̂)
]

JM

∣

∣

∣−iU
(SO)
− (ρ ×∇R) · S+

∣

∣

∣

[

Φi′(ξ
′,ρ) ⊗ iL

′

YL′(R̂)
]

JM

〉

R

= Z(LS1)(ξ, L; ξ′, L′;J) f (LS1)(i, ξ; i′, ξ′;R) (26)

Z(LS1)(ξ, L; ξ′, L′;J) = [J(J + 1) − L(L + 1) − j(j + 1)] δLL′δjj′ (27)

f (LS1)(i, ξ; i′, ξ′;R) =
1

6R

∫

∞

0
dρρ φi(ξ; ρ) v

(SO)
− (1;R, ρ) φi′(ξ

′; ρ) (28)

� � h	: L · S−

��P h Æ k�j À :
F (LSP)(i, ξ, L; i′, ξ′, L′;J ;R)

=
〈[

Φi(ξ,ρ) ⊗ iLYL(R̂)
]

JM

∣

∣

∣U
(SO)
− L · S−

∣

∣

∣

[

Φi′(ξ
′,ρ) ⊗ iL

′

YL′(R̂)
]

JM

〉

R

=
∑

λ

Z(LSP)(ξ, L; ξ′, L′;λ, J) f (LSP)(i, ξ; i′, ξ′;λ; R) (29)
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Z(LSP)(ξ, L; ξ′, L′;λ, J) = iL−L′+`−`′(−)J+`′+S′+j+1L̂L̂′ĵĵ′ ˆ̀̀̂ ′ŜŜ′(2λ + 1)−1

× (L0L′0|λ0)(`0`′0|λ0) [1 − (−)S+S′

]/2

×
∑

Λ

(2Λ + 1)W (LL′jj′; ΛJ)











S ` j

S′ `′ j′

1 λ Λ











×
[

√

L(L + 1)(2L + 1)W (1λLL′; ΛL)

+ (−)λ+Λ+1
√

L′(L′ + 1)(2L′ + 1)W (1λL′L; ΛL′)

]

/2 (30)

f (LSP)(i, ξ; i′, ξ′;λ; R) =

∫

∞

0
dρφi(ξ; ρ) v

(SO)
− (λ;R, ρ) φi′(ξ

′; ρ) (31)

 & e ^ %;G ¾�¾�6 : S−

À
p-n � �����&�	����d � e S

N _ I % operator
6	] % ¾  h�	�
 �

%;G � .	b�c : � m � LSP
�

coupling
À :

S 6= S′
��0�1 L	M,N���� Æ +�% S�� h . %;G

#����
	���� À : coupling form factor
d ����* � V ��� � N ��~ � % ¾  h 	? 9 � S���6	]

%;G�] V � b�c ^ � ��_�1 M Up, Un  : �	~ 9 � k p-n � �	���	*	+ (i, `, S, j, γ)
��T ) N ` �� %	 : � m � f (CE), f (LS), f (LS1), f (LSP) N���A�B h ��~ 9;:��� 0 M h � � � %(G � m �
���6�À : U�V (p) ��� �  d � V (n) �
� � N ��b ��j�-�k�j ] % � : W � ����~�À��
� N �,+ j @k�: P�� � �� 0 M h � � � %(G ¾���� ����� À : ��� � : W � h >	l N Z E � ��� � 6 ��� .` ��� N��  . %(G��� � ~ �"!J. :

p-n � �Q* +NÀ : spin triplet
*�+ � : 3S1,

3D1,
3D2,

3D3
: � .YbYc :

(`, S, j) =

(0, 1, 1), (2, 1, 1), (2, 1, 2), (2, 1, 3)
� U *�+ :

spin singlet
*�+ � 1P1

: � .�b�c
(`, S, j) = (1, 0, 1)��*	+&6	] %(G T�U�V ��W	X	*�+ � 3S1 +3 D1

z ¿ � x j�k % ¾  N
# I %	 : ¾;^Y¿(��*�+ |
+ 6�S : ] � h p %;��Z�$ � N
% % -Fy@À o � .�2�3�4�5 N
& % ¾  � 6 � %;G�u � : p-n

5	� !' & " À
Reid Soft Core[6]

N W # h ��� Z�( 6�]Fy : 3S1  3D1

�	5��
tensor

�,N ` ^ % ¾  �6 � %;G ¾;^ h p�x j�: T&U�V >�l h�� +�% ���	�*) � � h Æ k�j S ) ��B .�+�, � 6 � %(G
4. -/./0/132

cdcdeu
� ` ��� N���À

7
Æ ��� � h � z ^ j�k %;G ¾;^ N ��4 9;j 1

Æ � �� 0 M  9(j�` �� %(G ¾�¾�6�À : ��^Y¿;� U � � V  h cdcdeu.d
�
5 N�6 x j ��� � % 798;:=< F�G � Ä�> 6 n? � ` � /�� � M �� 0 M cdcdeu.d

&�'�@ G
(4.1) A�B�CEDGF/HJI�KEL` �J� N � � �JMNÀ :=N � � �O	E�O� 6 ` � � h 6 " � % �� 0 M �OP y > j N T ) � % G Fortran� ` � ��Q�R  W �� 0 M � # X N m�n � %(G

1:   **** CDCdeu control data ****
2:   06:new     ::cdcdeu.outlist
3:   71:new     ::VPC.d
4:   73:new     ::WPC.d
5:   74:new     ::VPS.d
6:   75:new     ::VPS1.d
7:   81:new     ::VNC.d
8:   83:new     ::WNC.d
9:   84:new     ::VNS.d

10:   85:new     ::VNS1.d
11:  999:
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1
@��

: ��� ��� G 60 � K [ ����� 
 � ��� �	� N - E N  � 6 � %;G
2 – 10

@��
: OFF,IUNIT,STA,FNAME FORMAT(A1,I3,1X,A8,2X,A50)
�� Z ��� � -�� � 9 N � % �� 0 M ��T ) N @ q GU _ � � 
� À�Á��  � y;6	] %(G
OFF:


�� r y �Q0 � 0 G 4�� [ \ � � K N m ` � %Y : � � @ À ��� ��� C kYh . % G
IUNIT:

` � ��Q�R G 0 ∼ 99
� � K G ��^ [�\ � � K N T ) � %� :��� 0 M P y > j�&� ` �,N���� � %(G

STA:
�� 0 M,N

open
� %� � � status G NEW, OLD

./. G
FNAME: path

S \ R	� W �� 0 M��
• �� 0 M T ) � % 9 ��� : ��~ � % form factor

�����  9 � h p�x j _ b %(G
• Q�R 6

h��&k�j ��T ) N @ b	. k  : � ��� � j ����� � h���� ^ %(G
•
�Y~ N @ q ^ � ��_81 M

(� =� T ) 6 KEYPOT=1  9 � S  )
h��Jk�j � : � j T ) 9;j��E N  ����� 6�] %;G

• form factor
N -�� � �  � 0 M h��&k�j � :

form factor
 ��� h pQx j Q�R � [ �� p�qh�! R � ^ j	k %  6 : # X � % R�"/N T ) 9 . + ^ � . � . k G

#�$ % & '�(
)+*-,

(p) .0/�102 (A) 3�405�6�7�809�:
71 real central VPROCE

72 real Coulomb COUPRO

73 imaginary central WPROCE

74 real spin-orbit LS+ls VPROLS

75 real spin-orbit LS1 VPROLS1

76 imaginary spin-orbit LS+ls WPROLS

77 imaginary spin-orbit LS1 WPRPLS1

78 real spin-orbit LSP VPROLSP

79 imaginary spin-orbit LSP WPROLSP)+;-<�,
(n) .0/�1-2 (A) 3�405�6�7�809�:

81 real central VNEUCE

82 real Coulomb COUNEU

83 imaginary central WNEUCE

84 real spin-orbit LS+ls VNEULS

85 real spin-orbit LS1 VNEULS1

86 imaginary spin-orbit LS+ls WNEULS

87 imaginary spin-orbit LS1 WNEULS1

88 real spin-orbit LSP VNEULSP

89 imaginary spin-orbit LSP WNEULSP

(4.2) INPUT DATA L_	� � �  T�=�>�?�@ ^�A�B _�1�C�D ����E �  �`�F�G�H�I�JLK�M A�B�N�O C H�P =�Q�RTS�U��V�W  �X�Y�H�Z�[	\T] R�^�_�`�a�b�c�d�R K

1: ---- INPUT DATA ------------------------------------
2:   IREID =2   58Ni Ed=56MeV  Becchetti-Greenlees
3:   58.0     28.0      28.0                         AMTAG ZTAG TP
4:   1.0      48.7600   1.1700    0.7500             KT V0P R0RP ARP
5:   2.0      46.5100   1.1700    0.7500             KT V0N R0RN ARN
6:   3.0       3.4600   5.2140    1.3200    0.5341   KT W0P WDP R0IP AIP
7:   4.0       4.6000   5.5860    1.2600    0.5800   KT W0N WDN R0IN AIN
8:   5.0       6.2000   1.0100    0.7500             KT VSP R0RSP ARSP
9:   6.0       6.2000   1.0100    0.7500             KT VSN R0RSN ARSN

10:

• e I�f 50 g�hji�k f�l�m�n V�o F�p�q�f�r�s�f�t�u�v�w R K
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1
I h :

o F���f������Tf�r�s�f���t B
	 K
2
I h : IREID, COMENT FORMAT(9X,I1,A60)e c�U f����n���f������0v�w R K

IREID:
Z�[ Q�R

deuteron
f N���A�� H�P =�Q	R K

=0: S-D coupling ��� K
p-n interaction

n
1-range Gauss(central)

_ � R K
=1: ������� _���� S-D coupling

H o�� R K
p-n interaction

n
s- and d-states: 1-range Gauss (central)
p-state : Reid soft core pot.

=2: �������! #"�$�����% _ S-D coupling
H o�� R K

p-n interaction
n

Reid soft core pot.

COMENT:
��t B�	

• Z�[�f�t�u � W H�&(' b ��)�*���+�v�, R K
3
I h : AMTAG, ZTAG, TP FORMAT(5F10.0)e c�U f����n���f������0v�w R K

AMTAG: -�.�/ f mass number

ZTAG: -�.�/ f�0�1�2�3
TP:
o�4 / 1�f V / 1�w r
�0f o�465�7 C(8 E K�r � � * � n V Dirac 9�:6; M A	BN�O C H�<�=�>�?�@�A�f�B�CED�F _ � ^�G�H �E� '�K

4
I hji�k : (A(i),i=1,5) FORMAT(5F10.0)

N-A
M A�B�N�O C f D�I t E�J H�P�K Q	R K

• A(1)
v�M A	B�N�O C f�X�Y�H�P�K Q�R K

• blank
I

(A(1)=0.0)
v

INPUT DATA
��f�L(M�H�N�Oj] R K

• PRQTS�U fWV�f�H�X UZY�[�R � V 0�\R� � b�] v P�K � rWV�f ( ^ f�I _ w R_
)
+�`�a	\ � R K

• Z�[ _�b�c � M A	B�N�O C f�= Y([ �(d ` '�K
• / 1�f �(e B�f�g F _�h ' b n Vji(k `N · σN

v D
I t E(J H Y([�R *���+�l('f�v V *�*�v(V�m � _�n J K
(14) o ��n 2 p�q(� R f�v�r���K

A(1)
f�s _�`�R @�A " � � V m�f(��,�f A(2)–A(5)

f��(�n���f(�E���Tv�w R K
1.0: p-A

f
real central part (Woods-Saxon t!u volume v )

2.0: n-A
f

real central part (Woods-Saxon t!u volume v )

• Woods-Saxon t f potential
f(��, _�w ' R

A(2): WS pot.
f�x�\ V

V0

A(3): y�z parameter
V

r0R

A(4): diffuseness parameter
V

aR

3.0: p-A
f

imaginary central part (Woods-Saxon t!u volume v +surface v )

4.0: n-A
f

imaginary central part (Woods-Saxon t!u volume v +surface v )

• Woods-Saxon t v volume v � surface v f geometry
+�{�| Q	R @�A _

w ' R K
A(2): volume v f�x	\ V W0

A(3): surface v f�x�\ V WD

A(4): y�z parameter
V

r0I

A(5): diffuseness parameter
V

a0I

3.1: p-A
f

imaginary central part (Woods-Saxon t!u volume v )

4.1: n-A
f

imaginary central part (Woods-Saxon t!u volume v )

• Woods-Saxon t v volume v � surface v f geometry
+ q�� R @�A _ V

3.2, 4.2
��}�=�A d ] b�w ' R K
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A(2): volume v f�x	\ V W0

A(3): volume v f y�z parameter
V

r0I

A(4): volume v f diffuseness parameter
V

a0I

3.2: p-A
f

imaginary central part (Woods-Saxon t!u surface v )

4.2: n-A
f

imaginary central part (Woods-Saxon t!u surface v )

• Woods-Saxon t v volume v � surface v f geometry
+ q�� R @�A _ V

3.1, 4.1
��}�=�A d ] b�w ' R K

A(2): surface v f�x�\ V WD

A(3): surface v f y�z parameter
V

r0ID

A(4): surface v f diffuseness parameter
V

a0ID

5.0: p-A
f

real spin-orbit part

6.0: n-A
f

real spin-orbit part

• Thomas v f potential
f���, _�w ' R K

A(2): SO pot.
f�x	\ V

VSO

A(3): y�z parameter
V

r0RS

A(4): diffuseness parameter
V

aRS

7.0: p-A
f

imaginary spin-orbit part

8.0: n-A
f

imaginary spin-orbit part

• Thomas v f potential
f���, _�w ' R K

A(2): SO pot.
f�x	\ V

WSO

A(3): y�z parameter
V

r0IS

A(4): diffuseness parameter
V

aIS

9.0:
M A	B�N�O C H���������� C�^ O <�=�>�?�K

• potential
+

Woods-Saxon t � W v	�	\ � � ' ��, _ w ' R K�<6=�>6?�s+ o a�b ' R ����� C f	
�2�H�P�K Q	R K
• M A�B�N�O C ����� C f�& o _�h ' b n V subroutine PREAD

H����K
A(2): p-A

M A	B�N�O C f������ C f	
�2 V
KIBANP

A(3): n-A
M A	B�N�O C f������ C f	
�2 V

KIBANN

9.1:
<�=�>�� �

p-A
M A�B�N�O C�_	����R K U K

9.2:
<�=�>�� �

n-A
M A�B�N�O C�_	����R K U K

• 9.0
_�` � <�=�>�� � M A�B�N�O C�_ K U H �(� r�'�@�A _ P�K Q	R K

A(2): real central � f H�U V PFACTR1

A(3): imaginary central � f H�U V PFACTR2

A(4): real spin-orbit � f H�U V PFACTR3
A(5): imaginary spin-orbit � f H�U V PFACTR4

(4.3) KEYPOT �m ����� f����� w H�Z�[ Q�R�^ W J ^ H�P�K Q	R K

1: ---- KEYPOT --
2:   VPROCE=1  VNEUCE=1  WPROCE=1  WNEUCE=1     71 81 73 83
3:   VPROLS=1  VNEULS=1  WPROLS=0  WNEULS=0     74 84 76 86
4:  VPROLS1=1 VNEULS1=1 WPROLS1=0 WNEULS1=0     75 85 77 87
5:  VPROLSP=0 VNEULSP=0 WPROLSP=0 WNEULSP=0     78 88 79 89
6:   COUPRO=0  COUNEU=0                         72 82

• e I�f U m i ��f�l�m�n V�o F�p�q�f�r�s�f�t�u�v�w R K���r V e I�f 45 g�h i�kf U m�n V 
�2�P�K�p�q�f�r�s�f�t�u�v�w R K
1
I h :

o F���f������Tf�r�s�f���t�� 	 K

11



2 – 6
I h : (KEYPOT(i),i=1,18) FORMAT(4(9X,I1))

• e KEYPOT(i)
f�s(+ V

= 0: form factor
H�Z�[ ��� '�K

= 1: form factor
H�Z�[ Q	R K

• KEYPOT(i)
f W � + W f

form factor
_�����Q	R�^ n V0o F�p�q f�t�u H	��� _Q�R � ` '�K

• Z [ Q�R form factor
_ h ' b n V ����Q R 
�2 f������ C H�a�����v P�K �b V�� �	� b�b �
) b�c w
� K

(4.4) RRMAX �m ����� f
form factor

H�

fm
��v�Z�[ Q	R�^

(R
_�h ' b

)
H�P�K Q	R K

1: ---- RRMAX  --
2: VPROCE=15.0    VNEUCE=15.0    WPROCE=15.0    WNEUCE=15.0
3: VPROLS=15.0    VNEULS=15.0    WPROLS=15.0    WNEULS=15.0
4: VPRLS1=15.0    VNELS1=15.0    WPRLS1=15.0    WNELS1=15.0
5: VPRLSP=15.0    VNELSP=15.0    WPRLSP=15.0    WNELSP=15.0
6: COUPRO=40.0    COUNEU=40.0

• e I�f U m i ��f�l�m�n V�o F�p�q�f�r�s�f�t�u�v�w R K
1
I h :

o F���f������Tf�r�s�f���t�� 	 K
2 – 6

I h : (RRMAX(i),i=1,18) FORMAT(4(7X,F8.0))

• e RRMAX(i)
f�s(+ V Z�[ Q	R

form factor
f

R
f����s
� � R K�����s�n k _

0
v�w R K�r � � V R

n o�4
deuteron

f����(� -(.�/ f�� ��� - v�w R K
• RRMAX(i)

f W�� + W f
form factor

_�����Q	R�^ n V�o F�p�q�f�t�u�H	��� _Q�R � ` '�K

(4.5) DRR �m ����� f
form factor

H�

fm ��� v�Z�[ Q�R�^ (R

_�h ' b
)
H�P�K Q�R K

1: ----  DRR   --
2: VPROCE= 1.0    VNEUCE= 1.0    WPROCE= 1.0    WNEUCE= 1.0
3: VPROLS= 1.0    VNEULS= 1.0    WPROLS= 1.0    WNEULS= 1.0
4: VPRLS1= 1.0    VNELS1= 1.0    WPRLS1= 1.0    WNELS1= 1.0
5: VPRLSP= 1.0    VNELSP= 1.0    WPRLSP= 1.0    WNELSP= 1.0
6: COUPRO= 1.0    COUNEU= 1.0

• e I�f U m i ��f�l�m�n V�o F�p�q�f�r�s�f�t�u�v�w R K
1
I h :

o F���f������Tf�r�s�f���t�� 	 K
2 – 6

I h : (DRR(i),i=1,18) FORMAT(4(7X,F8.0))

• e DRR(i)
f�s(+ V Z�[ Q�R

form factor
f

R
f ��� � � R K

• DRR(i)
f W�� + W f

form factor
_�����Q�R�^ n V�o F�p�q�f�t�u�H	��� _�QR � ` '�K

(4.6) PHIHAT �
deuteron(p-n � )

f���� G�U H W f ` J _�w � Q	R�^ H�P�K Q	R K

1: ---- PHIHAT --
2: DRHOHT= 0.10   NRHMAX= 401    KIZAMI=10      PRANGE= 15.000

• e I�f U m i ��f�l�m�n V�o�� p�q�f�r�s�f�t�u�v�w R K
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1
I h :

o�� ��f������Tf�r�s�f���t�� 	 K
2
I h : DRHOHT, NRHMAX, KIZAMI, PRANGE

FORMAT(7X,F8.0,7X,I4,4X,7X,I2,6X,7X,F8.0)

DRHOHT:
o�4�� 1�f���� � - ρ

f�t�D N�� ��� K
NRHMAX: ρ

f�t�D N�� S�U K
ρ
f����s�n

RHOMAX=(NRHMAX-1)*DRHOHT
� � R K
*�*�vP�K Q�R f�n V

form factor
H�Z�[ Q	R���_ 9 � R ρ ��" f	��=�� S�U v�w R K

KIZAMI:
������� G�U m�f(V�f�H�Z�[ Q�R���_ n V

DRHOHT
H

KIZAMI
v " � � r�s�H ρf�t(D N�� ��� � Q�R K

PRANGE: / 1 -- .�/ M	
 � N�O	� f��	��K form factor
H�Z�[ Q	R	��_ V

ρ
f ��"���H V M�
 � N�O�� f

short-range � _�`�a�b��� � b Z�[�f	����H	��� R K
• ρ
f U s ��" n max(R − PRANGE, 0) ≤ ρ/2 ≤ R + PRANGE

f ��� v�I d � R Km�f�r�s V
RHOMAX

n
(RRMAX+PRANGE)*2 i � _ � b ��) b�c +�w R K

(4.7) LSJ �Z�[ _�� � o�� R
deuteron(p-n � )

f���� ��� H�P�K Q�R K

1:  (FROM *) *      *      *      *      *      *      *
2: NOJSLS (1)  4.0
3: SJALL  (2)  1.0    1.0    2.0    3.0
4: LSALL  (3)  0.0    2.0    2.0    2.0
5: SPALL  (4)  1.0    1.0    1.0    1.0
6: NBOUND (5)  1.0    0.0    0.0    0.0
7: KMESH  (6)  2.0    2.0    2.0    2.0
8: FKMINC (7)  0.00   0.00   0.00   0.00
9: FKMAXC (8)  1.00   1.00   1.00   1.00

10: (FROM *) *      *      *      *      *      *      *

• 1
I h � 10

I h n������T� `�� o�� p�q�f�r�s�f��	���jv�w R K
2–9
I h : A1,(A(I),I=1,8) FORMAT(A6,4X,8F7.0)

• l�m�� A1
v�<�=�>�?� �! J f�X�Y�H��	" Q	R K

NOJSLS: p-n # f���� ��� H (j, `, S)
v " Y � r���, V Z�[ _�� � o�� R%$ D 	 fS�U K

• i�^ f e I�v�n V ��&�v�P�K � r NOJSLS
S f U s�H�' _�(�)�R K

SJALL: p-n # f�*�+�,���- j
H�P�K Q�R K

LSALL: p-n # f f�g +�,���- `
H�P�K Q	R K

SPALL: p-n # f�*��� ��e � S
H�P�K Q	R K

NBOUND: p-n # f ������� f S�U H�P�K Q	R K
• IREID=0

f���,�n V
S
��f�= ������� H 1

S P�K�v�, R K
• IREID=1

f6� , n V 3S1, 3D1
m � � � _ �6�6�6� H 1

S P6K v6, R K
• IREID=2

f ��, n V 3S1

��� _ �6�6��� H 1
S P�K Q�R K/.

tensor
�v

couple � b ' R 3D1 ��� n V 3S1

^ O�0	� . _�1�2 \ � R K43
KMESH: 5766�6�98 ' ) h f;:=< . �6� v � 9 Q�R�^ K�:=<=> Q�R-S U 8 P6K Q�R K
FKMINC: 5�6�����8 Z�[ Q�R	� f	,���-�f ^ � (fm−1 ?�@ )

K
FKMAXC: 5�6�����8 Z�[ Q�R	� f	,���-�f	� � (fm−1 ?�@ )

K
*�f	A�B�v�n V

(j, `, S)
_ h ' b

4
h f

set 8;CED *�� 8 P�K � b ' R . NOJSLS= 4.0
3 K e����n V

(j, `, S) = (1, 0, 1), (1, 2, 1), (2, 2, 1), (3, 2, 1)
� �	R K Q � d�F V 3S1, 3D1, 3D2, 3D3

f ��� vw R KZ*�f D F V 3S1

_ ���6�6�8 1
S P6K � b ' R . NBOUND= 1.0

3 K r � � V IREID=2 � � b 'R f�v V 3D1 ��� _ V�0 � . _ ���6��� + 1�2 \ � R K��r;* b f ��� _ � ' b V k = 0.0 fm−1
^

OG.
FKMINC= 0.0

3 V
k = 1.0 fm−1 ��v .

FKMAXC= 1.0
3�f 5�6���� � ��8 2 " � .

KMESH= 2.0
3

� b :�<�> Q�R�` D _ P�K � b ' R K
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5. ���������
CDCC cdcdeu

^ O0f�� � n V
(a) e form factor 8 ��� � � _ � � � r�V�f V
(b) cdc

Z�[�f
	��
��
� ��L���� 8 � � � r(V�f
f

2
X�Y _ " � O � R K (a)

n
CDCC

Z�[�f���f
step

v�w R <���Z�[ V
(12) o f�Z�[ V f � f o� � � R (

����������K�f���!�� ����3 K�*�*�v�n V
(b)
f���� _�h ' b V

cdcdeu.d 8 o�� � � bZ�[�\0]�r�� � A 8 V�� _�����Q	R .����! ���� t�o�" v�# ) r�� ��$ �
% � ����� �
(a) cdcdeu.formfactor

V
(b) cdcdeu.outlist

���3 K� � n V �,() " ��b ��f ` D���&�' v ( ��v�' R K
(1)
��� � ��� �	� b
(�)

(2)
o���* I t�! J (�)

(3)
1�2 \ � r�����B O�7�� {�+

(4)
1�2 \ � r���� G�U

(5) form factor
2�3�, ����� �

(6)
Z�[	\ � r

form factor
f�s

(1), (2)
_ h ' b n V�o��  9! J � ��� � b ' R f v V * * v f �-� n/.-0 Q R K (5), (6)

n V
KEYPOT

_�`�a�b Z�[ Q�R �TP�K � r potential
f J ��%�1�� _ � � \ � R K Q � d�F V Z�[ 8P�K � r J ��%�f S�U���� � � +
2��43�\ � R K

i�^ V (3) i�k _�h ' b�����Q�R K
(5.1) 5��7698�:<;7=�>o�� v�P�K � r�s _
?�@ ' b V Z�[ Q	R p-n � f���� ���8 U([ �� V m � _ 2�3�, � 8
A D Km�f���� 8 {�+ _ � b � � Q	R K

---- CHANNEL NUMBERING --- NCCMAX= 14

NC SJ LS SP KCPL NBOU FKMN FKMX DK
1 : 1.0 0 1.0 103 1 0.000 0.000 1.000
2 : 1.0 0 1.0 103 0 0.000 0.500 0.500
3 : 1.0 0 1.0 103 0 0.500 1.000 0.500

: : (BDCFE ) : :
12 : 2.0 2 1.0 0 0 0.500 1.000 0.500
13 : 3.0 2 1.0 0 0 0.000 0.500 0.500
14 : 3.0 2 1.0 0 0 0.500 1.000 0.500

• *�f�A�v�n V *���v 14
S f�����B O�7�� + 1�2 \ � b ' R K e c�U f����n���f�����0v�w R K

NC:
i � 2�3

SJ,LS,SP:
���(B O�7�� f

j, `, S

KCPL: tensor
� _�`�R

S-D coupling
+�w R ��, V �	"�f�r�s _�h(��R K

NBOU: bound state
^

(=1)
VHG ^

(=0)

FKMN:
:�<�> � r k

� � f ^ �
FKMX:

:�<�> � r k
� � f�� �

DK:
:�<�> � r k

� � f�I
(5.2) J�K7L�M��&�f�����B O�7�� 1�� _ V

p-n # f���� G�U φi(`, S, j, κ; ρ)
f
N�O 8 � � Q	RQP
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��� V e B O�7�� 1�� _ ��� G�U 8�$ '�r ��_ V�� ? � N�O 8 � � Q	RQP (
m�f�� � A�n�.�0 Q

R!P
)
� _ V e B O�7�� f�N�O 8 ����s b � _ � b � � Q�R!P

-- INFORMATION OF CHANNEL IS SUMMED UP ----
NC EINT FKINT PHASE(DK/2) EPS DK ID JJ LL SS
1 -2.22460 0.231719 0.00000 0.00000 1.000 0 1.00 0 1.00
2 3.45262 0.288675 117.84272 0.78743 0.500 100 1.00 0 1.00
3 24.16832 0.763763 64.24588 2.42486 0.500 100 1.00 0 1.00

: : (BDCFE ) : :
12 24.16832 0.763763 8.93439 0.00000 0.500 100 2.00 2 1.00
13 3.45262 0.288675 0.00168 0.00000 0.500 100 3.00 2 1.00
14 24.16832 0.763763 0.28475 0.00000 0.500 100 3.00 2 1.00

• e c�U f����n���f������0v�w RQP
NC:
i � 2�3

EINT:
B O�7�� f���� 5�7�� 8 !

FKINT:
B O�7�� f�����,���- . � U 3

PHASE:
<�� ��� f�@�A V :�<�> � r k

� � f�����v�f phase shift

EPS: S-D � A � b ' R @�A V � A�� 8 � Q phase shift

DK:
:�<�> � r k

� � f�I
ID:
:�<�> � r k

� � ��v���� Q�R r�s _���a r " � U
JJ,LL,SS:

B O�7�� f
j, `, S� _ V e B O�7�� f���� G�U f�s 8 � _�Q�R!P

----- WAVE FUNCTION OF EACH CHANNEL -----
R NC= 1 NC= 2 NC= 3 NC= 4 NC= 5 NC= 6 NC= 7 ...
0.000 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 ...
5.000 2.7489D-01 -1.3750D-01 -4.7873D-01 -3.9314D-02 -1.9626D-02 -1.4086D-02 9.3301D-03 ...

10.000 8.6574D-02 -3.2627D-01 1.5090D-01 -6.4705D-03 -9.6643D-04 6.7322D-04 -2.1302D-03 ...
15.000 2.7196D-02 -3.9439D-02 2.2559D-03 -1.5062D-03 4.2586D-03 1.6700D-03 -8.5251D-04 ...
20.000 8.5408D-03 -1.1058D-01 5.7559D-02 -4.0054D-04 -8.5640D-04 3.8700D-03 1.2392D-03 ...
25.000 2.6822D-03 -6.3108D-02 -2.9797D-02 -1.1299D-04 6.4818D-04 -2.0190D-03 -1.4234D-03 ...

: : (	�
 E ) : : :

• � _ ρ
f�t(D� � .�� ��	 ��n

R
��&�#�3 V ' _ ��

10
B O�7�� 1�� _	( ��v�� � \

� R!P
• � � Q�R ρ

f ����8 c���Q�R�_ n V source program 8 &(,�� [�R!P
(5.3) form factor �����<698�:<;��������Z [ Q R

coupling form factor f (α)(i, ξ; i′, ξ′;λ)
n V��� fZB O�7��

(i, ξ)
�"!  fZB�# 7��

(i′, ξ′)
�

λ
f�}�=�A d ]�f S�U���� w%$ P

(α = CE, LS, LS1, LSP
v�w�$ P

) � ^ � V +�,���-
� W v�&�'�\ � $E}�=�A d ]�V�w%$�f�v V * b +�s 8�( h�d�� v�n � ' P ��r�) � !�f�B�# 7��v ��* >�\ � b '�$�f�v�)�+%, � }�=�A d ]�f�-�.�n�/(O10�23$ P}�=�A�4�5�6�. 8�7 ��v�8('�9�:�)1:;$�<�=�0�)���� � !�6�B�# 7�� 8 m ����� { h 6 i � 23

I, K >�? "�:3$ P �A@�B�# 7 � {�+�6 i � 2�3 NC
0 ����:3$�V�6 >�B $ P * � 0�C�DE) form

factor F ) (I, K, λ)
6 }�=�AG4�5 ��� B $�*�HI0�J%$�+K)�/(OL0 7 � 8 compact

0I:;$�<K=�0�)
s +�M

zero
6�@�A%N � 8 1 O OL6 iQP 2�3 > (�) $ P *�6 iQP 2�3;H�)"R � 6 (I, K, λ)

6 ���
�

(NOTB) 8 � � :;$ P
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======== NUMBER TABLE OF COUPLINGS =========
LAMFLP= 0 SPNFLP= 0.0 KNTLLS= 0

I= 1 K= 1 NOTB= 1
I= 2 K= 1 NOTB= 2
I= 2 K= 2 NOTB= 3

: : (BDCFE ) : :
I= 4 K= 2 NOTB= -999 -999 8
I= 4 K= 3 NOTB= -999 -999 9

: : (BDCFE ) : :
I=13 K= 9 NOTB= -999 -999 111 -999 112
I=13 K=10 NOTB= -999 -999 113 -999 114
I=13 K=11 NOTB= -999 -999 115 -999 116
I=13 K=12 NOTB= -999 -999 117 -999 118

: : (BDCFE ) : :
I=14 K=14 NOTB= 144 -999 145 -999 146

LAMMN1= 1 LAMMX1= 5 LAMDEL= 2
ITBMAX= 146

• ��� .�6���� F�� 6�H
	�D >�B $ P
I:
�� 6���#�� ����

K: �  6���#�� ����
NOTB: λ = 0, 1, 2, · · · 0�����:;$ form factor

6�� P���
• coupling ����� J λ

6���� F ��#���� I, K
0%C���������$
 

NOTB
6�! � -9996�@�" F ) coupling � J�# (zero >�B�$ ) % H�&�'�:� 

ITBMAX: NOTB
6�(�)�!

( ��� J coupling
6�-�.

)

(5.4) *�+-,�.0/ form factor1�2 /43%<
form factor

&�5�6�: $  ��7�8 1�2 0�9�#�<
N-A potential

6�!�&�5�6�: $  

========== FORM FACTOR ===========
: : (:<;>= ) : :

V0=-48.76000 R0= 1.1700 A0= 0.7500 RR= 4.5289
AT, ZT, TP= 58.00000000 28.00000000 28.00000000

RX= 0.0000 VPROCE= -4.86440D+01
RX= 1.0000 VPROCE= -4.83228D+01
RX= 2.0000 VPROCE= -4.71419D+01
RX= 3.0000 VPROCE= -4.31422D+01

: : (?A@B= ) : :

• C 6 P <�D�EGF�H�I���JLK�M�N�O�P�! � 5�6GQ43���# $  
• R = RX

P�R > P�8 N-A
D�ELF�H�I���P�! � 5�6GQ43���# $  ( % P�S�P�T�U F 8 p-A

central real potential >�B�$  )

��V 8�5�6GQ43 $ form factor
P

R V�W #���P mesh
&�5�6 P 8�X�3 V�Y�Z � form factor

P�!
&�5�6�[ $  

-------- POTENTIAL TYPE = VPROCE ---------
<< 58Ni Ed=56MeV Becchetti-Greenlees ....

R= 0.000 1.000 2.000 3.000 4.000 ....
10.000 11.000 12.000 13.000 14.000 ....

I= 1 K= 1 LAM= 0 NO= 1
-4.2934D+01 -4.2274D+01 -3.9905D+01 -3.4651D+01 -2.5702D+01 ....
-1.0601D-01 -3.4520D-02 -1.1222D-02 -3.6575D-03 -1.1984D-03 ....

I= 2 K= 1 LAM= 0 NO= 2
-3.6032D+00 -3.9106D+00 -4.5363D+00 -4.5753D+00 -3.0926D+00 ....
1.6594D-01 6.7049D-02 2.7789D-02 1.2617D-02 6.1224D-03 ....

: : (?A@B= ) : :

• \^] _ R= Pa`�"�b V 5�6LQ43���# $ R
P�! V ��� P4c form factor

Pa! � 5�6LQ43��# $  
• I, K, LAM d�e�f P (I, K, λ)

P�!�8
NO d �hg �� NOTB

P�!�i�j $  
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• form factor d ITBMAX � 5�6GQ43 $  
• � c 8 % 3��
P�! d ����[ $������ � V�	 5�6LQ
3���# $  

6. 
 ������� ��� �� ������� �������� !�"# K ��$ K�%'&�(*) K*+ d VPP5000 , i*-�9�i/. $  aJ K/0
�21 d Q
3�� #/3�#� % P2&�(*)K*+�P*4/5 �����6��� � � cdcdeu.x 7 #98;: e i*<>=GQ
3���# $ P�i�8 % 3�&*4/5�[ $'?A@ �9%B*C�DFE �6�'� � _ S�G/H�8 cdcdeu.vp 7 [ $ b &*I/J�[ $  % 3F�4P*-�9/K �6�'� � � j $'LAM0 B�E %4&
mydir 7 [ $/7 8 cdcdeu.vp

P>N*O d*P P�Q�8 V 3 $  

#

cd mydir

./cdcdeu.x < cdcdeu.d

C 6 L N�O d cdcdeu.d V I�����	9R< �5�6 L N�O d cdcdeu.outlist V�S .�T���3 $  _ cdcdeu.dP/N�O�& S .*U�G $�%/7 i�8�5�6 L N�O�P �6�'� �/:�&*V/W�i/. $  b�5�6 form factor d 8 (4-2)P/X ] '�P C 6 L N�O V*Y>Z g c ���'� � V�S .�T���3 $  % 3�&�8�S�G/H

kyu-vpp% qsub -q s cdcdeu.vp

7*[>$\�@ E [ $  	�]>^>_ 8�`�a�Q43���# $>b N D ����� ��&�c�d;e>f�8�[/g���&�h>i�i�5��� 	 Q�#� 9j>k
N�Sml

kyu-vpp% cp /usr/local/cdcc/CDCC_cdcdeu.f cdcdeu.f

7. ��n�o�p q�r�s�t�u�o�p# &�(�)�K�+�i�vF8�Q�8�3 1�2 &�[ $�V�d 8��/w 7 g
��# $ _ ">xLQ�f $ b>y/z>{�P>|�`>}>~��� &*�hg�R'x9R'�2� � j9d 8aX P c/� V�d X�P�y/z/{9� 7�V/�2� N���F�)�&*5F8��/� � j $  #&�(�)�K�+�i d 8�����z�P�">x�& realistic V v�G $ Q�8 V��>� g
��j $  �X�P c>� 8�����P����
� j $  

• ��� { d*�/� P*y/z/{�& Y/Z i/. $�� 8 C>� { d ���*z V �9��� $  C/� g c ���*z � p 7
n V ">x�[ $'�>� &�vF8 %>7�� i/. $  

•
1�2 ��� 3 p-n � P��/� d 8 3S1, 3D1, 3D2, 3D3, 1P1

i�j $  
• ">x/�/� _ �/¡ �/��b V�W #�� d 8�¢/£�3*¤ Y �/� 7 g
�*vF8  2¥�¦/3�§�P�¨/©�3*ª/«�¬�j
$ T�U d*>® g4��#>3�#� 

• ¯�V {�6�i�">x�[ $ T�U�P�°�U�D�ELF�H�I���& 1�2 [ $  Coulomb
6 V Q $ ">x�P�D�ELFH�I�� V�W #�� d 8 Y/Z�d>±*² i�j $ ¬�8aX�P*³/´/µ/¶�P c/� 8¸·>¹/º/cFd�v�# V�W #���»

� ¬*�>��i�j $  
% ���
P���� d 8 b N D &�¢�` S .�¼�[ %/7 i�½�¾�[ $�%>7 ¬�i>. $  S .�¼�[�¿�P�D � F E

d 8�"/x g c 2
B K D O�N�À�P�Á/Â>I�9 V�Ã/Ä 3 	 P�&�Å�G $�%>7 i�j $  
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&�(*) K*+/| `�i���� g
��# $���� P [*����V�	 �6�/¬�j $  �425�	�8 [*�
� C K
N P�M @�� N ¬�5�6LQ'� $ T�U d 8�����[ $���� P [*��� &��/º>f�H�Q�#� 
[ F�&���i�Å�G���j $4C 6 L N�O d 8�5�6/°���¬���3�R�3 $ Q�8 V g c 	 P�i�8��R���i�E DE 1�2 9 [ F*&���i�j $  ��>4�P*{���� V�Ã 9�[ $ ¿ V�d 8 k

P�(�)�!�8��>À���3�§�& �/� g
��8� " V )�.23����� 6À�&*c^� ��!AR'�/��¬ j $  �� c 8 form factor
& 1 2 [ $ R

P�M @ H � � 	 8
CDCC "/��# & � ! ��V x9R , i � "�3*·>¹�&�$ W>� ¹ V�% Q>R�g4��!�&/3 Z ��H�# Z 3�#� &�(*)�K�+�P�M�'�% [*����d�( 1MB

 1�2�) À d 8 C 6 L N�O V )�.�R�*�+�[ $ ¬�8 E DFE 12 9 [ F�&�� _ cdcdeu.d)
P %�, � 1�2 i�8 60 - i�j $  # &�(*)�K*+�&�.�� c 1�2 i�/�0�&�1�'�[ $ T�U d 8/&�(*)�K�+*: _ CDCC cdcdeu) 7 I>J/K:�&�2�3�[ $�%/7  465�7
8

# &�(�)�K�+ d 8�9/K �'¬�:�; )�<�=�>�?�@ � F�O N�P2&�(�)�K*+ K �6$ K6%'aA1 1�B C
CDCCD V Q $ y>z/{ 3 E�$ 04N B�F @ &����>x�Gj4NIHKJ V !�#���I>J g
��# $ ¢>¤�P>&�(�)�K�+�P¢ W i�jd 8>a�1�9 1�2�L ¬�M � F�O�N
&�ON�PGQ��
Q�R�S�T
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