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Yahiro, Ogata, TM, Minomo, PTEP01A206, (2012).
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Continuum-Discretized Coupled-Channels: CDCC
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Bound state

Average method

» G. H. Rawitscher, Phys. Rev. C 9 (1974), 2210
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Pseudo-state}£

E. W. Schmid and H. Ziegelmann, The Quantum Mechanical Three-Body
Problem p. 192, 1974. R. C. Johnson and P. C. Tandy, Nucl. Phys. A 235

ALY A (1974), 56. B. Anders and A. Lindner, Nucl. Phys. A 296 (1978), 77.
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Gaussian Basis Function

* Real-range Gaussian basis function
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d(n+p)+>8Ni scattering at 80 MeV  °Li(d+*He)+*°Ca scattering at 156 MeV
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Smoothing factor
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CDCC vs Faddeev

Deltuva, Moro, Cravo, Nunes, Fonseca PRC76, 064602 (2007)
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Continuum-Discretized Coupled-Channels: CDCC
Yahiro, Ogata, TM, Minomo, PTEP01A4206, (2012).
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Ogata, Yahiro, Iseri, Matsumoto, and Kamimura, PRC68, 064609(2003)

Eikonal-CDCC
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O Gaussian Expansion Method

E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl. Phys. 51, 223 (2003_)
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6He Three-body Hamiltonian S. Saito, Prog. Theor. Phys. 41 (1969), 705
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Coupling potential DFf5H

SHe +!2C scattering (@ 38.3 MeV
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Matsumoto, Hiyama, Ogata, Iseri, Kamimura, Chiba, Yahiro, PRC70, 061601(2004)
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Matsumoto, Egami, Ogata, Iseri, Kamimura, Chiba, Yahiro, PRC70, 061601(2004)

SR EGEL D B 29 B T A

209
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Aoyama, Myo, Kato, Ikega, PTP116, 1 (2006)

BAR Y=V 7

Complex-scaling operator: [7? He
UY £(r) = i3/20 £(1etf
f( ) f( ) Bound state T Re[E]
Coordinate: r — re® —— ) A — "

Momentum: k — ke %

Useful for searching many-body resonances

Green’s function with Complex-Scaling Method (CDCS Green’s function)
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TM, Yahiro, and Kato, PRCS82, 051602 (2010)

Smoothing with CSM

Discrete T matrix T, = (@ (R)| V[P (E,R))

Continuous T matrix T(E) = @ (E, xS R)|VEH (€, R))
do _ e nl / R nl/ fiiii l Y
JE /T (E )T(E )5(E E)dE = 71-1 R(E)

R(E) = [ dede @O RIVING RIRG B EE) G BIVIED € R)w

Green’s function with Complex-Scaling Method (CDCS Green’s function)
Ref. Y. Kikuchi, K.Kato, M. Myo, M. Takashina, and K.Ikeda, PRC81, 044308.
Ref. TM, T. Egami, K. Ogata, and M. Yahiro, PTP121, 885.
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Differential Breakup Cross Section

New description of differential breakup cross section

do 1 cocct (PilU°|90)(981U°|®;) - cnoc
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1. Convergence of 7-matrix elements calculated by CDCC

Z|¢z‘>(¢z‘| — YR Z¢z )xi(R

2. Convergence of Green’s function with CSM.
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We should confirm the convergence with extending the model space

The number of bases Gaussian range max
Set I 10 10 fm
Set 11 15 20 fm

Set 111 20 50 fm




do/dE,,, [mb/MeV]

*He+'*C scattering at 229.8 MeV

*Het+"*C scattering at 229.8 MeV
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The result with set II gives good convergence for Green’s function
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M. Yahiro, K. Ogata, K. Minomo, PTP126, 167 (2011).
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M. Yahiro, K. Ogata, K. Minomo, PTP126, 167 (2011).

SINeD 1 HPE-BR K BT IET 7R

A7 HEXERD
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~lnstr —

HPE- 23R R
a7 BB SN SWERE (PR FRREBNER) O_jyem = O_tper +

12C 12C 208Pb | 208Pb
(ERT) | (Glauber)| (ERT) |(Glauber)

O instr
T 24 -- 800 810
o 114 96 1044 1140
S 0.69 0.82 0.68 0.62

Horiuchi, Suzuki, Capel, Baye, PRC81, 024606(2010).
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http://www.nt.phys.kyushu-u.ac.ip/CDCC/index.html
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» Eikonal CDCC

» Four-body CDCC

» Microscopic Optical potential
» Eikonal Reaction Theory
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Coulomb 7?21 Be)

n
11Be O
O Erel
V@ < 10Be
208Pb
"Begs = o'""Be(0%) ® 12s1)5) + B]'"Be(2T) ® vlds )

a7hiE A Y OCDCCEHE—-XCDCC

*Well known Structure

320kev EEEEENEEEENE n+10Be

1/2
S, =504 keV

1/27

CDCC calculation

* Assuming a= 1, = 0.

* o can be decided by reproducing
the energy spectrum.




do/dE,, [b/MeV]

HBe +205Ph @) 68 MeV/nucl.

Fukuda et al., PRC70,054606(2004)

T T T T T T T T T 2 T I T T T T T
"Be+2*Pb —»'"Be+n+X | | “Be+™Pb —p'"Be+n+X |
E,, =68 MeV/A | A E,,= 68 MeV/A .
\
O Odeg <6 <6deg \ Solid : Nucl. and Coul. |

O Odeg <0 <13deg |

dashed : Coul. only
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2 B EFE or 1 BB

CDCC DWBA
Including all coupling effects Without continuum-continuum and

(continuum-continuum, bound-continuum) continuum-bound couplings
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do/dE,, [b/MeV]

Including all ¢
(continuum-c(

—

\ "Be+*Pb —»''Be+n+X |

|

, |

1 E,, =68 MeV/A ||
\

|

|

|

Solid : Full CC.
\ dashed : DWBA

[rtinuum and
lings




Coulomb 7#%(°C)

5/2*
1/27

PCgs(1/27) = a*C(07) ®p2s1/5) + BC(27) @ v1ds /)



do/dE, [b/MeV]

LC +203Ph @ 68 MeV/nucl

Experimental data are taken from Nakamura et al., PRC79,035805(2009)

Nuclear and Coulomb

15

C+208Pb 14C+n+X

E,, =68 MeV/u |

0°<0<6°

0°<0<21°

15C + 208Pb “ 14C +n+X

E,;, =68 MeV/u _
\ dot : 1-step |
AN dash : only Coul. BU
N solid : Full-CC I
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wg.s.(ISC . O+) =

wg,s,(lgC :1/21) =

0.33MeV LBl

0.21 MeV E 1/2*
3/2*

17C

o
P

a|0ds /o ®'7 C(3/2T))
+ Bl1s1 2 @7 C(1/2T))
+ v|0d5 /2 ®'TC(5/2%))

ao|1s1 /2 Q18 C(0™1))

+p
+7
+¢

0ds /o ®'° C(27))
Ods /2 ' C(2+)>

0ds /2 @' C(37))

S 17C, 18C
L= gl
(2,3) 4.0 MeV
? 2.5 MeV
2 1.6 MeV
0* 0 MeV
18C
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(\ w( k, 7‘) Black circle : Fourier transformation of the w.f.
N k)= [ e"wik.rydr
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do/dP, [mb/(MeV/c)]

@ﬂﬁf]\ﬂf(] 7C, 18C)

: (a) lH(IBC,17C+’}’) -
0.10l- E'.},=021MeV _

0.05

0.00¢= : : : =
o.3|— (b) 'H('®C,'"C+y)
. E,-0.33MeV |

0.0
—-200 —-100 O 100 200
P, (MeV/c)

Neutron in d-wave

17C(E,=0.33MeV):5/2*

Neutron in s-wave

17C(E,=0.21MeV):1/2*

Neutron in d-wave

0.8 6 17
_______ fes 18C(E,=4MeV):2*,3*
%0‘7 %5_ _/3—11: SRR R PR B
=06 = 4 0.15|F IH(1°C 180 4y)
_______ 05 - ) .
> > 4 F I e
200.5_ ao 4 i E7—2.4MeV
3} 3 Rz 5 i
c c .
o 04F (5/2%) o 31 © 0.10
< + g et i
o - /2" 5 N
© 0.3 2 5l 8
= 1/2°) 3 2 -
= 02¢f 5 NG i
3 . = 1k b 0.05
= 0.1 5/27 m o i
3/2% —J3/2* 0" 0y
0.0 0~
exp WBP exp WBP 0.0
1'7C 18C -200 =100 O 100 200

P, (MeV/c)

Y. Kondo, T. Nakamura, Y. Sato, T. M. N. Aoi et al.,
Phys. Rev. C79, 014602 (2009)



do/d& [mb/MeV]

i N
T

6He D% T} - 7 —2 7 BEAEHT

6He+12C@240MeV/nucl.

TOTAL

+ o E
0 -continuum
1 -continuum .

+% 2 -continuum |

200

do/de [mb/MeV]
o
o

Exp. data from PRCS9, 1252 (1999), T. Aumanh et al.

6He+208Pb@240MeV/nucl

TOTAL
0" -continuum

1"-continuum | 1

+ .
2 -continuum |
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Partial cross section for J

do/dE [mb/MeV]

SHe+'C at 240MeV/nucl. |
Total
1 L .
0 /\ . . .1 _
10° 10°

J: Total Ang. Momentum

6He5 RIZ B W T H AT IZERNUE
CoulombZ 721 25 Z LA v hE

B 6He+208Pb at 240MeV/nucl. T
| 0deg<0,,<0.5deg |
100} ‘ -
i —— Total i
i ———  0'-continuum |

——— 1 -continuum
i N ) .

2 -continuum

50t
0 - 1
2 4 6
E [MeV]
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2 B EFE or 1 BB

SHe+12C scattering@240MeV/A SHe+2%8Pb scattering@240MeV/A
I ll‘| —— TOTAL | 200} T
B — 0+-Breakup i —— TOTAL
f —— 1-Breakup | —— 0"-Breakup
——— 2 -Breakup —— 1-Breakup
E Solid : Full CC - 2 -Brealp

Dashed : DWBA

Solid : Full CC
Dashed : DWBA
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Application to Nuclear Engineering
U Background

» Lithium is an important element relevant to not only a tritium breeding
material in DT fusion reactors but also a candidate for target material in
the intense neutron source of IFMIF.

» Accurate nuclear data of nucleon induced reactions on %’Li are currently
required for incident energies up to 150 MeV.

» Statistical model is not applicable to Li scattering because the clustering
structure is important for Li

OCDCC calculation
O » O7Li structure
O - / "Li=%He+d 5 1,4 cluster model
(W Li=4He +¢

IS e

.\ t i .

Li ‘/ » Nucleon-%’Li interaction
@4H Single folding model with JLM

€

This work has been performed at Hokkaido Univ (JCPRG) and Kyushu Uniy..



6li "Li + ngeAL

6L1, 7L1 2-cluster model

a t Transition density
© o &
P;(1p) = <¢i|5(rP_Sn) 9
® @ J El 2
(04

Microscopic coupling potential

U;(R) = fpzj(rP)VNN(S’Eap)drP

van: JLM effective potential
J.-P. Jeukenne, A. Lejeune, and C. Mahaux, Phys. Rev. C16, 80 (1977)



do/dQ. . [mb/sr]

CDCC Analysis of °Li(n, n)

Calculation

N
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N
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- n-°L1 interaction: JLM
- L1: d + oo model
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do/dQ (mbl/sr)

Elastic scattering

10’ ——————— S S S : T s
3 . Li(p,el)
102 : SLi(n,el) (b) Ep=5 Mey .
\\\“\\§n=11Me\[,"'/——"-
10" | sesceds
7\5‘10'2 AN - 1
£10° y :
S 16 " an
g10%}| . :
O (I L
©10° 39.7
10° > :
LN 50 ..,
107 :
10-8 "a ]
Angle (deg)
10'9 ......... | PR S | R S . S
0 50 100 150
Angle (deg)

Calculated by Guo (Kyushu Univ.)



d’c/(dQdE) (mbl/(sr MeV))
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Nucleon emission (BU of Li)

|||||||||||||||||||||||||||||

En=14.1 MeV
Angle=52.5 deg

data.

ptn+'He  °Li 4-body CDCC analysis

n’(E)

6Li*

{ Neutron emitted spectrum represents
| the excited structure of °Li, and
15 CDCC calculation well reproduce the



d’c/dQdE, [mb/(sr MeV)]

CDCC Analysis of °Li(n, n’)da

3
0 v vetwas ]l WOV 1%—mr———————
E,=14.1 MeV, 6,,=30 deg E,=14.1 MeV, 6,,,=75 deg 10 E Z18 MeV, 6,,-80 deg
S =
) | L 1
> 1 S 0%} |
) &
2 =
£ El
= ] =
= < =
S 4 g 10
b o
N_c i
T | 1
10-1 K S R ] 10-




Fkd>

® NEZEMDBE-T 5 I HIZ BV TCDCCIEIXIER
AR KRR TH S,

® CDCCIAIE 3 R BT T TR < 4 iR I s D
FHICHIHEHTE %,

® CDCCHETR 7 —u ViR hnteDTHZ2E8D
EHEIZH D 5 T & D RE,

® CDCCIEIIARALRERBITIZT T K. LDz
BOTIHIEBITEHR HLELEK>TWS,




