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Self-introduction

Nuclear Data

Theoretical || Experimental
calculation || measurement

v

Evaluated nuclear

Elastic n-induced reaction
7 a-->
@ €| &

Fission

data library Transfer Capture
\ 7 4
Application @ @
Systematically and globally

B Nuclear level density ? wl
| MaSS g 10" &
B Spin and parity : 12
B Deformation parameter = :
- Theoretical and experimental study of

fp-decay data

nuclear physics is necessary.

NEUomEmeTgy (€ vy



1. Coupled channels method



Introduction 4

“Channel” (terminology)

B c.g. Elastic scattering

Elastic “channel”
“Channels” are classified by

______ a I <
/% /Q" i quantum states of nuclei and
quantum numbers of relative motion

Ground “state”_ aaA
(momenta and angular momenta).

Coupled channels (CC) Elastic channel  Inelastic channel

B c.g. Inelastic scattering

Total WF expressed by superposition
U = xgL(r) |ad) + x1e(r) [aA”)

Coupled-channels equations -
ht+ K+V—EW=0 Xie(r) |[aA*)

(aA| ( {[K + (aA|V|aA) — Egp|xeL(r) = — (aA|V|aA*) xi(r)
(@A™ K + {aA* [V][aA*) — Elxie(r) = — (@A™ [V]aA) xeL(T)




Introduction

Matrix representation

{[K + (aA|V|aA) — Egrlxen(r) = —[(aA[V]aA ) m(r)
K + (aA* |V]|aA*) — Eglxis(r) = —[(aA* [V]aA)xew(r)

\

K + (aA|V|aA> _EEL <aA|V|aA*> XEL —0
(aA* |V]aA) K+ (aA* |V]aA*) — Fis ) \ xiE

The off-diagonal components connect both channels.

B How to solve coupled differential equations

Numerically
Modified Numerov method,
Euler’s method,
Stormer’s 6-point method,
Iteration, etc.

M. A. Melkanoff et al., Methods in Computational Physics, Vol. 6 (1966), Academic Press (New York).



Matrix representation

[K 4+ (aA|V|aA) — Exp]xEeL(T) (aA|V]aA*)

uler’s method,
Stormer’s 6-point method,
Iteration, etc.

M. A. Melkanoff et al., Methods in Computational Physics, Vol. 6 (1966), Academic Press (New York).




Examples

Deuteron

B One-pion exchange potential (OPEP)

3 3 THT
VWZf(T1'T2)[01°02+(1+—+ 2)512]e :

pr () pr
3
512:r—2(01-r)(02-r)—o-1-0-2 \\/
Tensor term gives A/ =2 component. T

//\\

B D-state (/=2) admixture due to tensor force

Tensor
K+ Vi —¢ Voo up\ 0
VQO K + V22 — & U2 B

Tensor

Voo : Central
Va2 Central + spin-orbit + tensor + quadratic spin-orbit (/)



Examples

B Calculation by T. Myo

0.50 - Energy| -2.24 MeV
< 0.40 Kinetic| 19.88
'€ 0.30 |
£ Central | -4.46
§ 0.20 }

0.10 Tensor|-16.64

0.00 S | LS -1.02

0O 1 2 3 4 5 6 7
r [fm] P(L=2)| 5.77%
| AVS’ .
Vv Radius| 1.96 fm
central
r Rm(S)=200 fm d-wave is

“spatially compact
(high momentum)

R_(d)=1.22 fm

Vtensor



Examples

Hartree-Fock (HF) method

B HF equation derived from variation principle

5 Vi) + 3 / dr'v(|r —7'); (r') s (r)i(r)

2m

=3 [ = v e = il

- ——V2+Z ol d) —ei| wilr) =D (i lvld) ps(r)

J

Fock (exchange) term connects different s.p. states.

Hartree-Fock-Bogoliubov (HFB) method

B HF + Bogoliubov transformation to explicitly treat paring

h A Up\ _ Uk Talk by Y. Kobayashi
<_A* —h*) (Vk> = Ek <Vk) — y x. y 1

Paring potential connects different quasi-particle states.




Examples 9

Shell model
B Configuration mixing —o— — eo—
T) = col0) +er|1) +-- =Y eiliy T OTTTT o+ TS 4 T
H V) = E|) oo e-e oo
0) 1) 2)
> (ilHj)e; = B,
J The off-diagonal matrix element

. : : , provides configuration mixing.
=> [(i[H|i) —Elc;=—) (i|H|j)¢

J7#1

B Superposition or basis expansion
B Matrix elements
— Admixture of states = CC




2. Reaction theory based on
the CC method



Reaction model (CDCC) 11
Excitation of projectile into continuum state
______ P
-
"« Elastic
------ ¢ --7
The x-b continuum state .
I @
Based on the x + b + A4 three body model Breakup 2 Inel
o7
Projectile can breakup in intermediate state AR 9>
— Superposition of elastic and breakup channels @
Breakup
, U (r, R) = Yup(ko, ")xan (Ko, B) | [ R
R + | Wk, 7)xaa (K, R)dk &
, S (k) (K, R) %
. Transfer
A




Reaction model (CDCC) 12
Continuum-discretized coupled-channels method (CDCC)
B How to treat breakup channels
VO ) = (o P (Ko, R / G (k1) Xan (K, R)
Truncation & dlscretlzat"’n Infinite number of continuum states
i ka k k
KIJH_) ’T‘ R Z wa;b Xa,j(zl A A 4
truncate ""'] dISCretize |
M. Kamimura ef al., Prog. Theor. Phys. Suppl. No. 89, 1 (1986). I
N. Austern et al., Phys. Rep. 154, 125 (1987) . L _d_ 4 p e e _
M. Yahiro et al., Prog. Theor. Exp. Phys. 2012, 01A209 (2012). — — —
B CDCC equation
i [h+ K + Usa(r, R) + Upa(r, R) = EJ9(r, R) =0 o 4
!
r R
K+ Uii(R) — Ei| X3 (R) = = ) Ui;(R)x)S (R) < ﬂl)
]#Z O A

Uij(R) = (¥y| Usa(r, R) + Upa(r, R) [902,) x



Reaction model (CDCC) 13

How to discretize
bin (average) method
kKt kb ) 1 [h

___________ - Vnem(T) = A ) Vo (k, 7)dk
L e
........... 3 Ak —— | . B [(kn+kno1)? N (Aky)?
mininininls aniainip AU 1 12

pseudo state

o M

() =)

H;;
Nij = (¥ | ¥;)

= <w‘H ’¢j> diagonalization [———
—— |




Reaction model (CDCC)

14

Equivalence of two methods for discretizationtion

B Overlap with true scattering wave

k
A

average method

b (5(k,7) | 6 (r))

pseudostate method

o - (k1) | 677 (7))

B Observables (°Li + *°Ca at 156 MeV) T. Matsumoto et al., Phys. Rev. C 68, 064607 (2003).

........... Watanabe

—-—-- conventional Av
(Breit—-Wigner)
precise Av

———- PS (complex-range)

O

[ S() |* [ fm ]

e
b

d-state (J=43 , L=41)

0.2

= === PS(real-range)
PS{complex—range

=AV

k[fm]



Reaction model (CDCC) 15

Truncation regarding momentum & angular momentum spaces

B Momentum truncation

o0 kA kA
Uy (r, R) = / boo(k ) xan (K, R)E w1
0 truncatg
kmam
o [ bkt R) pedeas pet
0

B Angular momentum truncation (Austern-Yahiro-Kawai theorem)

N. Austern et al., Phys. Rev. Lett. 63, 2649 (1989) .

CDCC with ang. mom. truncation Distorted-Faddeev equations

L A A A
P:/d'ﬁzzylm(f“)yl:@(f“)v [E—K—V—PUP]\IJQZV<\IJx+\Ijb)a

=0 m E - K- U, - U] (8o + 8,) = (U= PUP) ¥,
Expected

[E — K —V — PUP]¥°PCC =,

to be small

Ucpee can be a good approximation of W, if I, is large enough.




Reaction model (CDCC) 15

Truncation regarding momentum & angular momentum spaces

B Momentum truncation

\I/br(’rg R) = / wxb(k7r)Xa,A(K, R)dk (-
0 truncate
kma:l?
— / wmb(kvr)XaA(KaR) mil -x+b === -

Model space should be set so that
B Angular momel ' ghservables we want to see can be

described properly.

rem)
ys. Rev. Lett. 63, 2649 (1989) .

CDCC with ang. mom. truncation

Distorted-Faddeev equations

szdfﬁijnm(f)m(ﬁ),

l:O m

[E — K —V — PUP]¥°PCC =,

[E~ K-V —PUP|¥, =V (¥, +3,),

E— K — U, — Uy (q/x + xifb) — (U — PUP) b,
Expected

to be small

Ucpee can be a good approximation of W, if I, is large enough.




Reaction model (CDCC) 16

Breakup effects on elastic scattering (1)

M. Kamimura et al., Prog. Theor. Phys. Suppl. 89, 1 (1986).
1 T l ] T [ L) I ]_ { ] I { 1 I 1 1

1 ¥ l L ) l T L4 I ) L] ' LA | I T

j b) ]

- (a) SN (PN 208pp(d,d)*®Pb (0) ] A -
[ ~ Eq=56Mev | | E4=56 Mev 1ad _9_- -

1 A r? TN 4 L g S S i
: N : : &
. \ N B - Lieee G | ] N

10'E N 4 . ——— Sg+Dg
: 3 —— So+Dp+S*+D*

100 ' ..., /; 3
- \-\./ 3 AN y.
: : AV /l

S So+Dg+S*+D¥ . \\»\-.,\, .

10 USRS SR SN S T SRR SN NN NN TR I TR W N S T T DR D P

0 60° 120° g™ 180° 0° 60° 120° gem 180°

Breakup states of d 1s essential to reproduce experimental data.



Reaction model (CDCC)
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Breakup effects on elastic scattering (2)

6°He + 208Pp at 18 MeV

| | | | | | | | | | |
30 60 90 120 150 180

O.m. (deg)

N. Keeley, K. Kemper, and K. Rusek, Phys. Rev. C 88, 017602 (2013).

XCDCC(ri) = XO("“@') + Xc("“i)
Elastic

1.0 He JJ\ _ ».?12’
T
\N

-

©

2

I

T

o

o

g

K; + Uy — Ey

UCO

Ki + Ucc

OEL X |X0(7“asy)|2

[t 1s necessary to include the continuum states
of the projectiles to reproduce measured CS.

Breakup

5) ()=

(’l“asy > ’l“N>

The coupling back to the elastic channel
(back coupling; BC) is essential.



3. Transfer reaction with
the CC method



Background

18

Physics through transfer reactions

Transfer reaction: 1s sensitive to nuclear states in the initial and final channels.
useful to generate states selectively due to matching condition.
— Probe single-particle structures

One-nucleon transfers
Ex. (d,p)

single-particle states

Two-nucleon transfers
Ex. (¢,p)

p a7
2n - én

nucleon-nucleon correlations

o, transfers

Ex. (SLi,d)
d
O{o >
" _
® - %
&
clustering

4

3
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Description of transfer reactions (conventional approach)

B The transition matrix for the 4(a, b)B reaction
within the distorted-wave Born approximation (DWBA).

B The optical potential U, 4 (Uyp) for the a + A (b + B) 2-body system
generates the distorted wave.

B One-step transition induced by the residual interaction Vi, (V,4)
for the post (prior) form is assumed.



Background 20

Bevond DWBA (CC on transfer reactions)

B To take into account channel-couplings due to the three-body dynamics,
the coupled-channels Born approximation (CCBA) was proposed.

S. K. Penny and G. R. Satchler, Nucl. Phys. 53, 145 (1964).
P. J. Iano and N. Austern, Phys. Rev. 151, 853 (1966).

: 2\
. 40CG('3C,|4N)39K(gAs. 33) (a)g \\.@ 5-
EE) ] 13C S 4
e @-> 23 @
B > @3_ ->
uo.o: E 40Ca @391{
3 @m
5” _4.49 MeV,
3= 3.74MeV
of .
T B0 0yy 0.00MeV  §3/2° 0.00 MeV

K. Low, T. Tamura, and T. Udagawa, Phys. Lett. B67, 5 (1977). 40Ca 3 9K



Background 20

Bevond DWBA (CC on transfer reactions)

B To take into account channel-couplings due to the three-body dynamics,
the coupled-channels Born approximation (CCBA) was proposed.

S. K. Penny and G. R. Satchler, Nucl. Phys. 53, 145 (1964).

P. J. Iano and N. Austern, Phys. Rev. 151, 853 (1966).
(2)] N
a g
40 i3~ 14, 39 3+ 4
Ca( "C, 'N)""K(gs. %) : \\@? 5-
0035 12 e P

‘e 0'03

---5 | CCBA were able to achieve to reproduce experimental data.
by including the channel-couplings among a few excited states.

{mb/sr;
dfl

do

10.0}

However Continuum states were not taken into account
for stable nuclei.

— They are expected to be essential for loosely bound system.

f}g\

T By e 0yy 0.00MeV  §3/2° 0.00 MeV

K. Low, T. Tamura, and T. Udagawa, Phys. Lett. B67, 5 (1977). 40Ca 39K
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M. Kamimura et al., Prog. Theor. Phys. Suppl. No. 89, 1 (1986).
Bevond DWBA N. Austern ef al., Phys. Rep. 154, 125 (1987) .

M. Yahiro et al., Prog. Theor. Exp. Phys. 2012, 01A209 (2012).

B Coupled-channels Born approximation (CCBA)
with the continuum-discretized coupled-channels (CDCC) method.

_ (—) (+)
TCCBA — <\IJB(CDCC) ‘ be \Ija(CDCC)>
. o b >
Ea— S ¢
\ x x/r-O U a
U:BA
ATE))

B The optical potential U, 4 (Upa) for the subsystem x + A4 (b + A)
generates the distorted wave based on the 3-body model.

B The CDCC wave functions both in the initial and final channels.
— Remnant term is canceled out exactly.
— Rearrangement component is involved implicitly.

A. M. Moro et al., Phys. Rev. C 80, 064606 (2009).



Model (CCBA)

22

Breakup process

B Deccomposition of the transition matrix

o) L ae)
15@%‘—<Wmaf+@ﬂwm‘uw

a(e

(+)
T+

(+)
\Ija(br)>

= Tsen,ate) + Tpen,atn T Laon,ateh + Loon abn

— Continuum

—  Bound

Continuum ]

Bound

57

— >
@)
X,

$ Back coupling (BC)
—> Elastic transfer (ET)

-=-> Breakup transfer (BT)




Model (CCBA) 22

Breakup process v" BC is implicitly taken into account

in DWBA as “absorption”.
B Deccomposition of the transition matrix| v/ BT is never involved in DWBA.

e ) ) g
Teenn = (W5 + 050 | Vo | 000+ w80,)

ae a(br)
= Tsen,ate) + Tpen,atn T Laon,ateh + Loon abn

— Continuum Continuum ™
2\ %
T Q - > A
S v b
a \ II 1-// p ,¢7
&__> ‘\\ III J
> ] X I e
A b /A T B &
/N
L d) > @ A $ Back coupling (BC)
—> Elastic transfer (ET)

—  Bound Bound — -=> Breakup transfer (BT)




3. 1. 8B(d, n)°C



Model (numerical setup)

Numerical setting

n
B Initial channel
| . v, s
‘/pn (Tpn> : 1 range Gaussian (Ohmura potential) «< 2 ‘B

U ;%)(TxP,) : Global optical potentials (Woods-Saxon) T

B Final channel
U ]ﬁg) (rpB) : Woods-Saxon potential (reproduces the ground state energy of °C)

U 72]@ (rnB) : Same as that in the initial channel ‘B

T. Ohmura et al., Prog. Theor. Phys. 43, 347 (1970).
B. A. Watson et al., Phys. Rev. 182, 997 (1969).
J. H. Dave and C. R. Gould, Phys. Rev. C 28, 2212 (1983).

Interactions are phenomenologically determined.




Re SUlt 1 T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 2 5

B Discretization (pseudostate method)
— The internal Hamiltonians are diagonalized with Gaussian basis functions.

(hon = €pn) Ypu(Tpn) = 0 (hew — €l ) Wl (rym) = 0.
100
- Deuteron - (b) °C

80| - 80! —

60 — 60 —
A s ] — _ —
\Z/ 40 - S 40 L _
~5 - L = _ S -

200 — S0l . —  — T

0 )] — = — =

S d p S d f g




© Breakup effect on 3B(d, n)°C

14

_ — Ty,
12+

—— no breakup

—_—
o] e
T T T T

do/dC) (mb/sr)
O\ T

8B(d,n)°C at 14.4 MeV/nucleon

0 5 10 15 20 25 30
0 (deg)

B Significant breakup effect (58%) can be
seen at the forward angles of the angular
distribution of the cross section.

35




@ Breakup effects of each path

107+ — Thetael
—— no breakup

do/dQ (mb/sr)

ET ~DWBA

0 (deg)

B The BC is weak and the ET result can be regarded as that of DWBA.



R@S“lt 1 T. Fukui ef al., Phys. Rev. C 91, 014604 (2015).

23

Breakup effects of each path

¢
) 9

G P , @
X/ 7 J —_
\\\(".ea ”/ = @
{ ! ¢

>
Qxe?§” \\\ %
“;’ \\ '%
P olo ot SO
| 2 19
= 8B
ET ~DWBA
d °’C

[S—
AN

[a—
\S]
T

[S—
(e
T

o0
T

(o)
T

"Eag
.....
.
0
.
0

e ———
-~
~

They.atel) ¥ Thet),atbr)
Thetyately T Thor)atel)

Tgiet),atel)
no breakup

B The BC 1s weak and the ET result can be regarded as that of DWBA.

B Strong interferences between the ET and the BT in each channel enhance the

cross section. — Never involved in DWBA.



R@Sﬂ]t 1 T. Fukui ef al., Phys. Rev. C 91, 014604 (2015). 29

Breakup effects of each path

—
AN

[ Negligibly small s ¢Q _ ' T 7,
QY | TTTTTETTEETTEETTT - ’ ]
R Thety.atel) T Thcor).ateh ™t Thel), abr)
\\J NSZ4 @ 0]
e\,;’ ~ L
c(e‘&?” \\\\ % 6L
’ ~

p 0[0 ’“,Il \\\\ “g L
nJ) n',%/” = o
> B 5|
ET ~DWBA -

d 9C 0 5 10 15 20 25 30 35

0 (deg)

B The BC 1s weak and the ET result can be regarded as that of DWBA.

B Strong interferences between the ET and the BT in each channel enhance the
cross section. — Never involved in DWBA.

B The BT among continuum states 1s negligible.



R@S\llt 1 T. Fukui ef al., Phys. Rev. C 91, 014604 (2015). 30

Dvynamical change of transferred angular momentum /

14

12

[am—
S

o0
T -

=1 (lpn=0)

do/dC) (mb/sr)
(@)

DWBA: /=1 (unique)
CCBA: [ can dynamically change

. 8B(d,n)°C at 14.4 MeV/nucleon TR
%0 15 30 25 30 35 p
0 (de -
CC

B A 25% increase due to CC
with the d-wave of °C is confirmed.




Nuclear astrophysics

31

Determination of the astrophysical reaction rate

B [gnition of the hot pp chain

*B(p,7)°C(a, p) *N(p, v)'*O(8Tv)*N(p, v)*O.

— Important process to produce nuclei

heavier than A=8.

- (77
/"]a? \ 2 C,‘
8B = \\13 ;}’ 9C

M. Wiescher ef al., Astrophys. J. 343, 352 (1989).

CNO

°C

1
1

p-p chain

‘B
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Determination of the astrophysical reaction rate

B Transition matrix for the radiative capture P ’Z\M
) " 7 %
<¢pB > SBQ(' 9C<"’
4 .« /7 .
Upn(r) = (@05 [B) X (k) = > xn (k)Y (k) Vi (7)
= ¢u(r)Yim(7) M
asy. W
=y o M0y, i)

B Astrophysical reactions are a low-energy scattering.

— Scattering wave 1s suppressed 1n interior region.

— Only the surface of ¢, (ANC) 4

contributes on the cross section and .
determine the reaction rate.

Wave function
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Asymptotic normalization coefficient from observables

A. M. Mukhamedzhanov and N. K. Timofeyuk, Yad. Fiz. 51, 679 (1990)
Wi (r) [Sov. J. Nucl. Phys. 51, 431 (1990)].

l In the model qﬁéB is calculated

as a single particle wave function. P
Km
ul(r) 8 (™)
r) /S : B
() oy S;: spectroscopic factor

asy. / P 2 ( ) b (51 ): single particle ANC
S l ]

(C1)? = Si(b™)?
determined calculated with
from observables the single particle w. f.




RGSUlt ]l T. Fukui ef al., Phys. Rev. C 91, 014604 (2015).

34

do/dQ (mb/sr)

B~

[\®)
T

ANC from transfer cross section

(O8]
T T

- 8B(d,n)°C at 14.4 MeV/nucleon

® Beaumel efal.
— CCBA (x0.361)._

5 10 15 20
0 (deg)

25 30 35

B We obtain the value of ANC,
(C)?>=0.59
+ (0.02 (theor.)
+0.13 (exp.) fm1,
which i1s about 51% smaller
than that of the previous DWBA
result.

D. Beaumel et al., Phys. Lett. BS14, 226 (2001).



Result l T. Fukui et al., Phys. Rev. C 91, 014604 (2015). 3 5

Breakup effect on .S, of 3B(p, y)°C

S1s(epB) = 0py(€pB)epn €xp 271

100 y
'| ® Reanalysis of transfer : o Beaumcl ef ol
90H & Beaumel ef al. ' § iy ohaivil
| & Trache et al. | (x0.361).
80l X Motobayashi ]
| @ Reanalysis of breakup X | =
N 70 i i é
e - 1S
+ ] 3
> 60} 35413 77415 13
50! / ~~ L _66£10 |
= 50r Transfer / | [ SR .
% 40| reaction Breakup reactions
N 94 6" | i % 5 10 15 20 25 30 35
30r D. Beaumel et al., Phys. Lett. B 514 226 (2001). ]| 0 (deg)
20' + L. Trache et al., Phys. Rev. C 66 035801 (2002). | What we can say is that the
i T. Motobayashi, Nucl. Phys. A 718 101c (2003). 7
ol T. Fukui et al., Phys. Rev. C 86 022801(R) 2012).]  breakup effect enhances the

transfer cross section.
Future work

(1) Inclusion of the 3-body configuration in °C (p + p + "Be).
(2) The CCBA analysis of the mirror reaction 3Li(d, p)°Li.

[12] B. Guo et al., Nucl. Phys. A761, 162 (2005).



3. 2. 16Q(°Li, d)2°Ne
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@ a-transfer reaction to investigate clustering in 2°Ne (g.s.)

B There 1s NO direct evidence of the clustering 16Q(SLi, d)*°Ne
(surface manifestation) in a ground state of nuclei. oL i d
é 1 OJ¢7
39 . )
B Measurements and their analyses with the ! o dl B
Distorted-wave Born Approximation (DWBA 160@ @) 20Ne

of the (°Li,d) or (d,°Li) reaction have been done.

: : : : [1] N. Anantaraman ef al., Nucl. Phys. A313, 445 (1979).
- Unphyswal normahzatlons (SpCthOSCOplC [2] F. D. Becchetti et al., Nucl. Phys. A303, 313 (1978).

]
]
factor (SF) S, > 1 ) are needed to fit [3] T. Tanabe et al., Phys. Rev. C 24, 2556 (1981).
. [4] W. Oelert et al., Phys. Rev. C 20, 459 (1979).
calculated cross sections to the data.

ELi (MGV) Sa
?)g :}: 120'2 These are due to the ambiguities of
38 [1 4T (1) the optical model potential (OMP) of °Li
422 2.59 (2) the a-'°0O wave function (WF).
75 (3 0.24
95 [4] 0.23
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@ SF is NOT suitable to discuss surface manifestation

y

(1) The SF is defined as a norm of the cluster-overlap function.
()

Su= [ dre? i)l
. . . L N AW\ N
— It involves the information of ¢;(7)at the interior region. \7/4 \/
el
(2) Shell-cluster duality (Bayman-Bohr theorem) s. F. Bayman and A. Bohr, Nucl. Phys. 9, 596 (1958/1959).
Even if there is no spatial manifestation, S, can reach unity.
— Shell model wave function is equivalent to that of cluster model

in ground state.

r

g

/ SHELL Cluster formation CLUST]%[\
Independent particles Cluster excitation

in mean field
(5
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@ Reaction model

B CCBA with CDCC only in the initial channel

M. Kamimura et al., Prog. Theor. Phys. Suppl. No. 89, 1 (1986).

TocBa = <\IJ§f> |Vtr| \IJ§+)> N. Austern ef al., Phys. Rep. 154, 125 (1987) .
M. Yahiro et al., Prog. Theor. Exp. Phys. 2012, 01A209 (2012).

g vl
6L1 ¢ d \\ f %¢7
P i~
A @ @ B(a+ A)
CDCC 1ch potential model

B The CC among bound and discretized-continuum (DC) states
of the projectile 1s explicitly taken into account.
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@ Difference between CCBA and DWBA

CCBA (three-body model, present work)

452 ) ;
... S Qo 2y~ OMPs (phenomenological)
~
o ‘1\* A 4 S‘ . ) ¥ F. Michel et al., Phys. Rev. C 28, 1904 (1983).
\ /\“ A K " B \ \‘ J. H. Dave and C. R. Gould, Phys. Rev. C 28, 2212 (1983).

Y. Han et al., Phys. Rev. C 74, 044615 (2006).

SLi-OMP is needless.

DWBA (two-body model, conventional approach)

6] O T .
------ M % 2y~ OMPs (phenomenological)
ULiAﬁ7* Vtr% Lo ‘D \J?‘]dA Uria Uaa
%% - . N 1 ..
wJ'4 L B & Ut 4 has large ambiguity.

B A part of the CC effect is implicitly
taken into account as an imaginary part of Ur;4.
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@ Structure model

B Microscopic cluster model (MCM) with GCM

| Paom) =

(GCM)

l

B The Volkov No. 2 effective interaction of the
Majorana para. m = 0.62 with the width para.

(7)

M\ M 4!

Mp! A

Antisym.

[ (GCM)
l

(MCM)
l

(7)

v = 0.16 fm ! is adopted.

A. B. Volkov, Nucl. Phys. 74, 33 (1965).
T. Matsue et al., Prog. Theor. Phys. 53, 706 (1975).

B Consistency of the calculated quantities with

the measured ones:
(1) Root-mean-square radius of 1°0

Y. Kanada-En’yo et al., Prog. Theor. Exp. Phys. 2014, 073D02 (2014).

D. R. Tilley et al., Nucl. Phys. A636, 249 (1993).

(T) Yo ("A") ¢Q¢A¢C.m.i| >

Input of the reaction calculation.

Norm is unity.

10

—10

(2) Spectra of 2°Ne

7 _7_

8']'_ gt

5. & 54

6t— — 2"
_3 0" 6t— _3__0+
e

41__ : 4+_ 1_

+

i g+_ %I: |

exp GCM
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160 (°Li, d)*'Ne(g.s.) to search surface manifestation of cluster

0 Present CCBA
Anantaraman ef al.
N Becchetti et al.

107 20.0 MeV (X0.261) — -
o 42.1 MeV (x0.769) ==~ |
€ 104
~ ‘\,é\

S [ N~
3 10_25‘ :
S :
=] I \ //"" S A ]
107 ” ™
[ \ ]
[ \ ]
L \\\-‘/// N\
10-4 ) | ) | ) | ) | ) | ) | ) | ) | ) S
0 10 20 30 40 50 60 70 80
0 (deg)
Improvement

(1) Diffraction pattern of the 15tand 2"d peaks

(2) Reasonable values of the normalization factors

— Governed by reliabilities of both
the a-1°0 WF and OMP

Previous DWBA
20.0 MeV
2or "¢ (x2.7)

100 | et .

SOL\\ V\ 1

op {\l\i 1
I

L 1 L
0 20 30 40 50 60
o e o o e o S e e L

42.1 MeV

FRDW —
¢ 20 40 60 80 100 120 140

N. Anantaraman ef al., Nucl. Phys. A313, 445 (1979).
F. D. Becchetti et al., Nucl. Phys. A303, 313 (1978).
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do /dS) (mb/sr)

do /dS) (mb/sr)

Breakup effects of °Li

10

(a) 20.0 MeV
10°

107}
1()-2_."'*
107

10*

107k,

107

10°}

10

10°

(

0 10 20 30 40 30 60 70 %0

B Decomposition of the CDCC distorted
wave into elastic and breakup channels.

XCDCC(ri> — XO(Ti) + Xc(""i)

B FKull ~ Elastic transfer (ET)
# No back coupling (BC)

— Breakup transfer (BT) 1s negligible.
Only the BC (CC due to off-diagonal
potentials) 1s essential.

K; + Upo — Eo Uoc X0\ _q
UCO Kz + Ucc - EC Xe

— DWBA can provide reasonable results,
if an appropriate °Li-OMP, in which
BC is implicitly taken into account as
1ts imaginary part, 1s given.

T. Fukui ef al., Prog. Theor. Phys. 125, 1193 (2011)
T. Fukui ef al., Phys. Rev. C 91, 014604 (2015).
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©@ Potential model (PM) to investigate radial distribution of WF

Kaa+ VT O0) —ef] o) = 0

B PMI describes the tail behavior of the MCM WF (PM2 and PM3 shift it to
inside and outside respectively) with the Woods-Saxon potential.
B All of the WFs are normalized to be unity.

N Vo
VOEA) (r) =— o
1+ exp (Ta;“())
ro (fm) ao (fm)

PM1||1.25 x (16)*/3] 0.76
PM2|[1.25 x (16)*/3| 0.52
PM3|[1.40 x (16)*/*| 0.85

V,: adjusted to reproduce the
binding energy of 4.73 MeV.

4 6
T (fm)
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@ Transfer CS with PM

100 T T T
(a) 20.0 MeV
Anantaraman et al. e
MCM —
%\ 107"}
g
G
e
= 0
< 107
10° : :
(b) 42.1 MeV
Becchetti et al. o
10_1'.
=]
0 ~. N\
S N .
E 102 .
[ ]
S L SN
\ .'_/ [ ]
Q 3 \“ AN
= 107t AL
N
A\ -
10* ' L : - s - \\ . 7( ’.——\\\\
0 10 20 30 40 50 60 70 &0 90

T¢Z(MCM/PM) (r) (i)

4 6
T (fm)

B PMI1 provides the CS similar to MCM’’s.
B Failure of the result with PM2 and PM3.

N. Anantaraman et al., Nucl. Phys. A313, 445 (1979).
F. D. Becchetti et al., Nucl. Phys. A303, 313 (1978).
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(r) (fm?)

(MCM/PM)

l

re

(r) (fm'?)

(MCM /PM)

l

re

WF with normalization

0.5

0.4+

03} .

0.1
0.0

-0.1+
-0.2+
-03+

-0.4

0.8+
0.6

0.2 |

041 :

MCM —

PM1 ---

(a) 20.0 MeV |

~MCM= PM
N )

.

0.2 By

0.0

02!
0.4/

-0.6

— N1/2

¢

MCM Pl\i/I
()

(b) 42.1 MeV

6 g

10

) = (M) 0" (),
T(PM PM
) = (Vo) 4 ()

B WFs are multiplied by the normalization
factors.

B Similar behaviors at the surface region.
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(MCM/PM)

~

~

(MCM/PM)

3’ . .« g 10° —
2 WEF with normalization (2) 20.0 MeV
0.5 Anantaraman ef al. e
' MCM —
o 04) S MCM — . PM1 —--
E'E e PM1 --- = 107
< 03 3 g
= 014 % .|
0.0 ”@
0.1}
~ 0.2} FA Y | 103 ! ! M | . s s
T oosl Wi | 0 10 20 30 40 50 60 70 80 90
04 - (a) 20.0 MeV 0 (deg)
~  osl b M () = NT2MAVEM Gy | m - PM1 and PM3 give the CSs which are
E  ogl e consistent with the measured data
o 04_.-':“': (‘9§400)-
SN A B PM2 gives the small CS and the
0.0 diffraction pattern different from others.
02! | — CS probes WF at 7 2 5 fm,
§ 041 tE LN in which PM1 and PM3 behave similarly,
el . (®42.TMeV whereas PM2 has the small amplitude.
0 2 4 6 8 10
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(r) (fm?)

(MCM/PM)

l

re

(r) (fm'?)

(MCM /PM)

l

re

-0.2
-03+
-0.4

02}
0.4
0.6

WF with normalization
0.5

04| MCM —
s PM1 ——-

03} .
02
0.1
0.0
0.1}

(a) 20.0 MeV |

7 MCI\/II PM | | MCM PI\I/I

06}
0.4
0.2 fips
0.0

EC (b) 42.1 MeV

0 2 4 6 8

10

B PMI and PM2 give CSs consistent
with the measured data (6 < 40°).
B PM3 gives the small CS at § = 0°.

| > cs probes WF at 7 2 4 fm,

in which the integrated values of WF
for PM1 and PM2 are consistent with
each other, whereas that for PM3 is
significantly small.

10"

(b) 42.1 MeV
Becchettiet al. o

5 7 .
é 10°F ’ )
S P
~ %/ *
\
< 107 RN
N
\\\ SN
10'4 ! ! ! ! ! ! \\ .;7.("— \\\
0 10 20 30 40 50 60 70 80 90
0 (deg)
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(r) (fm?)

(MCM/PM)

l

re

(r) (fm'?)

(MCM /PM)

l

re

WF with normalization

0.5
0.4
0.3
0.2
0.1
0.0

-0.1
-0.2
-0.3
-0.4

0.8
0.6
0.4
0.2
0.0

0.2
0.4
0.6

MCM — |
PMI ---

(a) 20.0 MeV |

(b) 42.1 MeV

0

8 10

Angular distributed CS at the forward
angles (6 < 40°) can extract NOT SF
but only the surface manifestation
of the WF.

The normalization factor for the
improper WFs (PM2 and PM3)
involves an artificial renormalization,
even if it has correct asymptotic
behavior.
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@ Normalization of cross section Er: = 20.0 MeV
10° S
() 20.0 MeV MCM PM1 PM2 PM3
Anantaraman ef 4% N | 0261 0.258 0.407 0.156
5 10 .. PMI --- |
2 : S 2% 2.7 from DWBA analysis
% (Fltte d) N. Anantaraman et al., Nucl. Phys. A313, 445 (1979).
Iy -2
% 107
N
10° : : :
(b) 42.1 MeV
Becchettiet al. o
107k o
7 AL~ . Er; = 42.1 MeV
S N7 .
S/ 107 Yoo . : MCM PM1 PM2 PM3
s %~ : N | 0.769 0.667 1.276 0.297
< 107 % SR ]
AN % 2.59 from DWBA analysis
AN F. D. Becchetti ef al., Nucl. Phys. A303, 313 (1978).
o NN
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@ Normalization of cross section

4 6
T (fm)

Fr; = 20.0 MeV

MCM PM1| PM2 |PM3
N 110.261 0.258| 0.407 10.156

o< 2.7 from DWBA analysis /

N. Anantaraman et al., Nucl. Phys. A313, 445 (1979).

/ /

11 Consistent Artificial enhancement

(decrease) due to
improper behavior of
the w.{.

ELi 42.1 MeV

MCM PM1]| [PM2] PM3

N 110.769 0.667| |1.276f 0.297

>¢ 2.59 from DWBA analysis

F. D. Becchetti et al., Nucl. Phys. A303, 313 (1978).
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CC method
B A common concept in nuclear physics.
ag a - Reaction Tensor Shell model

LT —0-00-0— —e-000—

P N
4G A& ||| =T
CCBA analyses

SB(d, n)°C 16Q(°Li, d)*°Ne
Analyses of $B(d, n)°C and Small BC effect. Only the BC plays
16Q(°Li, d)*°Ne with CCBA || The BT is important. an important role.
) fra . BT .
S)Q :\-\-----------; Q‘% "‘ .:1 “‘BT
¢ Ji IBC ) IBC 113(: ..‘4
P 1 g Q} ~_ _ > _ )
ET ET
~
Why 1s the breakup effect large? Why opposite?

— Explained in detail in T. Fukui ef al., Phys. Rev. C 91, 014604 (2015).




3. 3. Future work
(transfer to unbound state)
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Transfer reaction to unbound state (ex. ‘He(d, p)°He)

B The transition matrix of the post-form representation for (d, p) reaction
TR = (x| Vo [ )

B /dra/drdxg(_)(romrd)w;;(rowrd)vpn(rd)wd(rd>xg¢+)(’ra)'

oscillate attenuate

Von

p The r, integration does not converge!
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Previous approaches

B Some treatments have been suggested under some approximations:

/R -

p—

—

(1) Introduce “convergence factor” e~ ", and then take 7 — 0.
R. Huby and J. R. Mines, Rev. Mod. Phys. 37, 406 (1965).

(2) Integrate in the complex plane with e™ 7",
C. M. Vincent and H. T. Fortune, Phys. Rev. C 2, 782 (1970).

(3) Divide 7T-matrix into three parts with an channel radius.
G. Baur and D. Trautmann, Phys. Rep. 25, 293 (1976).

(4) Approximate it as a bound state.

B More precise treatments

(5) Reduce the dimension to surface integration with an channel radius.
V. E. Bunakov, Nucl. Phys. A140, 241 (1970).

(6) Modification of (5) with CDCC framework.

A. M. Mukhamedzhanov, Phys. Rev. C 84, 044616 (2011).
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New approach

B The transition matrix of the post-form representation for (d, p) reaction

TR = (X5 )

deoc

Von

> The r,, integration does not converge!

B /dra/drdX;(_)(raard)¢;(ra7rd>Vpn(rd)¢d(rd)X§X+)(TO‘)'

oscillate attenuate

B The prior form
TR = (X5

VTL (8%

ax§" >

(Ta, )V (T, 1) Voo (Pas Ta)Va(Ta) X (10).
oscillate attenuate attenuate

These respectively attenuate
for two independent coordinates.
— The integration does converge.
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New approach

B The transition matrix of the nost-form renresentation for (d_n) reaction

The distorted wave X(B_)should be exact.

— The CCBA approach is necessary for the final channel. [t converge.

rior rior +) .
T Tl (7

T

B The prior form

T = Ve

~) (Ta, )V (T, 1) Voo (Pas Ta)Va(Ta) X (10).
oscillate attenuate attenuate

These respectively attenuate
for two independent coordinates.
— The integration does converge.




