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Glue-like role of A Light p-shell: a+x+A model: x=p,n,d,t,*H,3He
Motoba, Bando, Ikeda, PTP70(1983), 71(1984)
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Cluster structures and 1soscalar
monopole excitations in light nuclel




 |soscalar Monopole Mode
< density fluctuation

Typical example

|IS-GMR (heavy, medium- heavy nuclel)

exhaust EWSR ~ 100%

breathing mode
E, ~80/A~Y3 [MeV]

11111

- 208Pb(aa)

ISGQR

RPA cal.

=13.
I'=3.0 MeV

1 l

[ R WO

Harakeh et aI PRL(1977)



 Light Nuclei (p-, sd-shell,,,)

Isoscalar monopole strengths are fragmented.
Monopole strengths to cluster states: ~ 20% of EWSR

For example, 10, C,1B,3C,*Mg,...



[ Monopole strengths M(EQ) in *°O and 12C ]

E, (MeV) -

Strong candidate

. +..| (4a condensate)
151 Vg

o 2C(1)+a(P)

OZ higher nodal

12C(2,")+a (D)
EWSR \@Iues

I

EWSR values

12C

E, (MeV)
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14.1

4

10.3 O4f 3a-gas
2]| structure

EWSR value

_ 2
"~ [M(E0)=5.4+0.2 fm? (16‘1’/0_)‘

O_

Single particle M(E0)~4 fm?



Single-particle 1S-monopole strenqgth

M(EQ) ~ <us|ré|uj> ~ (3/5) XR? =4.4 fm?
(using R = nuclear radius = 2.7 fm)

Uniform-density approximation for us (r) and u; (r)

u(r)=B/R3Y2 for 0<r< R
u()=0 for R<r



No-core shell model

Navratil et al., JPG36(2009)

1B energy levels
(T=1/2)

Experimentally, three 3/2- states

2 o 1275372

a+o+t cluster

T. Kawabata et al., PRC70 (2004)

— 52

1/2°(3/2")
structure oot
& (1/2%)
3/2,
j N 5.
1/2" :

£ '%' i LR Li+ao,

E =

~ ‘ B(EO,IS)=96+16 fm* (12%)

shell-model-like

structure

NN+NNN  Exp NN

|

vs. Hoyle state:
B(EO,IS)= 120+9fm4

g.S

2nd 3/2- <9 <1%
3rd3/2- 96*+16 12%



Density distribution
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 Light Nuclei (p-, sd-shell,,,)

Isoscalar monopole strengths are fragmented.
Monopole strengths to cluster states: ~ 20% of EWSR

For example, 10, *°C,11B,3C,*Mg,...
e Questions:

(1) Why cluster states are excited rather
strongly from shell-model-like ground
states?

(2) What kind of features exist in monopole
excitations?




 Light Nuclei (p-, sd-shell,,,)

Isoscalar monopole strengths are fragmented.
Monopole strengths to cluster states: ~ 20% of EWSR

For example, 10, C,1B,3C,*Mg,...
e Present study:
IS-monopole strength fun. of **O(a,a’)




IS Monopole Strength Function of 1O
Exp. vs Cal.

10(a, )

—ozowet 16 Exp: histogram

~.sllcian lysis(histogram) RelatiVIStIC LU| et a|, PRC 64 (2001)
R X RPA cal.
2 . | ° discrete peaks at Ex<15 MeV
: three bumps at 18, 23, 30 MeV

Cal: real line
Relativistic RPA

Ma et al., PRC 55 (1997)

10 20" 30 40 -
0 Multiplied by 0.25

FIG. 7. 1ue uwistogram .. e E M V :ngth o
verted to monopole response fun X e shows the .
R J[ IETIVEINTVITI ul y025 and Shlfted by 4-2 I\/IeV

monopole response function from
shifted by 4.2 MeV.

Exp. condition: E, > 10 MeV

Not well reproduced by RRPA cal.
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Non-rel. RPA calculations

Experiment

7
150(a,a’)
SRPA (+RPA) calculation
—0.25XRef. 16 o
—sllcianilysts(mstogram) Re I atIVIStI C
0 e RPA cal.
6 . . "0
— 5[ 10 l | (@) 1 '
23 _
SN ] 40
Lu v
A 1 .
0 - I I B 50 1‘5 I 2'5 3[5
o) 10 e 20 - 30 — 40 : 20 30 40
E [MeV] FIG. 7. The histogram is the experimental £0 strength con-
Gam baCU rta et a.l. PRC(ZO 10) verted to monopole response functlon The black hne shows the

m
shil

Exp. condition: E > 10 MeV

(1) Gross structure at higher energy region (Ex > 18 MeV) , i.e. 3-bump structure,

Is reproduced by SRPA calculation.

(2) Discrete peaks at E,<15 MeV are not reproduced well.
In particular, the transition to 2"? 0+ state (E,=6.1 MeV)

Is not seen in SRPA (+RPA) calculation.
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R ME0 T M(EO) T
[MeV] [fm]  [fm?  [MeV] [fm] [fm2]  [MeV]

0*, 000 271 2.7

0*, 6.05 3.55 30 39

0+, 121 4.03 31 24

0", 136 nodata 0.6 4.0 2.4 0.60

O+5 14.0 3.3 0.185 3.1 2.6 0.20

0*f; 15.1 no data 0.166 5.6 1.0 0.14
over 15% 20%

of total EWSR of total EWSR
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SRPA (+RPA) calculation
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FIG. 7. The histogram is the experimental £0 strength con-

verted to monopole response functlon The black hne shows the
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Exp. condition: E > 10 MeV

(1) Gross structure at higher energy region (Ex > 18 MeV) , i.e. 3-bump structure,

Is reproduced by SRPA calculation.

(2) Discrete peaks at E,<15 MeV are not reproduced well.
In particular, the transition to 2"? 0+ state (E,=6.1 MeV)
Is not seen in SRPA (+RPA) calculation.



Purposes of my talk

* What kind of states contribute to the discrete peaks?

e Recently, 4 OCM (T 32 - 4& 7

) succeeded

In describing the structure of the lowest

six 0+ states up to 4a threshold (E,~15 MeV).
Funaki et al., PRL101(2008)

« We will study the IS monopole st
with the 4 OCM.

rength function

OCM: Orthogonality Condition Model



Cluster-model analyses of °O

e a+12C OCM

Y. Suzuki, PTP55 (1976), 1751

e a+12C GCM

M. Libert-Heinemann, D. Bay et al., NPA339 (1980)

° 4a THSR Wf Not include e+ 12C configuration.

Tohsaki, Horiuchi, Schuck, Roepke, PRL87 (2001)
Funaki, Yamada et al., PRC82(2010)

® 4(1 OCM 4a-gas, a+ 12C, shell-model-like configurations
Funaki, Yamada et al., PRL101 (2008)

Reproduction of lowest six 0+ states up to 4 threshold (15MeV)
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Fig. 2(a). Energy levels of **O for the

160 = ¢ + 12C cluster model

Even-parity

even-parity states [Ref. 30)].

Y. Suzuki, PTP55 (1976), 1751

Odd-parity
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Fig. 2(b). Energy levels of *O for the
odd-parity states [Ref. 30)].

12C+q, : molecular states
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EXP 400CM +'?C OCM
Funaki et al., Suzuki,

PRL101 (2008)

PTP55 (1976)

[PC@ )t
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| shell-model-like

(0s)*(Op)**




Experimental 4o OCM
data

0%,
0",
0,
0*,
0%,
0%,

[MeV]
0.00

6.05
12.1
13.6
14.0

15.1

R
[fm]

2.71

M(EO) r
[fm?] [MeV]

3.55
4.03

no data 0.6
3.3 0.185

no data 0.166

over 15%
of total EWSR

[fm]
2.7
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3.1

5.6

M(EO) T
[fm?] [MeV]

3.9
2.4
2.4 0.60
2.6 0.20
1.0 0.14

20%
of total EWSR
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4o, OCM calculation

Funaki, Yamada et al., PRL101 (2008)

,,I 4 cond. statel strong candidate

+
0 .
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—. 9y
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264,
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(0S)! 60%
TECp)+a(P)
112C(0,%)+a(S): higher nodal
2C(2,")+e(D)
e, +ars)

[ shell-model-like: (0s)*(0p)2
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Good correspondence in energy

40

e
pu—

150(a,a’)
O—|—
20 4 Q+
OW vl Relativistic
37 10 RPA cal.

R(fm*MeV)

&

llf\ °
W el
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Q

5 10 15

I b & 1 1

Exp. condition: E, > 10 MeV

shifted by 4.2 MeV.

Exp: histogram
Luietal., PRC 64 (2001)
Cal: real line
Ma et al., PRC 55 (1997)
Multiplied by 0.25
Shifted by 4.2 MeV



IS monopole strength function S(E)
within 4 OCM framework




Monopole Strength Function with 4 OCM

16
=3 "B - E)(0 001 0= (r
- 1—=1

Ooto

R(F) = <O+‘E Tt \0+> O;>: resonance state with E,, - il},/2
1
S(E)=-—Im[R(E)]
7T
:iz L2 v -0
(E-E ) +([,/2)°

M0 —07) = (0]0]0]) : calculated by 4a OCM

r = \/rn (OCM)* + (exp. resolution)’ 50 keV

En . experimental energy of n-th 0+ state
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R ME0 T R MEOQ T
[MeV] [fm]  [fm?  [MeV] [fm]  [fm2] [MeV]

0*, 000 271 2.7

0*, 6.05 3.55 30 39

0+, 121 4.03 31 24

0", 136 nodata 0.6 4.0 2.4 0.60

O+5 14.0 3.3 0.185 3.1 2.6 0.20

0*f; 15.1 no data 0.166 5.6 1.0 0.14
over 15% 20%

of total EWSR of total EWSR



S(E) [a.u.]

Exp. vs. Cal.

IS monopole S(E) with 4 OCM

25
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2 ’
fl' - | | °O(a,a’)
Max=35.4 20
+ — 0.25XRef. 16
- 030+ = o | e sliciar! lysis(histogram) Re I atIVIStI C
4. 1 f RPA cal.
B O5 4 %" il “o
N £
06 E’a
B RIEVE
IFLA . | m [l Exp. condition: E, > 10 MeV
0 10 20 30 40 shiﬁe(rib 42rMeV o i i
E. [MeV] S

It is likely to exist discrete peaks on a small bump at E, < 15MeV
This small bump may come from the contribution from continuum states of a+12C




Isoscalar EO strength in *°O

25

« |soscalar monopole excitati
T. Yamada et al,
Phys. Rev.C 85 (2012) 034315

Texas data (2001)

Monopole excitations to a-clustef states T
EX = 16 MeV, EWSR fraction ~R0%

| I H JJ _'
il
0 J A WY 0
. EG=386MeV@RCNP : Aa - [ifl,e\.-'] 30 40

new analysis of 60(a.,a.”) | RCNP data | Presentdata

? GMR | EO EWSR
A A fraction

Itoh (Tohoku)’s talk,
RCNP workshop, 19 July 2012

0 25 30

=20% of EWSR
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Hoyle+ao states and Linear Chain States

Hoyle+a cluster

i

A R
0 10 20 30 40 50 o0 0
I(J+1) J(I+1)
Ohkubo et al., PLB684(2010)

Funaki et al., 400 OCM

10 20 30 40 50 60

E, [MeV]

. LInear chain states

(Mev)
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Chevallier et al.,

/ T PR160(1967)

+_-/q=13.35

12{:_“] l'm{:}*—i'BBE'l'SBE

L+~ Eg =13.05

(Eqr =12.85)
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| | 1 o 1 M N J
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Exp. vs. Cal.

IS monopole S(E) with 4 OCM

O+
25 l' ; I

20

10 |-

1

S(E) [a.u.]

Max=35.4

0;
0;
0;

F

Two features
in 1S monopole excitations

| Origin: dual nature of G.S. of 1O

(1) a-clustering degree of freedom
(2) mean-field-type one
(0s)*(0p)™2 : SU(3)(00)= 2C+aq
Bayman-Bohr theorem

&

) 10

ED@OWM

E [MeV]

Excitation to cluster states

(a-cluster type)

40




Exp. vs. Cal.

IS monopole S(E) with 4 OCM

O+
25 l' ; I

i Max=354 | | || Two features
20 L 0; | |in IS monopole excitations
I 0
- 6; | Origin: dual nature of G.S. of *O
E 1Lo: (1) e-clustering degree of freedom
@ Ll ° | (2) mean-field-type one
? (0s)*(0p)™2 : SU(3)(00)= 2C+q :
I IV m Bayman-Bohr theorem
5 -
: JL . EJ A b WH

9 10 \ 20 30 } 40
E [MeV]

|

Excitation to cluster states | | Monopole excitation
(a-cluster type) of mean-field type (RPA)




Dual nature of ground state of 1°0O

mean-field character and a-clustering character




Ground state of 10O

(A,p)
Dominance of doubly-closed-shell structure: (0s)*(0p)1? = SU(3)(0,0)

Cluster-model calculations: 4o0 OCM, 40 THSR, a+12C OCM,...
Mean-field calculations . RPA, QRPA, RRPA,

Supported by no-core shell model calculations:
Dytrych et al., PRL98 (2007)

Bayman & Bohr, NPA9 (1958/59)
Bayman-Bohr theorem : SU(3)[f](Au) is equivalent to “a cluster-model wf”

Doubly-closed-shell w.f, (0s)*(0p)!?, is mathematically equivalent to
a single a-cluster w.f.

This means that the ground state w.f. of 10O originally has

an a-clustering degree of freedom together with mean-filed-type
degree of free dom.

We call dual nature of g.s.



Bayman-Bohr theorem Nucl. Phys. 9, 596 (1958/1959)

c.o.m. w.f. of 160

1 4 12 -1 321\ 2
\/1_6!det‘(03) (0p) ‘x[gﬁcm(Rcm)] : closed shell ¢Cm(Rcm)=(7j exp(—16vRZ))

=

141
12'4'A{
161
141
12.4.A{
16!

N :u40 (53’3V)¢L:0(12C):J:0 ¢(0()}

relative wf (S-wave) > q-degree of freedom

_U42 (53 ’ 3V)¢L=2 (12 C): J=0 ¢(0£)}

N2

—

relative wf (D-wave)

=>(G.S. has mean-field-type and a-cluster degrees of freedom.

We call dual nature of g.s.
12C(O+) 12C(2+)
//,—h\\\a //, \\\a
= | ) = | )
\\\ ,// \\\ z//
SU(3)(00) Uso (1 37) U (r3vy)




Bayman-Bohr theorem

1
V16!
141
_N, 12141
16!
141
_N, 12141
16!

A

A

|
|

det|(05)* (0p)**|x[dyn (Repy)] ™ : closed shell

:u40 (53 J 3V)¢L=0 (12 C): J=0 ¢(0{)}

relative wf (S-wave)

_U42 (53 ’ 3V)¢L=2 (12 C): J=0 ¢(0£)}

relative wf (D-wave)

Nucl. Phys. 9, 596 (1958/1959)

c.o.m. w.f. of 160
32

¢cm (Rcm) = (—VJ exp(_16VR(2:m)
T

=

= o-degree of freedom

=>(G.S. has mean-field-type and a-cluster degrees of freedom.

Excitation of mean-field-type degree of freedom in g.s
= 1plh states (3-bump structure)

Excitation of a-cluster degree of freedom in g.s
= o+12C cluster states: 2nd 0+, 39 O+

IS monopole 4

operator @ = Z(ri - R
1i=1

em)’ :Z(ri_Ra)z + Z(ri_
= i—5

RlZC)Z +\ 3(Ry — Rlzc)2

| J

=
internal parts

|
relative part



Bayman-Bohr theorem

Nucl. Phys. 9, 596 (1958/1959)

c.o.m. w.f. of 160

1

J16!

32

det ‘(OS)4 0 p)lz‘ x| G (Rcm)]_1 : closed shell 6. (R,.) = (—VJ exp(—16vRZ))
T

/12!4! - 12 —
N 161 A{_u40(§3’3V)¢L:0( C)_J:0¢(a)}

relative wf (S-wave) > q-degree of freedom

112!4! - 19 ]
N, 16! A{ Uy, ($5,3V) 4 ( C)_J:O¢(a)} ]

relative wf (D-wave)

=>(G.S. has mean-field-type and a-cluster degrees of freedom.

IS monopole operator

O = Z(T@ — Rcm)2
O [(0s)*(0p)'2) = 3 [1p1h)



Bayman-Bohr theorem Nucl. Phys. 9, 596 (1958/1959)

c.o.m. w.f. of 160

1 4 12 -1 321\ 2
\/1_6!det‘(03) (0p) ‘x[gﬁcm(Rcm)] : closed shell ¢Cm(Rcm)=(7j exp(—16vRZ))

/12!4! - 12 —
N 161 A{_u40(§3’3V)¢L:0( C)_J:0¢(a)}

relative wf (S-wave) > q-degree of freedom

112!4! - 19 ]
N, 16! A{ Uy, ($5,3V) 4 ( C)_J:O¢(0£)} ]

relative wf (D-wave)

=>(G.S. has mean-field-type and a-cluster degrees of freedom.

IS monopole operator

O = Z(fr@ — R.p)?
O \(65)4(0p)12)=2|1plh) = ¢1f(1s1)(0s1) ") 4 ca|(1ps ) (Opz) ™)

+ e3(1p1)(Ops) ™)

Excitation of mean-field-type degree of freedom in g.s
=» 1plh states are produced (3-bump structure)

N[~

N



Bayman-Bohr theorem

1
V16!
141
_N, 12141
16!
141
_N, 12141
16!

A

A

|
|

det|(05)* (0p)**|x[dyn (Repy)] ™ : closed shell

:u40 (53 J 3V)¢L=0 (12 C): J=0 ¢(0{)}

relative wf (S-wave)

_U42 (53 ’ 3V)¢L=2 (12 C): J=0 ¢(0£)}

relative wf (D-wave)

Nucl. Phys. 9, 596 (1958/1959)

c.o.m. w.f. of 160
32

¢cm (Rcm) = (—VJ exp(_16VR(2:m)
T

=

= o-degree of freedom

=>(G.S. has mean-field-type and a-cluster degrees of freedom.

Excitation of mean-field-type degree of freedom in g.s
= 1plh states (3-bump structure)

Excitation of a-cluster degree of freedom in g.s
= o+12C cluster states: 2nd 0+, 39 O+

IS monopole 4

operator @ = Z(ri - R
1i=1

em)’ :Z(ri_Ra)z + Z(ri_
= i—5

RlZC)Z +\ 3(Ry — Rlzc)2

| J

=
internal parts

|
relative part



Monopole transitions: 0¥, —0*, , 0%, =07,

Monopole
operator

16
O = Z(T% — Rcm)2
=1

= O(a) + O(?C) +.3¢5°

Relative motion
Yamada et al.,
PTP120 (2008)

SU(3)(00)

I IS excited.

12c(0+)
2N ~a

\

]
\ /
\\ ’/

tigo (1, 3vy)

12C (2+)

” ~




Monopole transitions: 0¥, —0*, , 0%, =07,

12C (0+) 12C (2+)
i 5 0%, 0‘
vonopole | 12¢(0)+ar 12<:<2+>+a

16
O = Z(T% — R
i=1

= O(a) + O(?C) +.3¢5°

Relative motion

Yamada et al.,

T

I Is excited. PTP120 (2008)
2C(0") 120(”
// 2 \a
= !
\ /
N\ _ Y
SU(3)(00) o) umr )
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4o, OCM calculation

Funaki, Yamada et al., PRL101 (2008)

,I 4 cond. statel strong candidate

40 —

12
C+a

EXP

(0S)! 60%
TECp)+a(P)
112C(0,%)+a(S): higher nodal
2C(2,")+e(D)
e, +ars)

[ shell-model-like: (0s)*(0p)®2
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R ME0 T M(EO) T
[MeV] [fm]  [fm?  [MeV] [fm] [fm2]  [MeV]

0*, 000 271 2.7

0*, 6.05 3.55 30 39

0+, 121 4.03 31 24

0", 136 nodata 0.6 4.0 2.4 0.60

O+5 14.0 3.3 0.185 3.1 2.6 0.20

0*f; 15.1 no data 0.166 5.6 1.0 0.14
over 15% 20%

of total EWSR of total EWSR



Importance of a-type ground-state correlation
In monopole strengths

160=a+?C OCM analysis

Monopole strengths: M(EO)

00 e €— | 2" 0+ Exp. : 4.03%0.09 fm?2
o e e oo o €370+ Exp.: 3.554+0.21 fm?

N

3 r ]
=
= e 16 :
D 2Fe O 1 Importance of G.S. correlation
S| | (e clustering in g.s.)

g -

0 L L L | f L L L | L L L L |

4 10 20 30

T H.O. quanta(Model space of 160 g.s. with a+2C OCM)

SU(3) (0,0) limit Yamada et al., PTP120(2008)




E [MeV]

-10

—-15

130

4o, OCM calculation

Funaki, Yamada et al., PRL101 (2008)

0, .-~ |4a cond. statel strong candidate
bo| ——— (0S)! 60%
__ 2c)+aP)
N 112C(0,%)+a(S): higher nodal
#Ca “{2C(2,)+a(D)
> -
12 +
Monopole C(0,)+afS)
_L shell-model-like: (0s)*(0p)™2
EXP 400CM




=TT =T

R ME0 T M(EO) T
[MeV] [fm]  [fm?  [MeV] [fm] [fm2]  [MeV]

0*, 000 271 2.7

0*, 6.05 3.55 30 39

0+, 121 4.03 31 24

0", 136 nodata 0.6 4.0 2.4 0.60

O+5 14.0 3.3 0.185 3.1 2.6 0.20

0*f; 15.1 no data 0.166 5.6 1.0 0.14
over 15% 20%

of total EWSR of total EWSR



Bayman-Bohr theorem

1
v 16!

det|(05)*(0p)"?] X [¢pem(Rem)]™" : closed shell

R 141414]
= N/ 4'?;'4'«4{ [U40(€373V) [U4o(527 2”)“40(51,%)} ]
. L=0d j=0

Xp(ar)p(az)p(as)p(ay) } 4 a-cluster wf

=» G.S. has a 4a-cluster degree of freedom.

160(gs) (NZa-a’LZa-a):(41O)

04 04
— (N3a-a’L3a-a):(41O)
+ 4 12
0*, | [©sy0py2) = a%% )
Bayman-Bohr theorem

(NZa’ L2a):(410)

SU(3)(00) wf



0*, state = 4 gas-llke or a+°C(Hoyle)

@@

. 4a-gas-like
@ @ M(E0)=1.0 fm? by 4o OCM
.
O = (Tz - Rcm)2
=1
Monopole transition 4 4 4
212(ri+4(k—1) - Rak)2 + ;4(Rak - Rcm)2
internal part relative part
160(g.s.) (N ooloy )=(4,0) coherent
o 94 excltation
— (N3a-a’L3a-a):(41O)
0%, | [©syop2] =
o a4 Bayman-Bohr theorem

(N20ﬂ L2a)2(410)
SU(3)(00) wf



E [MeV]

-10

—-15

130

4o, OCM calculation

Funaki, Yamada et al., PRL101 (2008)
, I 4 cond. statel strong candidate

4o — | (0S)! 60%

=" [

12C(0,")+(S): higher nodal

{2ce)+aD)

e+ alS)

Monopole

EXP 400CM

shell-model-like: (0s)*(0p)!2




=TT =T

R ME0 T M(EO) T
[MeV] [fm]  [fm?  [MeV] [fm] [fm2]  [MeV]

0*, 000 271 2.7

0*, 6.05 3.55 30 39

0+, 121 4.03 31 24

0", 136 nodata 0.6 4.0 2.4 0.60

O+5 14.0 3.3 0.185 3.1 2.6 0.20

0*f; 15.1 no data 0.166 5.6 1.0 0.14
over 15% 20%

of total EWSR of total EWSR



Monopole excitation to 0*; and 0%, state

S2-factors of
o+12C(L™) channels

main configuration

0% state: |2C(1,)+a(P) 14
i 1.2

Bayman-Bohr theorem: ¥ 10
(0s)*(0p)*? has no configuration of 12C(1-)+a. f_? 08

Why this state is excited? 06
Coupling with 1?C(0+,2+)+« and *C(Hoyle)+« Ez
Coherent contribution from these configurations 0
07, state:|12C(0,*)+a(S): higher nodal €12
éj 1.0

Coherent contributions from 508
12C(0+,2+)+a and ?C(Hoyle)+a configurations ™ (4

04

0.2

0

Funaki et al.

0% state

da

011721 37 41 0;

- 0%, state

P B

(0017 21 37 47 0




Dual nature of the ground states in O
common to light nuclei

“ONe, Mg, 28SI, 3§, ....
For example, °Ne g.s.




Dual nature of the ground states in 12C and 1°O
. common to light nuclei

20Ne, %*Mg, S, ..... 44T, L
“Ne 1B, 13C,....

(P Ne) = |(0s)*(0p)'2(150d)" : SU(3)(80), I);pperna © SUG) W
4116!
= No o5 —— A{ugy(ro_160)p(a)d(*°0)} :cluster wf
relative wf (J-wave) a+160

Activation of mean-field degree of freedom
= K" =2 band: bplh state
Activation of a-cluster degree of freedom
9 +80 cluster states of K*=0",, 0~ bands
K™ = 0} band : higher nodal states

a+1%0 comp. = 80% for low spins: Q=10 quanta
K™ =0~ band : parity — doublet states
Almost pure a+10 structures for low spins: Q=9 quanta




a+1%0 model, 2a+1?C model
Observed levels of 2°Ne  AmD (Kimura)

5p-1h a+ %0

1534 Tz
#Ne (<Q0s0) , B50 (8) (022%0.06)
(00009 og:00) ©IN2 mur—6; 0oxs 0008) 33 7,
*C+*Be thresh. +0.0003) 1259 64 ml]+{_ﬂ[;l§3] | G.D-DEIB
11.98 .95 8 12.13_6. ) leas O
1.89%C 2athresh. DL[%E__&; 1097 0; Egzl 061 6 _
o A 47009 oo O9 g5 3 o
om0 L8 0I7:009) 903 47 | g 55 7;
Q01020002) Q04) (0.005) + %E{Fﬁ::) (0.01420007) 34551
_?,, ] iy ' 700 4 717 32
o0 0o o | 2T
1 L LY
2.97 7= (>Q13)
B 425 47 (8, (a)* a=61m)
1.63 2/
G.S. &
H.l#= ﬂ: K‘=D; H- :ﬂ; H'__-_E:'!: {H:=2+} K._z_Z_- H‘_T_“
20 47\ 12 4
®;(""Ne) = [(0s)*(0p)~(1s0d)™ : SU(3)(80), J);pternal

= N;A {ugj(ra_(a+12c))M[u4L (""a—lQC)M@L {12_(3)]0}



Dual nature of the ground states in 12C and 1°O
. common to light nuclei

20Ne, %*Mg, 3°S, ....., aad NI
“Ne 1B, 13C,....

,(PNe) = [(05)'(0p)2(150d)" : SU(3)(80), ) pyermas * SUG) W
4116!
= Ny kD —— A{ug(ry_160)p(a)d(*°0)} : cluster wf
~ relative wf (J-wave) a+160

— N_]A {ugj(ra_(a+12c))¢((l) [U4L (Ta—12C)¢(a)¢L(1zc)]0}

. cluster wf
o+a+12C




a+%0Omodel, 2a+2C model
Observed levels of °Ne  amD (Kimura)

5p-1h a+ %0

1534 Tz
#Ne (<Q0s0) , B50 (8) (022%0.06)
(00009 . (og:001) @IN2 | mer—6i 0oxs 0008) 133 7,
*C+*Be thresh. +0.0003) 1259 63 Dﬂ:ﬂl]* (~Q058) G.D-DEIB
11.98 .95 8 12.13_6. ) leas O
1.89%C 2athresh. DL[%E__&; 1097 0; Egzl 061 6 _
o am 41009 oo O9 g5 3 ol
om0 [ {017:009) | 903 47 | gg 55 7;
(0010£0002) -:&ml EE ﬁ;} (0.01420.007) 84551
_?,, ] y ' 700 4 717 32
o0 (0007). o | 2T
1 e —
497 7 (>Qi3)
B 425 47 (8, (a)* a=61m)
1.63 2/
G.S. &
H.l#= ﬂ: K‘=D; H- :ﬂ; H'__-_E:'!: {H:=2+} K._z_Z_- H‘_T_“
20 4 12 4,
®;(""Ne) = [(0s)%(0p)"~(150d)" : SU(3)(80), J )ipternal

= N;A {ugj(ra_(a+12c))M[u4L (""a—lzC)MqﬁL (12_0)]0}




a+1%0 model, 2a+1?C model
Observed levels of 2°Ne  AmD (Kimura)

5p-1h a+ %0

o B% T
*%Ne | SU3(4,2) 'J '5"1“'5“} 550 (8°)(022:005)
(0008 (00900 , 05902 ﬁ}:ﬁ“&m *00006y 1393 77
cn‘ o +-:1m031+ 259 _6s 113 E;::‘ 008 ppas gf
In. Bﬁﬂmm_l.;ﬁ_i 0.23) | + (0.012)
i0.78 P O 0B 40 0816 % s
999 4. (0009 QR7 3 ALED Jp
0%E05MeVO’ )+ cx b 017:003) | 903 4 f;gmj %fg::%; i (030)
L._.'l

thresh.
umxaoai] mml % ﬁ%ﬁi} (0.01420.007) 843
» ) - 700 4 717 3z
B ) KL o

Qs - 578 1
_'T‘_ a3 (o)

joﬁthmsh 425 4y Mexp(E0) P 5 fm)
~4 fm? vs. Hoyle state:
. M(EO,IS)=5.4%£0.2 fm?
18 2 5 data
os G- T _-L =2 =
K'=0, K'=0, K"=0; (K"=2") K'=2" - K'=0
‘p,](QONe) — |(OS) (Op)lQ(l.SOd) : SU(?)) (80)7 J>internal

= N;A {USJ(TQ_(Q+12C))M[U’4L (ra_1zc)M¢L(12_C>]o}




Isoscalar monopole transition
INn neutron-rich nuclel

Useful to search for cluster states
For example, 1°Be




Isoscalar monopole transition in neutron-rich nuclei

based on Generalized two-center cluster model

Mono. Tr. (arb. units.) g

eoo; Adiabatic potential

4 |

= *He + *He

} lllllllllllllllll

| 0

- ‘00 ﬁ

> 0f °0  — i °

> A 4 8 =

o He + "He >

L L : E’
L

4L

_(?Tf:e..-'z_ )zfﬂl.-z_ ) |
O +
° .‘k . — Panel (b)

S.P. Ex. 1 0 . 5 i
C.D(nl,{ (6, ) = S (fm)

2

Cluster Ex
Adi. conjunction

_8t




1. 95 R3—EgEELEE/R—ILEIE: KFH 160

2. Hyper-THSR KSIBE¥ZE ALV =/ N\ N\—ZDEEHRR
HSRAEZ—HARIREE: 12C, 160 (11B, 13C)
13,C k- -AELL -t




Structure study of *;C with Hyper - THSR wf

Funaki, Yamada, Hiyama, lkeda

The details will be given at the next JPS meeting by Funaki-san




Introduction

e Cluster picture as well as mean-field picture is important
viewpoint to understand structure of light nuclei.

o Structure of light nuclel

Cluster states + Shell-model-like states
Microscopic cluster models, AMD,....
8Be=2¢, 1°C=3a, 1°0O=12C+qa / 4¢, ...

o a-condensate-like states in 4n nuclei:

a-gas-like state described by a product state of a-particles,
all with their c.o.m. in (0S) orbit.
Typical state: o cluster

12C: Hoyle state (2nd 0%) Cluster gas

Tohsaki, Horiuchi, Schuck, Roepke, Phy. Rev. Lett.87 (2001) R=~38fm
Funaki et al., PRC (2003) @]e) QaQ

Yamada et al., EPJA (2005), Matsumura et al.,NPA(2004) ,00/3’\’,00/5




E [MeV]

0 H3a

-10

-13

o cluster

Cluster gas

R=3.8fm

Po/3~ Py /5

shell-model —like
structure




Overlap 30 GCM

(Brink wf |exact 0, state>

| I I | —
0 30 60 90 Il2u 150 180

8 (degree)
Uegaki et al, PTP57(1977)

o.-gas-like nature of Hoyle state

Horiuchi, PTP51(1974): 3 OCM
Uegaki et al, PTP57(1977): 3 GCM
Fukushima &Kamimura, (1977): 3o RGM

The 0%, state has a distinct clustering and
has no definite spatial configuration.

Chernykh, Feldmeir et al., PRL98(2007)

UCOM + FMD, 3a. RGM

About 55 components of the Brink-type
wave functions are needed to reproduce
the full RGM solution for the Hoyle state.

Tohsaki,Horiuchi,Schuck,Roepke, PRL87(2001)

THSR wave function: a-condensate-type cluster wf
1 base THSR : Funaki et al., PRC67, (2003)

(@] |exact 0; state (3aRGM))| ~99%



TH SR Wave fU nCtI On Tohsaki, Horiuchi, Schuck, Roepke, PRL (2001)

3
(OS)a B: parameter

o010)-1 o] -2 ]|

i=1

v 0,0 [0 25 o)

Condensed into the lowest orbit product state
4 8
P B—>b @, (B)— (0s)*(0p)
09/ QY Q9O b: nucleon size parameter
3 Funaki et al., PRC (2003
Os), e z
(®3%% (B)|exact 0; state (3¢RGM) )| ~0.9

3o RGM: Kamimura & Fukushima (1978)
Deformation (B,,B,,B,) = 0.999

R = 3.8 fm: alpha-gas-like structure



Occupation probabilities of a-orbits in 1°C

Probability

/1.0 - \
1or . (a) alpha

(a) alpha
o8- 710% Hoyle state

o
co
I

2C(g-s)
(Ap)=(04)-nature

o
[=3]
|
o
o
|

0S-orbit

Probability

o
.
| T
o
B

o
)
I
o
N

0.0

o
o

S, P,D, F,G,S,F,0,F,G,

2

SU(3) nature: confirmed by
no-core shell model ,
Dytrych et al., PRL98 (2007)

Yamada & Schuck EPJA26 (2005) with 3 OCM wf
Matsumura & Suzuki, NPA739 (2004)
Funaki et al., PRC (2010) with 3a¢ THSR wf

Single cluster density matrix: p(r,r’)

jdr "o (r,r)e.(r=A4 ¢, (r), o(r):single-cluster orbital w.f.
4 :occupation probability



a-density distribution and a-momentum distribution

in 12C
Density X r? Momentum distribution
6
0.2} + i 4& .
0,* (g.s) ¢ 0,
1.0}
< ~ 08}
X 01t 0, 1 < 6l
e - 0,*(g.s
/ 04l 1" (8:s)
i
00 > —
> 2 4 6 8 10 0 2 4 6 8 10
r (fm) k (fm ™)
Compact (0,*) vs. Dilute (0,°) 0,* state: o function-like

Similar to dilute atomic cond.
Yamada & Schuck EPJA26 (2005) with 3¢ OCM wf



E [MeV]

-10

-13

0f

o cluster

120
i 60 Cluster gas
43a”_:::!!E' &

R=3.8fm

pof3 o5

000
OO0 O |
NG}

shell-model —like
structure

Condensed into the lowest orbit

i




E [MeV]

<20
18
16

~
LAV

h
Q

Q M K O

Monopole strengths M(EO) in 12C ]

No-core shell model

- 07 1 IZC

L 271
- (27 0)
1t
L 170
L 17 0
- (250
L (07)0

L
0. 0—

hQ=15 MeV

CD-Bonn

Exp _ Q. 0nQ

P. Navr’atil et al., PRC62 (2000)

0t 0
271
1" 1
0" 1
27 0
17 0
47 0

0" 0

E, (MeV)
151 14.1
4
10.3 o; R
10k 21| structure
7.66 @
""" 3a 7.272 Me¥A —
- EWSR value
5 | 4.44
_ 2|
" M(E0)=5.4+0.2 fm? (16%)
0— I O;

Single particle M(E0)~5.4 fm?



12C(e,e’)2C(Hoyle)

L - | | | |
— FMD i

10 — Cluster, BEC _
E 12{3{5,&'3”13
= E, =765 Mav
2 10tk ' =
g 3
=
% 10° .
3

108 -

-7
107, 05 1 15 2 25 3 3.5
q[fm ]
blue : FMD : Chernykh et al., PRL98(2007)

read : Cluster (3o RGM): Kamimura, NPA351(1981)
BEC (3o condensate: THSR): Funaki et al., PRC67(2003)



Hyper-THSR W.T. THSR: a-condensate-type w.f.

Core part

HERDER
+ A 1. NLFAMHHEIZKY, 12CD2nd 0+
[2H T 5B BRRBIEEZERSIN?
full microscopic w.f. 2. linear-chain-likeZX 48 & (AR F A3
CEIZKY .. RERTEIMN?
15t 0+ shell-model-like 94 %
2" 0+ 3a-gas-like 99.9%
3rd 0+ linear-chain-like 99 %

corefZIkBZE (FLEAE 1EE Tioad!
8Be=20, 12C=30, 20Ne=0+160



BOWNMN\—RZDEBEEMR (VSR F—ER)

Glue-like role of A Light p-shell: a+x+A model: x=p,n,d,t,*H,3He
Motoba, Bando, Ikeda, PTP70(1983), 71(1984)

_ B,C(Ba+A), #\Ne(a+°O+A)  WWHODHRD—E
=) Reduction of B(EZ) 20 Ne(a+150+A) 1980F#HEETOHE

Observed in 7, Li a4 kg

Tanida et al., PRL86 (2001)
FEEAMKETE : Hiyama et al. PRC59(1999)

"L TpLi - 12C(Hoyle) €k
00 = @0 J"@ CA

Shrinkage = A7 #& D& EZ L (monopole) 5448 AN HE 4

Shrinkage of core nucleus

MR OSAI—ER . RhZINSH-KELER
1. BIERAREEL HSRA—RBERBICER © BETE SSR4—HEEL
2. NEFEMZ BEOBHEORBEY: FEEOSHFEL0D B/R—ILOERGER



E [MeV]

16

12

Energy levels of 1°C (Exp.)

50 Ll HiEII o= 4
Cluster-model cal.: 2" 2+, 34 0+ - _
30 RGM, GCM, OCM (2,) 1,
o —
FMD, AMD 3 -

o; 3 3
21
0+

Ajzenberg—Selove (1990)




E [MeV]

16

12

Energy levels of 1°C (Exp.)

50F L EEIOZE 1

Cluster-model cal.: 2" 2+, 34 0+
3o RGM, GCM, OCM
THSR

{
(2, 4 A
A et
FMD, AMD 03 — L OS/

,+)

- -

+

T eests

Ajzenberg—Selove (1990)

0S
J

-\




E [MeV]

16

12

Energy levels of 1°C (Exp.)

Present (2013)

4+
1
(2) 1
— 0,)
0; 3 3al
21
0+

Ajzenberg—Selove (1990)




E [MeV]

16

12

Energy levels of 2C (Exp.)

Present (2013)

2, 'C(0,0) : Itoh et al., NPA738 (2004)
Itoh et al., PRC84 (2011)

12C(p,p’) : Freer et al., PRC80 (2009)
Zimmerman et al., PRC84(2011)

12C(y,a) : Zimmerman et al., PRL110(2013)

EERRITRE

12C(a,a’) : Itoh et al., PRC84 (2011)

Result of MDA

Ex=9.04 MeV
1'=1.45 MeV

- (@) L=0

SE,) (fm MeV)

B Ex=10.56 MeV

ol o T'21.42 MeV
E, (MeV)

+
4 2C(a,0+a+0)a, °Be(a,0+0+0)n
Freer et al., PRC83 (2011)




E [MeV]

16

12

Energy levels of “C (Exp.)

Present (2013)

0 10 20
| J(J+1)

-OCM+CSM: £JI1-ink
3rd 0+: family of a cond.
4t 0+: linear-chain-like

- F# CSM: confirmed

- AMD (FEER):

linear-chain-like




Hyper-THSR W.T. THSR: a-condensate-type w.f.

Core part

HERDER
+ A 1. NLFAMHHEIZKY, 12CD2nd 0+
[2H T 5B BRRBIEEZERSIN?
full microscopic w.f. 2. linear-chain-likeZX 48 & (AR F A3
CEIZKY .. RERTEIMN?
15t 0+ shell-model-like 94 %
2" 0+ 3a-gas-like 99.9%
3rd 0+ linear-chain-like 99 %

corefZIkBZE (FLEAE 1EE Tioad!
8Be=20, 12C=30, 20Ne=0+160



Energy of 13,C(0*, 2+, 4*) YNG (ND) interaction

> (QFT (B, B..x)| H — E, | OF 5 ™ (B BL.x) £,(B.B.K) =0

B .B.x'
—80.0 }
B34 (33) X
850 (2.9) . 12C0)+A
-850 F _85-2 (30)- __________ ‘**J
-87.6 (3.0)-"
-90.2 (2.9) . -89.8 (2.3) 12C(01)+A
000 F o T T T T T T el T T T T TS
S
%‘* Rms radii in parentheses
=950 F
-985 (2.3)
o] H1012 (2.3),."
e Funaki’s calculation
-105.0 } J= J=2 J=




Previous calculations with cluster models

3o+A model (Hiyama) 30 RGM+A model (Yamada)
L Mev (I17®1) (%)
" 2., 15, 123 (1,®s) 885 7"
19 7
fiom e () e o0 e
- 064 13 10 ;
3, 107 {D ®p) 95.7 @ ] - |
. 5 (F)
(le g, _ -
o 7.28 g 0 - o o - ”
— C+A
@4'447-———'-'4@4.59 (2®s) 99.3 w = _@ (E)
sl (A

0.00 *
O ——0 Yo i)

12 13
C A

T. Yamada et al., PTP Suppl. 81 (1985)

E. Hiyama, M. Kamimura, T. Motoba, T. Yamada,
PTP97 (1997); PRL85 (2000)



Energy of 13,C(0*, 2+, 4*) YNG (ND) interaction

> (QFT (B, B..x)| H — E, | OF 5 ™ (B BL.x) £,(B.B.K) =0

B .B.x'
—80.0 }
. B34 (B3) )
850 (29) . ) +A
-850 F _85-2 (30)- __________ ‘**J
-87.6 (3.0)"
-90.2 (2.9) . -89.8 (2.3) 12C(01)+A
000 F o T T T T T T T T T e - RN
>
2 Rms radii in parentheses
=950 F
-98.5 (2.3)
101.2 (23).." y .
~100.0 } Funaki’s calculation
-105.0 } J= J=2 J=




Squared overlap surfaces for 0,7, 2.* 4.* Funaki’s calculation

12
2

O(B,, B, k) = “ype”HSR(ﬂl, ﬁz,x)\fun Hyper-THSR w.f.)

[J 0l

0+
B, [fm] H o3
i, =p,) [fm] | 44 |
2.+ oo '
B, [fm] 2, [fm]

05 2 05 2 4 10

I (ﬁ =B, ) [fm] B.(B,=P, ) [fm]



Hyper-THSR w.f.

Hyper —THSR
Oy (Bl BK)

~ 3 2 2 2 2 2 J
= Plﬂ{n{exp(_ﬂf+2b2 (Xi +Yi )_WZi j¢(ai)}}x%(§m’()

b, (EA K) = Nz(’()‘fi eXp[_%jYzm (%A)




Energy of 13,C(0*, 2+, 4*) YNG (ND) interaction

> (QFT (B, B..x)| H — E, | OF 5 ™ (B BL.x) £,(B.B.K) =0

B .B.x'
-80.0
... B34 (33) X
850 (29) . L) +A
—gs5.0 | 852B0) ...
-87.6 (3.0
-80.2 (2. 9) -89.8 (2.3) 12C(0})+A
—90.0 T ey e
>
2 Rms radii in parentheses
=950 F
985 (2.3)
101.2 (23)." y .
~100.0 } Funaki’s calculation
~105.0 } J= J=2 J=




Famlly of the Hoyle state Funaki’s calculation

02+ 07

" (5,5 :
2,+ } 4,+ |
A, [tml l‘ B, [fm]

05 2
o5 2 4 6 8 10

B, (B, ‘ﬂ ) [fm] B (B.=p,) [tm]



Size

a condensation)

Condensate character still much survives.

~60 %

p
126(04*) 2.4 fm

12C(0,*) 3.8 fm
\.

dependence of occupation probability

(Hoyle + A) (amount Uf

R/me=2.9 fm
1.0 ¢ B
>0.38
F= § —o
[y
S 0.6 D —a—
o
[t G —
ke
T 0.4
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Rims < 2.5 fm: Alpha’ s are resolved due to the antisymmetrization.
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1 dim.-like linear-chain band
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Summary (1)

 |S M(EOQ) trans. : useful to search for cluster states

B(E2): nuclear deformation (Rainwater)
They seem to have about 20% of EWSR in low energy region.

* IS monopole excitations have two features: %0 (typical)
(1) a-cluster type: discrete peaks at E,<15 MeV
(i) mean-field type: 3-bump structure (18,23,30 MeV)

e The origin: Dual nature of the ground state of 1°O.

G.S. has mean-field and a-cluster degrees of freedom
+ a-type g.s. correlation

 Dual nature is common in light nuclel.

» Two features of IS monopole excitations seems to be In
general in light nuclel.

It is interesting to study two features in other 4n nuclei, neutron-rich nuclei.
= Importance of Systematic Analyses with 1S M(EOQ) in Light Nuclei



Summary (2)

 Alpha-gas like states : novel states in light nuclel
12C : Hoyle state, family states of Hoyle
160, 1B, 13C : Hoyle analog states

e Hyper-THSR w.f. (full microscopic)

Promising to describe the structures of light hypernuclel
Linear-chain states may come down in energy to be stabilized
due to glue-like role of A
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