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160: Typical example of Duality: Shell model and Clusters
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Present subject: Interest on Be isotopes (Example of 1°Be)

Scatt. B.C. ,
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We can expect variety in the excitation modes of cluster and excess-neutrons.




Formulation ( 1) : Single particle motion in two centers ¢(Op)
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Formulation Linear Combination of
S Atomic Orbital (LCAO)

—_— 7 -
NN int. Volkov No.2 +G3RS

m (G+)2 = ( P.,(L) — P,(R) )2 Central LS

=P,(L)-P,(L) + P,(R)~P,(R) — 2P,(L)-P,(R)

°He + ot o + °He SHe + °He

@ - P(R)*P,(R) + P, (R)*P,(R) +P,(R)*P,(R)

o+°He(0%)

12Be(4N), 1“Be(6N), 1°Be(8N)

| Total wave function |

Y = Z,B,S C(IB, S) P.(a)-P.(b) (mn)=xyz (ab)=LR

Variational PRM




What is adiabatic energy surfaces ? S:Distance PRM
a : Basis number

1. Full solutions

Atomic orbit basis

(H-E)¥. =0, W =[dSY CE(S)|p,(S)

2. Adiabatic solutions

Atomic orbit basis

(H-E)d¥(S)=0, ®¢'(S)= ) D, (S)¢,(S)

CDEO”(S) . Adiabatic state ‘ 5‘

We can observe a smooth change from the covalent MO
to the asymptotic channels as a function of the S parameter.




Energy surfaces in 12Be = a+o+4N (38 channels
&Y ororkaN | ) Vyy : Volkov No.2+G3RS

Adiabatic Energy surfaces
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S=5~6.5 fm: The adiabatic state has
an intermediate character of MO and
He-He clusters.

Structure of 15t AES ‘
&
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Cluster formation due to the orthgonality effect

AES with the orthogonality

to (0,+,0,7)
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Excitation modes in 1?Be

Covalent .
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Femto-Molecules :12Be=o+a+4N J™=0*
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Consisitent
to Exp.
Degenerate 4 -
Feature

G.S. potentially
includes two
degs. of free.

Energy ( MeV)
A

o
1

-12 -

Covalent

(0pR)(0p,) (0*)? @
% lonic

E

Cluster ex.

lonic

S.P. ex.

(m)? (c*)?

6
5
Q
3
wn
- )
O
2
(m)%(m)?

O



Coexistence phenomenon in A=12 systems (Threshold rule)

6Heg.s.+ 6Begs
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Femto-Molecules :12Be=o+0+4N J™=0*

lonic
Consistent 8- (Opg)(0p,) (c)? @
to Exp. | Atomic
Degenerate lonic 6
Feature 44
5
1 14
e
()]
s 7 : :
) E
> | O
= 3
> o
>
c =
O i O
2
g 1
i S.P. ex. (m)%(m)?
] (1)? (c*)?
1
12



Monopole strength of 1?Be: Ratio to S.P. strength

Simple shell model is difficult to explain M(IS) strength below E~20 MeV !

12 5
_ /Nt 2t MsP = (1p. b|r?|0p. b) = 2b, [ —.
|\/|(|S)—<Of Zri ‘()1> (1p, b|r=|0p, b) V3
1=1 T. Yamada et al., PTP.120, 1139 (2008)
State Ex. Energy (MeV) IM(I1S)/ M=
0+ 2.12 7 50
0F 10.19 3.53
0; 12.29 0.92
05 12.94 1.48
Og 15.09 1.76

All the excited states have a comparable to or a few times larger strength
in comparison to the S.P. strength.



12Be : Monopole transition
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Rotational Bands :12Be=a+0+4N

Energy ( MeV )

16

N
N

Qo

1N

1-Re S,

Experimental data

%+ : Freer et al.

A :Shimoura et al.

A :Bohlen et al.

: Saito et al.

GS band : Breaking of N=8

Continuum :*He+YHe Mol. Res.



Be isotopes from bounds to continuum : J* = 0*

5Be 10Be 12Be 14Be 16Bea
1-Re S, 0q 2 1-Re Sy 0g 2 1-ReS, 0g 2 1-ReS, ¢
F-
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Two degrees of cluster + neutrons prominently appears in Be isotopes.




Systematics based on the Cluster Picture

L:(OP,,,) % L:(OP.. .}
(0Ps2) ﬂSimilar » (0P:/2)
R:(0P;,)? R:(0P;/,) 2
L:(OP;/,)*
R:(0P;/,)*

We are now analyzing wave functions.

Special feature in ?Be

12Be=fHe+°He, a+3He is a self conjugate when atomic p-h are exchanged.

= This is a special nucleus in even Be isotopes



Cluster effects in reactions

1. Molecular Resonances (MRs) are typical examples : 2C+%2C, 180+16Q, 12C+160

= Collective excitation of individual nuclei is essential.

An additional
2. MR system + one valence neutron :12C+13C, 60+170Q, etc... nheutron
Transfer process is extensively investigated = NO clear resonances !!
Transfer effect in neutron-rich systems
Previous studies (12C+%3C etc) Neutrons’ drip-line case
A (Cores) >> XN A (Cores) ~ XN
N~Z . N>>Z
" ® ~
Val. N :tight binding Val. N : weak binding
Transfers of a valence neutron Transfer of “active” neutrons

— No sharp resonances — Sharp resonances are generated ?



Coupling to open channels in continuum

Closed states method : Prof. Kamimura, Prog. Part. Nucl. Phys. 51 (2003)

Open channels Compound states (Closed)

VO =20 + 2007

Bound state approximation
with Atomic Orbital Basis

Scattering B.C.

(H-E)Q " =0

v 400~500 S.D. with J* projection
(+) (-) (+)
Rearrangement channels : o+ ®He, . °He,  +°He, . °He, +’He



Future perspectives : Combination of MF models, AMD and scattering

Open channels

(H- E)\P”) =
(QS°H| Q™) =¢,6,, 75 (R,) = ZC“’) Ui (Ry)

b, = —L (@ (H-B)| " Alp, 21 }>
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Cross sections of neutron transfers

o + 8He = *He + YHe (J™=0%) o + 8He = fHe + ®He
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Effects of the transfer coupling : Minimum coupling Solid : Full calculation

————— Dotted curves |- - - - -,
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Enhancement of the two neutron transfer

'@ (Cov.SD)) —‘;(( He+6He) +‘g0( He+7He)

Strong decay
into ®He+%He
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\ Open Closed
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N ] T
:?:J 0.5+ : : :
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=0 |
0 . 11\ -~ Consistent to Exp. of 12Be breakup
-2 0 2 4 6 8 By S. Shimoura et al.



E, spectra of '“Be(a,a’)*He®He (positive parities)

] {Bohlen: [*Be®*C *C)"*Be  13.07 (Freer: a+®He)
= F_spectra of pos.-parity states ol ’( a+He
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Extraction of the J*=0* strength in a+8He = ®He+°®He

Total Precise measurements of
1600- ot 2* 1 scattering will be available !
/A ] 2
o(B)=17 > (21+1)[s{,(E)
k J=even
—1200
g .
- -0+ i i
= Completely Masked ! The J™=0* strength is quite small .
.5 W g ( Due to a factor of 2J+1 )
g 1010 PO PP PPTTT1 L L Lo .
o Jr=2" Jm=2* strength is dominant.
(%)
o)
o (4* strength is negligible.)
“©
Y 400
= o,
J'=
(X3)]
0 ] | —
ﬁO 1 2 3 4 | We should extract the 0* con-

tribution from the total strength.




Angular distributions for the resonances of a+8He = ®He+°He
2

do 1 > (23 +1) S;;(J,E)P,(cos9)| For Spinless channels

dQ  4k? |5,
Lower Resonance (°*He+°He) Higher Resonance (Covalent SD)
......... ———T—— T 60— r—r—T——"—7——TJ 7
g 40+
S~
O
S 2+
G
N E 20-
@)
©
0 50 100 150 0 50 100 150
3 ( degree) 3 ( degree)

Gate of angular range : 1.9 ~ 55and 125 (degree) =P(J=2)=0

2.50<9<60,120< 9 <130 (degree)



Gating of angular distribution of a+8He = ®He+°He

Cross section ( mb )

Total X-sec. (T(E)

120 . —
02
2+
0'2"
Total
800
JTE=2+
400
Jm=0*
(X5)
e -
3

Energy ( MeV )

Cross section ( mb / Str.)

Angle A d X do
ngle Averaged X-sec. i/,

40° < 9 <70°
110° < 9 <140°

30
50° < 9 <60° |
120° < 9 <130°
15
9 ~55° 125°
N\
% 2 4

Energy ( MeV )

The angle averaged cross section nicely reproduces the 0+ contribution !!



| Present studies | PRL100 (08), PRC78(R) (08), PR Focus 22(08), PRC83(11), PRC84(11)

Systematic studies of Be isotopes from bounds to continuum

| Results of the studies |

1. Nuclear structure of 12Be and Be isotopes
= Due to the hybrid configuration, there appears a wide variety in the excited states

= Clusters’ and neutrons’ degrees of freedom coexist in a ground state

2. Transfer reaction in a+3He slow scattering
= Resonance enhancements are generated in the neutron transfer process.

= Decay scheme has a close connection to the intrinsic structure

To obtain an essential picture of nuclei, it is very important to investigate
structure changes over a wide energy, including the scattering states.

Feature studies

Duality will appear systematically in other light neutron excess system.

Systematic study= O=0+12C+XN. Ne=o+1°0+XN






Cluster Limit in Shell model wave function

2 1/4
Un (X) : Harmonic Oscillator in 1 dim. uo (X) — (;Vj e—v x2

Uy (x=8) = 3C(n) u, (X

1 Poisson Distribution

Co) =08%)" =™ ny_y52  An=vh8?

n!

‘ S=oo (Development of cluster) = Mixing of higher quanta ‘




Cluster limit of 2°Ne=0+10

Limit of S =& Large in the a+1°0 system
S

Strong configuration mixing measured from a center of 10

(0s)* S ~ 5.1 fm ( Contact distance )

00 5 827
A b

.Q.%.Q v ~ 0.24 fm~2( Standard value )
@

SO

Quanta for single nucleon: n

0} 160
(N)=vS*~6 An=,/(n)~24
Quanta for 4 nucleons (a-particle): N c.f. : No core shell
model (N<10)
forA< 16
<N>:4<n>z24 If S~7 fm, N~50 |

/ Aalpha particle i Original Fermi-surf
AN = 4<n> ~5 alpha particle is riginal Fermi-surface

loosely coupled ! becomes meaningless.
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BB Xt A HEk N~Z¥ CTHDFE{THFZE : T. Yamada et al., PTP120

DIAZ—IBEDHEE = BEBEBDBRZEZL-0T (KYFEMEEET?)
PIZIE, EQRGERBODISAZI—BENEEITNISERT 5D H?

12BeDHER
12Be = o + o + ANRIZE [T HEEKR NS S IFEIRE~N DB EERTE

o @@@*—@@@

HE ke Direct Probe
FAFCO+ IR RE (éFﬁ%ﬁ)

(m)? (c*)?
ENN—FBEZBZDH?

SEIOHERNR
EREBDERODEHZMEAT )L —HIROBE LU T TERT D

;

GTCML K FRENDENA Y SAF—~DELZHBA TR ILF— L TIEH AT AR



o0 HEDES
RFHEEE

(H-E)¥. =0, W =[dSY CE(S)|p,(S)

What is adiabatic energy surfaces ? {S:EE'%EPRM

1. Full solutions

2. Adiabatic solutions

R FENEEE

(H-E)d¥(S)=0, ®¢'(S)= ) D, (S)¢,(S)

D2(S): prsnikaE ‘ S‘
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Energy surfaces in 12Be = a+o+4N (38 channels
&Y ororkaN | ) Vyy : Volkov No.2+G3RS

®He ®He

Adiabatic Energy surfaces

v(Op)® 20-

JT=0"
I Continuum Energy

e °He + 'He

P 5He + °He

<— o, + 8He

R(ot)~1.4fm
Covalent SD
¢2 MeV g g
: , , : , , S~5fm
0 4 8 12 _
S (fm) Atomic-Molecular

Hybrid configuration




Global behaviors of Level Crossings in Be isotopes
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Level Crossings in 1>14Be=a+o+XN (X=2,6)
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Global behaviors of Level Crossings in Be isotopes

Energy

1ZBe o
o °
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¥ E0 38 £ (adiabatic conjunction)
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Refinement of calculation
K=0D HE K=0D EHE

1. CNFETDRYH A \ ’ A \

‘Q 0" - P(R)P(R)+P(R)P(R)+ P.(R)-P,(R)

2* = P,(R)=P,(R) + P (R)-P (R)—2P,(R)*P,(R)
[ a+°He(l*) 1 K=0
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Jz Diagonalization
Improvement of the projection procedures l l

/ J
1. Constructions of the K-projected basis <K | OP™” | K>

Projection of the K quantum number = Diagonalization of J , in body-fixed frame
Generation of |J m K> basis

I 2. Construction of the asymptotic channels I

Channel wave functions (R iz CODE[E) Diagonalization of total Hamilton at

an asymptotic region (large distance)
e 0 T
o o)

-

5He(,) 8He(l,) L+1=J

Construction of channel wfs

<K’| HP" | K>

S—large

We need NOT to handle spins of excess neutrons . Generation of | (I, I,)I LJ >

> —ROZHIDRDIBE - RICFTHE WA EETH D



10Be vs 14Be : J* = 0"
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8Be vs 1Be : J* =0
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Be isotopes from bounds to continuums : J* = 0*
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Compact states (Shell model)
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Excitation of
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All the cluster states are expected to have a large monopole strength.



Systematics based on the Cluster Picture

L:(OP,,,) % L:(OP.. .}
(0Ps2) ﬂSimilar » (0P:/2)
R:(0P;,)? R:(0P;/,) 2
L:(OP;/,)*
R:(0P;/,)*

We are now analyzing wave functions.

Special feature in ?Be

12Be=fHe+°He, a+3He is a self conjugate when atomic p-h are exchanged.

= This is a special nucleus in even Be isotopes
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| Feature subjects |
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2.SD shell ~DILEFE = O0=0+12C+XN. Ne=o+1°0+XN
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Recent Application to a+'°Be = 14C

Calculation: Coupled channels of a+1°Be (Opshell)

Energy ( MeV )

( Parameters are same as Be isotopes )

Adiabatic surfaces (J7t = 0%)
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(Recent Scattering exp. By Freer et al.)

Energy spectra (J*= 0%)
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How to construct intrinsic states based on AMD

1. Basis construction by imaginary time evolutions

Constraint Cooling + GCM (Generation of collective states)

Qv = ;C,(Bv)@(ﬂ) ﬂ : Collective Coordinates

2. Basis construction by real time evolutions

Sampling of collision events (Cluster correlations during scattering ??)

Time evolution

—

D(b, ¢, a)) O

(I)(b, &, C()) Stop at

Interacting region







Energy ( MeV)

Level Crossing in 1?Be (1)

Un correlated AESs

'102345678910

Distance (fm)

-1Q

Correlated AESs

(m)? (c*)?

5 6 7 8 9 10
Distance (fm)

Two AESs are almost degenerated due to correlations = Crossing occurs at inner region !



Energy (MeV)

Level Crossing in 1?Be (2)

Correlated AESs

| m—d

AESs with full coupling

10

Coupling
with all

1| configurations

8
o+ Heg_s_

2 3 4 5 6 7
Distance (fm)

10

Conjunction
G.S.& a+8He

2 3 4 5 6 7 8 9 10
Distance (fm)

Lowest minimum smoothly connected to a+®He , = Formation of adiabatic conjunction



Results of No core shell model

B [MeV]

Navratil et al., PRL84 (00) Caurier et al., PRC66 (02)
=01 12 hQ=15Mev 0, 0" 0 : —01
Iz ‘\;C e i e 50t 10Be  CD-Bonn
16 [ 70 : 4(? ! 25 - | 0 |
B . =2+ 0 . :
Izl o N o B [ (intruder 0* 1 .
0L @Y %; ] S—
L (0Y) 0 <L I8 |
sl oo CD-Bonn 8|
I — e— () _+ i [9]
gl 2 10} o
4_2+ 0-— - /2"'0 55(}"‘]__02"' ,
[ o 1 . 1
2t P
:0+0_ - 0t 0 G'_(Pl_ o1
o Exp  4Q  20Q  0n0 Exp 8:2 6% 4l
N~ 60 for a-a rel. motion
By T. Yamada et al.
(o)

Recent progress of GFMC : 12C(0,*), Ex ~ 12=8MeV, Linear-chain -like density




Singnificance of the present work

A. Present situation of the ab-initio calculations with realistic NN forces

1. ab-initio calculations can mainly reproduce the yrast states in
(well known) light systems.

2. Application to the reaction problem is performed (e.g. *He+n, A<6).
K. M. Nolett et al., PRL99 (07)

However, these calculations are difficult to describe intruder states,
in which the cluster degree of freedoms strongly activate.

(Predictive powers for unknown state is weak...)

B. Approaches based on the cluster model with effective NN forces

It is important to search for new cluster-phenomena in unknown systems
by employing cluster model approaches. ‘L

Neutron Excess Systems



Energy surfaces in 12Be = a+o+4N (38 channels
&Y ororkaN | ) Vyy : Volkov No.2+G3RS

®He ®He

Adiabatic Energy surfaces

v(Op)® 20-

JT=0"
I Continuum Energy

e °He + 'He

P 5He + °He

<— o, + 8He

R(ot)~1.4fm
Covalent SD
¢2 MeV g g
: , , : , , S~5fm
0 4 8 12 _
S (fm) Atomic-Molecular

Hybrid configuration




E, spectra of '“Be(a,a’)*He®He (positive parities)

] {Bohlen: [*Be®*C *C)"*Be  13.07 (Freer: a+®He)
= F_spectra of pos.-parity states ol ’( a+He

J
« Fitting with resonances , fﬂir g{- PR IIE P

determined in ®He+®He analysis o L et trmen
i - (11.68) J13.2h +
(Ep & Ty: fixed for /=0 & 2) R J=4
R fHe+6H
~10 MeV: Korsheninnikov et al., PLB343("95)53. § ,i-frl+++++++ N e+ hne
@NodecaystoowsHe RT3 12 15 16 17 18 18 20
0
at+iHe
» PHe+°He

S ' ' _. ;
3 ,M!’i! f#'*“.'_*-..l_h*__‘_ *Het+fHe < ¥ ﬂﬂ’"—"‘—'-—t_.:ﬂ_.._

N T il s Wi S | - Oy 1 1 L -
e 1| 12 1% 14 15 16 15 18 149 Z0 o 12 1% 12 15 18 1 18 19 20
L, [MeV] E, [MaV]

bt 15¢th., 3008 LR FARNOERESFARRBORELNEY R0 & BE 0



| Present studies |

1. {@BeRI A DRIFFEE A HIERGHEEIEHBIEER . RIGIR
= SHRGBENERT L. EEREOHEZRET ~S?

2. Adiabatic conjunction|Z&kDE/HR—IL BB DIERTER = TEAM TITLL A
(BRERREIZDENDVTRI—REX LT —DIEFET D)

| Developments of calculation method |

K&t ®2. —E ST (Channel wi)Z Xt BIEICKYMBIICIBE T 55 E TR
(FEHERBZTEHEHELTEYY)

= — DO ZFILDROETENEMBICATEEICRo = (IBIELER ML EFTED)

| Feature subjects |

1. ST EDRELHLE = 1“C = a+!%Be, Freer DELELEER D LLEL

2.SD shell ~DILEE = 0O=0+2C+XN. Ne=0+60+XN

@ T EME A TE : hybrid structures of clusters + excess neutrons in O and Ne

3. ZIDRADHER (MBESA. ILBHSALDERERR)



FIEFTEIC KSR =FEND T

2ChDi5E (N=Z=6)

Fh#Z oK BE

Probability

Probability
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0 2 4 & 8
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100

T. Neff et al., (2008)
3aiR B TEE

AE/A=7.6/12
~0.6 MeV



Studies on Exotic Nuclear Systems in (E,,N, Z,J) Space

Slow Rl beam I Unbound Nuclear Systems I
N4 b N
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\ /
N ’
-

/
/

I
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|

EX. energy
a \/

12Be and 4He+8He reaction

Is Threshold Decays in

Extension to 8~ 16Be _ _
Rule valid ?? Continuum

*He + yHe reaction

Structural
Change

Low-lying
Molecular Orbital :

Tc_‘c-l-.. -

(N,Z ) : Two Dimensions

N




Computational conditions of ?Be ‘O O‘
1. Parameters in NN interaction

OO0

NN int. : Volkov No.2 (Central) + G3RS (LS-int.)
=Fixed at 1°Be (NO modification for Be isotopes)

Cluster threshold
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Calculation Experiments gs.

2. Model space

All the Op-shell Atomic orbitals (K™=0*) = About 800 Slater determinant
(S=2~8.8 fm, AS=0.4 fm, SD=40) with J* projection
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Introduction
Duality in light nuclei : Coexistence of Shell model and Cluster states

Bayman-Bohr Theorem: T. Yamada et al.

~

Excitations of individual degrees
of freedom are possible.

(0s)*(0p)*2

Studies of global behaviors over a wide energy range are very important !!

Present subject Scatt. B.C.

We demonstrate the prominent duality appearing in Be isotopes

Cluster’s Ex.

Be isotopes = Hybrid of a+a and excess neutrons

4
Sm=”

Neutrons Hybrid G.S.



Coexistence phenomenon in A=12 systems (Threshold rule)

6Heg.s.+ 6Begs
fommm——
~
N 8.8 MeV
°He, .+ 'Be

N
S 19.8 MeV
Hoyle state
+
v 2
o+ 8Beg_s_
12¢

Coexistence becomes
much prominent.

Vn-n, Vo-nis
Weak.

~4 MeV
X 5Heg.s + 7L|g.s O6+ —— 5Hegs + 7Heg.s. A
T ——
2.9 MeV 5+ S 6Hegs+ 6Heg.s.
4 & ee———————
1______9_"_'.8L'g s g7 — o+ 8Heg_s_ v



Extension of microscopic cluster model (Test calculation for 19Be)

10Be=q+o+N+N |

Mol. Orb. Combine |

o ®He SHe SHe
® —ed 66

Unified model between M.O. and He clusters :PLB588 (04) @_@
S

\P:c100+ C2 4 G oo

OPi (i=x,y,z) Coupled channels with Atomic orbitals S, Ci : Variational PRM.
Absorbing B.C. Scattering B.C. Tr. densites
o
| (@ } < 1pl ¥
o)
Decay widh o+%He Cross sections 10Be > a+°He

PTP113 (05) —i W(R) PLB636 (06) Breakup




Energy surfaces in 12Be = a+o+4N (38 channels
&Y ororkaN | ) Vyy : Volkov No.2+G3RS

®He ®He

Adiabatic Energy surfaces

v(Op)® 20-

JT=0"
I Continuum Energy

e °He + 'He

P 5He + °He

<— o, + 8He

R(ot)~1.4fm
Covalent SD
¢2 MeV g g
: , , : , , S~5fm
0 4 8 12 _
S (fm) Atomic-Molecular

Hybrid configuration




Femto-Molecules :12Be=o+a+4N J™=0*
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Future perspectives : Combination of MF models, AMD and scattering

Open channels

(H- E)\P”) =
(QS°H| Q™) =¢,6,, 75 (R,) = ZC“’) Ui (Ry)
b, = = <Q§:O‘(H -E) ZA{% Zpe }> In AMD

g, —E B

-1 M
=3 CW(Q|(H-E)|Alg, u,, (R)a(xs) |
S

gV_E )
/

S.D. (AMD,HF,...) Brink W.F. (S.D. by H.O.)



Excitation modes in 1?Be

Covalent loic
o-o REL. + S.P. of 4N (Opg)(Op,) (c*)?
Atomic
~ ®He + fHe
> 05"
= O eeessmssssssssssssees -
— o + 8He
>
ah, - -
c
L
loic .
0,* '
G.S. potentially includes |
these two deg. of free. 0.+
(Not simple M.F.) . - . . .
4 8 12

o — a Distance (fm)
(1) (c*)?



Present subject on Be isotopes and
Framework of our model




Introduction

Duality in nuclei and anomalous features
of Cluster state




Application to structure problem of
1’Be and Be isotopes




enhancement phenomena
in transfer reaction
a+3He = °He+®He




