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Plan of this talk

© Introduction
— Clustering phenomena and typical examples
— Theoretical framework of
antisymmetrized molecular dynamics (AMD)

© Clusters in stable nuclei (2Mg)
— Clusters in the highly excited states of 24Mg
— IS monopole transitions to probe them

© Clusters in neutron-rich nuclei
— Nuclear molecule with molecular-orbital bonding
— From dimers to trimers and tetramers

© Summary
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Introduction: Evolution of clusters
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Clustering in the exuted states of nuclei
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Introduction: Clustering phenomena

— Degrees-of-freedom of nuclear excitation
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Famous cluster states in light stable nuclei
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Threshold Energy Rule of Clustering
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= © Cluster states appear at threshold energies
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Cluster Nucleosyntheis
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Cluster states in Stellar Evolution
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Theoretical Framework of Antisymmetrized Molecular Dynamics

© Wave function (Spatially Localized Gaussians)
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variational parameters : X; = Z1,..., Z4,0a1,....,a4,b1,....04, V5, vy, 1,
centroids of spin directions width of
wave packets wave packets

© No a-priori assumption on cluster structure
© Both of the single-particle and clustering nature are described within a single framework
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Y. Kanada-En'yo, M. Kand A. Ono,  Prog. Theor. Exp. Phys. (2012) 01A202.
“Antisymmetrized molecular dynamics and its applications to cluster phenomena”



Clusters
IN stable nuclel

— Clusters in the highly excited states of 2*Mg
— IS monopole transitions to probe them




A Frontier of Nuclear Cluster Physics

Larger masses >
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*4Mg low-lying quadrupole collectivity

© #Mg: well-known low-lying collectivity, triaxial deformation
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24Mg highly excited cluster states

30 28.5 MeV @@@@@@ © 6« cluster candidate by HFB
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Theoretical Framework of Antisymmetrized Molecular Dynamics

© Microscopic Hamiltonian (A-nucleons)
Gogny D1S |nteract|on No spurious center- of-mass energy
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© Wave function (Spatially Localized Gaussians)
No a-priori assumption on cluster structure

].-|—7TPT 1—|—7TP
92 int — 9

mr)ocexp{—um <x— 5%)2—% (y— j%>2_yz <z— jj;j}®{am>+bm>}®<|n> or [p))

variational parameters : X; = Z1, ... ZA,a,l,..7aA,b1,...,bA,1/$,1/y,1/z

yUT = A{90179027' 7%014}

centroids of spin directions width of
wave packets wave packets

Optimized Wave Function

|::> (Cluster-states) @
4@

Initial Wave Function

randomly scatterd
Gaussians ./4 i
energy variation

(frictional cooling)




Mg low-lying quadrupole collectivity

Step 1. Energy variation with constraint

variational parameters : X; = Z1,..., Z4,a1,...,a4,b1,....04, V5, vy, 1,

centroids of spin directions width of
wave packets wave packets

Survey low-lying quadrupole collectivity

Energy variation with the constraint on the
quadrupole deformation parameters (5, y)

Equations for “frictional cooling method”
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Mg low-lying quadrupole collectivity

Step 2: Angular momentum projection
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Optimized wave functions are projected to the eigenstates of |
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Mg low-lying quadrupole collectivity
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Description of highly excited cluster states

The cluster thresholds are higher than

quadrupole collective states 30 28.5 MeV (@Xoo{aoox o
— Need to explore higher energy region with  28; @@
many-particle and many-hole configurations ~ 14.0 MeV =AQ)
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Description of highly excited cluster states

Various structure that are never seen on the -y plane

A Rich Variety of Clusters ! : C+C, a+Ne, 2a+0, 6a
Clustering is a fundamental degrees-of-freedom of nuclear excitation

o+Ne cluster state
M. Girod and P. Schuck, PRL111, 132503 (2013).
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Description of highly excited cluster states

All the basis wave functions (collective states and clusters) are superposed

= Most CPU demanding part in AMD calculation (~ 500 basis wave functions)
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How to observe them? A key observable: isoscalar monopole transition

Isoscalar monopole transition strength is a good prove for Clustering
T. Yamada,et al., PTP120, 1139 (2008).
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A Key Observable: Isoscalar Monopole Transition Strength

Neutron TOF —

Its already measured @ RCNP /f- N{J—

#Mg(a, a')**Mg* at 0 degree . g
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T. Kawabata, Proceedings of Cluster12 Conf.
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EWSR fraction [A.U.]

A Key Observable: Isoscalar Monopole Transition Strength

The full AMD calculation shows several states
with strong isoscalar monopole transitions
Those states are associated with various cluster states
6a states Is embedded in the giant resonace
A good accordance with the observed data (Promising !)

Strong transitions Broad distribution of GMR
around the cluster thresholds
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Prospects in study of highly excited cluster states

© Highly excited cluster states are now *Mg *si g

theoretically and experimentally accessible | oo cooe coconomo
(28.48) (38.46) (45.41)

Many fascinating topics -
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14.08) (24.03) 96)
An example & % oF

PHYSICAL REVIEW C 88, 064313 (2013)

Isoscalar giant resonance strengths in **S and possible excitation of superdeformed
and **Si + « cluster bandheads
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Clusters
IN heutron-rich nuclel

— Nuclear molecule with molecular-orbital bonding
— From dimers to trimers and tetramers




Frontiers of Nuclear Cluster Physics

© Clusters in neutron-rich nuclei = “nuclear molecules”

stable n drip-line

T

molecular-orbital bonding rules clusters

Instead of threshold energies
of g

molecular-orbital bonding
Compact shell state

07 @ 0} c@o

Compact shell state molecular-orbital bonding

Inversion,
vanishing N=8 shell gap




Nuclear molecules

with heavier masses

© Extension of “molecular-orbital bonding” to heavier clusters
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Nuclear molecules with heavier masses

deeply bound 10 neutrons are well confined within a and *°0 clusters
2 valence neutrons distribute entire system (molecular-orbital bonding)
Analogous to a-molecular orbit in Be isotopes

| (a) neutron orbital No. 1 | | (b) neutron orbital No. 2 | | (c) neutron orbital No. 3

Op- orb|tal Op- orbltal S

Vo

around o around « 1sOd-orbital ~ Op-orbital |
around %0 aroundo 108 6 420 2 4 6 8 ¥




Nuclear molecules with heavier masses

Reduction of excitation energies of molecular-orbital bonding states
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Dimers, trimers and tetramers

© Extension of “molecular-orbital bonding” to many clusters
= trimers and tetramers

dimer (1°Be) He trimer (16C)
fogen + o =

16C : Hartree-Fock

. 16 -
“C:AMD J. A. Maruhn et al. NPA833(2010) C:AMD

T. Suhara et al. PRC82(2010) T. Baba et al. submitted to PRC
trimer (*°C) "He tetramer (220)

Tagagar + 8o = La8a8alar

160 (4a): Cranked Hartree-Fock
T. Ichikawa, et al., PRL 107 (2011).




Summary

© Introduction
— Clustering phenomena and typical examples
— Antisymmetrized molecular dynamics (AMD)

© Clusters in stable nuclei
— Evolution of clusters as function of excitation energy
— Clusters in 2*Mg
— Monopole transition strengths as a probe of clusters

@ Clusters in neutron-rich nuclei
— Nuclear molecule with molecular-orbital bonding
— From dimers to trimers and tetramers

© Summary



EWSR fraction [A.U.]

Summary & Perspective

Strong transitions Broad distribution of GMR

around the cluster thresholds
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© Highly excited cluster states are now
theoretically and experimentally accessible !
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IS monopole strength Calc.

1. Basis wave function 2. Solve GCM equation 3. IS0 strengh
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IS monopole strength Calc.

1. Basis wave function

U (Bo,v0), ¥ (B1,71)- s

U™ (Nao. Nyo- Noo). U™ (N1 Ny1. Nya ). ...

reXP(aO)‘I’ﬂ(ﬁoa Y0)s eXP(aOA)‘I’w(/Bl S Y1) e

on B—y energy surface

EWSR fraction [A.U.]

obtained by H.O. constraint

clusters, mp-mh configurations

Almost 100% of EWSR
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1. Basis wave function

U (Bo,v0), ¥ (B1,71)- s

IS monopole strength Calc.

U™ (Ngo- Nyo- Nz0). " (Np1. Ny1. No1). ... Vexp(aé)‘l’ﬂ(ﬁo, ), exp(a0) ™ (81, m), ...

on —y energy surface

EWSR fraction [A.U.]

obtained by H.O. constraint

IS monopole operator X B—y basis

Almost 100% of E\ Exp.

clusters, mp-mh configurations O — i 2,
Basis mq my /g v/m
P g, 26 (35) 20.3 24.2
Pa, + Prso + Pan 90 flﬂg} 222 25.2
82 + 0 21.9753 24,702
Peru et al. (QRPA) 04 20057
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EWSR fraction [A.U.]

IS monopole strengthe-

o5
New peaks are Clusters ! 0.4—
o + Ne: around 13 MeV 0.3
C + C:around 15 MeV o.2

2o+ O: around 17 MeV
6o 22 and 25 MeV
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Peru et al.,
PRC77 044313 (2008).
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