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Nuclear Cluster Physics

Nuclear many-body problem
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Cluster states of!2C
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Recent NeCoreShellModel calculations

ZhQ 4hQ 6hQ 8hQ Expt

V.SomaP.Navrdil, et al. PRC,101,014318 (2020)

N—

Hoyle State

The 3 gaslike state& BoseEinstein Condensate.
Rev. Mod. Phys89, 011002 (2017)

h
Two broad resonance states with large decay width
Phys. Rev. B4, 054308 (2011)

Long puzzle and it now has been confirmed for its existence.
Phys. Rev. Lett110, 152502 (2013)




Ikeda diagram for light nculei
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Monte Carlo for the ground state density of Be

R. B. Wiringa, et a/, PRC 62, 014001(2000)

Mass number



Geometry structure of N» nuclei

In nuclear microscopic cluster model,
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Structure of the Excited States int2C

( J= 0"
for the excited O state
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Structure of the 12C
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a clustering with a hollow structure: Geometrical structure of « clusters from platonic solids
to fullerene shape

Akihiro Tohsaki' and Naoyuki Itagaki’
! Research Center for Nuclear Physics (RCNP), Osaka University, 10-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan
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Alpha Cluster Condensation in >C and 10

A. Tohsaki,! H. Horiuchi,2 P. Schuck.® and G. Répke* T HSRwave function

'Department of Fine Materials Engineering, Shinshu University, Ueda 386-8567, Japan
*Department of Physics, Kyoto University, Kyvoto 606-8502, Japan
3 Institut de Physique Nucléaire, F-91406 Orsay Cedex, France
*FB Physik, Universitdit Rostock, D-18051 Rostock, Germany
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A new e-cluster wave function is proposed which is of the «-particle condensate type. Applications

to '2C and '°O show that states of low density close to the 3 and 4 a-particle thresholds in both nuclei
are possibly of this kind. It is conjectured that all self-conjugate 4n nuclei may show similar features.
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/1 can be considered as the size parameter of the nucleus




Nonlocalized clustering

N : : :
d Clusters make the localized motion confined by
H - the inter -cluster distance parameter R.
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Clusters make the nonlocalized motion S _’ g

In a container whose size is described _ _
by parameter o(| H# ¢n9) Container picture

B. Zhou.etal.,PRL 110, 262501 (2013)




Container picture for various cluster systems

S, and S,: inter-cluster B: the size of the
S, distance parameters. nucleus parameter.
Sy l i,. f l
Clusters make the localised Clusters move around
motions around the fixed /" in the cluster-type
positions. B mean field.
Traditional cluster model Container model

B. Zhou, Y. Funaki, H. Horiuchi, Ren.etal.,PRL 110 262501 (2013) PRC89, 034319 (2014).

Y. Funaki et al. / Progress in Particle and Nuclear Physics 82 (2015) 78-132 113
Table 5 10+ 0.025
The maximum squared overlaps between the single THSR wave functions and RGM/GCM wave functions. The corresponding B values, where (8x = 0.015 0.02
By, B:) = (B1, B;), are shown in parentheses in a unit of fm. 5 )
5
Max.(B.1, B;) 0.01 0.015
8Be Bc 20Ne 3aLCS 4aLCS 9 Be 0.01
r z [fm] 0
07:0.93(1.5, 1.5) o B 0.005 0.005
0" 1.000(1.8,7.8) (07:0.978) 0.993(0.9, 2.5) 0.987(0.1,5.1) 0.944(0.1,8.2) 0.995(1.6, 3.0) 0
05:0.993(5.3, 1.5) g .
2% 0.988(0.0, 2.2) 0.989(0.1,5.4) 0.942(0.1,8.4) 0.994(0.1, 3.0) i
4+ 0.978(0.0, 1.8) 0.981(0.1, 6.6) 0.931(0.1, 9.0) 0.977(0.1, 2.1) -5
1.000(3.7, 1.4)
' 0.999(3.7, 0.0) — T T
4 The value by the use of the extended version of the THSR wave function, with the parameter values (81, Bz, f21, f2.) = (0.1, 2.3, 2.8, 0.1), which y [fm]

we will discuss in Section 3.9.3.

two-body linearchain



Nonlocalized cluster motion of 3 clusters in12C

. \\\ We really obtained the single higltcuracy THSRype wave
S \| functions for 3and 4 states,
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B. Zhou, et al., Phys. Rev. 99, 051303(R) (2019).
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Hoyle states of°C
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Alpha condensate int®O
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Multi -alpha condensation

Dilute multi{ cluster condensed states with spherical and 1 @
axially deformed shapes are studied with the GRigzevskii 21 E(*C)y 0.0 MeV
equationandHill -Wheeler equatiowhere the cluster is treated 5 E(°O} 2MeV
as a structureless boson s | ECNe) 3 Mey
it is predicted to exist in heavier seHconjugate 4) nuclei up *§ o e
to 0 =10. 5 r/-/-
o
T. Yamada and P. Schuck, Phys. Rev. C 69, 024309 (2004). ° .
4 6 8 10 12

Some candidates for condensate were An experimental way of testing Bo&gnstein condensation of

found from experiments fagrC and!®O.
Rev. Mod. Phys89, 011002 (2017).

clusters in the atomic nucleus is reported. The enhancement of
cluster emission and the multiplicity partition of possible emitted
clusters could be direct signatures for the condensed states.

PRL96,192502 (2006)

No experimental signatures
for Ucondensation were observed
Phys. Rev. A00,034320 (2019)




Counts/0 keV

Recent experiment for 5 condensation

= = c =) =0 :
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- y 16.86 MeV Ne+n Y. Funaki et al., Phys. Rev. Lett. 101, 082502 (2008) .
102 Y. Funaki, Phys. Rev. C 97, 021304(R) (2018).
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a
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16.76 usna 16.73 courtesyfrom Kawabata
15.06 USDE 17.90
19.02 USDE 188400 56)
2047 2l 21.160053)
22.14 Sz [31] ¢ 27500050,
L ——

The state at=x=22.5 Me\] which could not be interpreted by
the shell-model calculations, is atentative candidate for the
P WHGz2t.qJ] Wt qc qll

PHYSICAL REVIEW C 91, 034317 (2015)

Spectroscopy of narrow, high-lying, low-spin states in *’Ne

1. A. Swartz,"*" B. A. Brown,"* P. Papka,"* F. D. Smit,” R. Neveling,” E. Z. Buthelezi,” S. V. Fortsch,” M. Freer,”
Tz Kokalova,® J. P. Mira,'* F. Nemulodi,"* J. N. Orce,® W. A. Richter,™® and G. E. Steyn®



Recent experiment for 5 condensation
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23.6MeV state enhances in the decay
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Search for the 5alpha condensate state

(MeV) cluster-type mean field
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The 5alpha microscopicwave function

To solve the configurations problem:

Conventional cluster model Container model

| Schematic illustrations of two distinct microscopic cluster models. a, The conventional
custer model of @B, in which the inter-cluster variables {S;} are the Jacobi coordinates of {R;}. b,
Container picture for 4o + o cluster structure of 2’Ne. The B is the size variable for the description of

4¢ and B for the description of the relative motion between 4o and o clusters.
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Three-body effectiveinteraction

To solve the interaction problem:

TheHamiltonian for 2°Ne in this work can be written as:

ZV ~Te+ 3 V5 +2 Vi + 3 Vi

1<J 1<j t<J<k

The effective nucleornucleon potential part is taken a Gaussian form,

which is expressedas: o\ 2
v =S ew - (55) v ey
n Tn

and

2 2
(3) _ (3) _( Ty _ [Tk
Vik =20 exp{ (’PSPJ) (rﬁf")) }

x (WD + M Py) (W + M Pyy),

Tohsaki F1 thredody interaction was used. Tohsaki.PhysRev. C4. 1814 (1994).




Radius-Constraint Method + Stabilization Method

To solve the resonance problem:

Radius-Constraint Method,
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Five 0" states above the threshold

To solve the resonance problem
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Energy (MeV)

Five 0" states above the threshold

Present

5 o threshold
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Reduced width amplitude
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The 5alpha condensate state
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The decay scheme and connections

25-
oo Na condensed state i
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T. Yamada and P. Schuck, PRC 69, 024309 (2004).

B. Zhou,Y. Funaki,H.
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EXxotic clustering structure ?
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The 6) clustering structure probed by Inelastic Scattering

6a condensed state was searched for in the highly excited region.
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6o condensed state 1s expected

at 5 MeV above the 6a threshold.
-E ~285+5=33.5MeV
No significant structure suggesting the 6o
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M(ISO0) [fm?]

PHYSICAL REVIEW LETTERS 131, 242501 (2023)

Editors' Suggestion Featured in Physics
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Summary and Prospect

rich clustering structure

explore the clustering structure of light nuclei



