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Nuclear Cluster Physics

Ikeda diagram of light nuclei
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Monte Carlo for the ground state density of 8Be
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Cluster states of 12C
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Hoyle state & Bose-Einstein Condensate.
Rev. Mod. Phys. 89. 011002 (2017)
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Two broad resonance states with large decay width
Phys. Rev. C 84, 054308 (2011)
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Long puzzle and it now has been confirmed for its existence.
Phys. Rev. Lett. 110, 152502 (2013)

[ well-developed clustering states ]




Shape/Structure of the 12C
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Hoyle state of 12C
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Nonlocalized cluster motion of 3« clusters in 12C

Y We really obtained the single high-accuracy THSR-type wave
\ .
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Two-body overlap function (Two-body RWA)
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Na nuclei

Search for the Na condensate state
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Multi-a condensation

Dilute multi-a cluster condensed states with spherical 1 @
and axially deformed shapes are studied with the Gross- 201 E('2C)~ 0.0 MeV
Pitaevskii equation and Hill-Wheeler equation where the 5]  E("°0)~2MeV
« cluster is treated as a structureless boson, S E(*°Ne )~ 3 Me)V
it is predicted to exist in heavier self-conjugate 4N s 19 e
nuclei up to N=10. 51 /./-
. -
T. Yamada and P. Schuck, Phys. Rev. C 69. 024309 (2004). o1
2 4 6 8 10 12

Some candidates for & condensate were  Ap experimental way of testing Bose-Einstein

found from experiments for >C and '°0.  condensation of clusters in the atomic nucleus is
reported. The enhancement of cluster emission and the
multiplicity partition of possible emitted clusters could be
No experimental signatures direct signatures for the condensed states.

Rev. Mod. Phys. 89, 011002 (2017).

for a condensation were observed PRL 96. 192502 (2006]

Phys. Rev. C 100, 034320 (2019)




Alpha condensate in 1°O
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The decay scheme and connections

Exotic clustering structure ?
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The 6 clustering structure probed by Inelastic Scattering

6o condensed state was searched for in the highly excited region.
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Clustering structure of 3a+p in N
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Hoyle-analog state in 13N
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Hoyle-analog state in 13N

PHYSICAL REVIEW C 109, 054308 (2024)

Cluster structure of 3a + p states in N
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Background: Cluster states in °N are extremely difficult to measure due to the unavailability of *B +a elastic-
scattering data.

Purpose: Using B-delayed charged-particle spectroscopy of 120, clustered states in '*N can be populated and
measured in the 3 + p decay channel.

Methods: One-at-a-time implantation and decay of '*Q was performed with the Texas Active Target Time
Prolectlon Chamber 14983ap decay events were observed and the excitation functlon in 13N reconstructe

| 9B(e. s>®a/p+lzc(o+)] B ®al PBECT)®al, and

[
[9B(%+) &) ] structure, respectively. A previously seen state al VIEV was also determined to have a [p +
2C(g.s.)/ p + "*C(01)] structure. The overall magnitude of the clustering is not able to be extracted, however,
due to the lack of a total width measurement. Clustered states in >N (with unknown magnitude) seem to persist
from the addition of a proton to the highly a-clustered '*C. Evidence of the %+ state in °B was also seen to be
populated by decays from *N*.

Conclusions: These states are seen to have
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the state observed at 11.3 MeV
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Hoyle-analog state in 1N
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Gas-like states in 11C
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Observation of the Exotic 0; Cluster State in He
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Triple-a process

Triple a process &

Hoyle state
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Nuclear astrophysics (0 )
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Sequential picture and Direct picture

4
He
E1 .
e = YED  opa3/2my

" &

|

ey

Sequential picture (ZZEX)
Intermediate state: X

a+b-X
X+c(mA)->A+y
Characteristics:
1. Specific: assumed the reaction mechanism
2. Integrated with experiments: two-body
cross-section, resonance

NZ{abc)~N?
* NACRE

%) (ab){Xc)

Direct picture
a+b+c—->A+y

Characteristics:

1. General

2. Three-body non-resonant process
(Important at low temperatures)

3. Complicated calculation
(Three-body scattering state)

428214\ S+ 1)
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E; . Ef 24+1 5
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(abc) = (1 + Aabc)& (

Transformed harmonic oscillator method
Three-body Breit-Wigner

Imaginary-time method
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Imaginary-time method

Introduce inverse temperature

p=1/(kgT)

Reaction rate (from direct picture)
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Scattering state

24+1 5
—f) (DM 00,

Purpose: remove initial state (Scattering state)

The spectral representation of H

fH)= )" f(E)|®,)

nebound
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T. Akahori, et al, Phys. Rev. C 92, 022801(R) (2015)
K. Yabana et al., Phys. Rev. C 85, 055803 (2012)

Take f (x) as the following form
flx) = e_ﬁx(
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l
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nebound
Introduce projection operator
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Therefore
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nebound
Imaginary-time reaction rate
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Scattering state + Bound state === Bound state

21



AN process

The contributions from the different states to the reaction rate

a+a+n- 9Be(3/2{) +vy
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NZ2{aan)[cm®s~'mol~?]

AN process

a+a+n- 9Be(3/2{) +vy

Convergence
Reaction rates under different truncations
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Reaction rates compared with other methods
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Summary and Prospect

rich clustering structure

Excitation
(MeV)
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nucleon gas-like state

Nucleon threshold

Unknown regions
(20 MeV<E<150 MeV)
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Rich clustering structure
(5 MeV< E <20 MeV)
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explore novel clustering structure of light nuclei
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