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Cluster states of 12C
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Hoyle-analog states
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Search for the 50 condensate state
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Hoyle states of 1°C

Y. Funaki et al. / Progress in Particle and Nuclear Physics 82 (2015) 78-132 1.0
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Ground state and Hoyle state
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Alpha condensate in O
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Multi-alpha condensation

Dilute multi-a cluster condensed states with
spherical and axially deformed shapes are
studied with the Gross-Pitaevskii equation
and Hill-Wheeler equation where the a
cluster is treated as a structureless boson,

It is predicted to exist in heavier self-
conjugate 4N nuclei up to N=10.

T. Yamada and P. Schuck, Phys. Rev. C 69, 024309 (2004).

(a)

201

| E(2C)~ 0.0 MeV /
5] E(160 )~ 2 MeV
| E(*Ne )~ 3 MeV

a

Some candidates for a condensate
were found from experiments for

12C and 0.
Rev. Mod. Phys. 89, 011002 (2017).

No experimental signatures
for o condensation were observed

Phys. Rev. C 100, 034320 (2019)

An experimental way of testing Bose-
Einstein condensation of 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.

PRL 96, 192502 (2006)




Recent experiment for 5a condensation
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Recent experiment for 5a condensation
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Search for the 5alpha condensate state
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Theoretical Framework

To solve the configurations problem:

Conventional cluster model Container model

Schematic illustrations of two distinct microscopic cluster models.
a The conventional cluster model of ®®, in which the inter-cluster variables {S;} are
the Jacobi coordinates of {R;}. b Container picture for 4a + a cluster structure of
*Ne. The B, is the size variable for the description of 4a and S, for the description of
the relative motion between 4a and a clusters.



Theoretical Framework

To solve the configurations problem:
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Three-body interaction

To solve the interaction problem:
The Hamiltonian for 2°Ne in this work can be written as:
M= SV Te+ VS + VY 4 3 v,
i<j 1<J i<j<k

The effective nucleon-nucleon potential part is taken a Gaussian form, which is
expressed as:
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Tohsaki F1 three-body interaction was used.
A. Tohsaki,Phys. Rev. C 49, 1814 (1994).




Radius-Constraint Method

To solve the resonance problem:

Radius-Constraint Method for treating the resonance states,

+ 1 n PR ,. P
D (Do (B1.B)Y —(ri — X&)’ |0, (B1.85)) x g7 (B1,85)
8.3, i=1 %0

= (R} (3., B)(DY., (B1.B)| P (B8], 55))

D+

Vo= Y 97(B1.85) P (B1.55)
3.3,

Here, R\ < Ryt and Ry is the radius cut-off parameter.

Y. Funaki, et al., Prog.Theor.Phys.115,115(2006).




Radius-Constraint Method + Stabilization Method

To solve the resonance problem
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Five 0" states above the threshold

To solve the resonance problem
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Energy level above the threshold

Energy ( MeV )
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Two 0t states around 3 MeV are found in our calculations.

B.Zhou, et al. Nat Commun 14, 8206 (2023).




S2 factor of different channels
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Reduced width amplitude

0.3 T T T T
Oy
0.25 - 0fs 7
0fg -~~~
0.2 - 0f7(0f) ——— 7
— 0%
N 0.15 7
> 0.15 0fs (0f)
- I A\
é 01 _." \\ ,’ \\ 1
— 1 \ 1 \
7~ 1 \ 1 \s. -
3 0.05 [ g
= !
e Ty O \_— — N
2 L -0.05 | .
',‘ :\" B " ,'I"“ ’,:
' A 0.1 ! ! ! ! ! ! ! ! ! ! !
oo 0 2 4 6 8 10 12 14 16 18 20 22 24 26

R a (fm)
The reduced width amplitudes of the ground state and excited states

above 5o threshold in “°Ne in the channel of '°O (0;) + a. The ground state 0", 075 (0;"), and 0} (0;))
states are shown in solid lines. The 0/, 0, and 0}, states are shown in dashed lines.

20! : e 0 —
ya)= 416! H‘l’gém(mo)(l)s(aﬂy YOO(€4)]0+ (&2«2 “
4

B.Zhou, et al. Nat Commun 14, 8206 (2023).

Wi (P Ne) ),




Another simple way to confirm the condensate state
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The decay scheme and connections

Exotic clustering structure ?
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The 6a THSR calculations

A. Tohsaki et al./ Nuclear Physics A738 (2004) 259-263 261

Table 1
The independent number of permutations for each kernel. Here, the case of the norm
kernel for ?*Mg is added. The final row shows a full number of permuations without any

reduction for the norm kernel. ™
“Be(2a)  "C(3a) 50(4a)  *Ne(ba) 2 Mg (6c)
norm 3 9 35 185 1614
kinetic 7 34 242 2546
two-body 9 08 669 10912
three-hody 40 366 773 156617
(n!)! 16 1296 3.32 x10°  2.07 x10% | 2.79 x10"
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Neutron Pairs Condense in Excited Helium-8

Yoshiko Kanada-En’yo originally proposed the dineutron condensate of 8He
(Phys. Rev. C 88, 034321 (2013))
PHYSICAL REVIEW LETTERS 131, 242501 (2023)

Observation of the Exotic 0; Cluster State in SHe
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A new trial wave function is proposed for nuclear cluster physics, in which an exact solution
to the long-standing center-of-mass problem is given. In the new approach, the widths of the
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a tool for studying the cluster correlations



Cluster structure of 3« + p states in °N
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Conclusions: These states are seen to have a [9B(g.s)_®a/p + 12C0h)H], [9B(%+) R «a], [9B(%+) & «], and
[9B(%+) ) ] structure, respectively. A previously seen state at 11.8 MeV was also determined to have a [p +
2C(g.s.)/ p 4+ "*C(05)] structure. The overall magnitude of the clustering is not able to be extracted, however,




The 3/2- states of 13N
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Summary and Prospect

» The Na condensate problem. Study of Mg is in progress.

» Search for the novel clustering states in Na+X system.

B =
[ EUEEE
| EEEET

BETER

BERTSE

ERTHE

FHETH

Y ‘ ........... ek
B (LT 5)

®
“Be (I 7424)

sBe %Be 7 i 5
L AL S Ll i R -
isHe | e i *He i*He "He e

P 5 g, D :'"'."": Ry R .
ﬂn Hiw H W W "
........ T " |

......... . ®

v I . VB h TG @

zZ ) §
‘ é ULi (W 5)
M7
N *He(03)

Thanks for my collaborators and your attention.
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