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What 1s the structure of the (unstable) nucleus?

T

T

T

Tostevin/Gade PRC2021

[ [
1.0 "ol%c % |
ﬁ fos 5 % | Aumann et al. PPNP 2021
2%
o e
~ | 0 C O
g +“’c i +E'— % °Mg
ﬁ 08 g e “('E§O 25, ]
» [ el F eooo
@ | P B FI(114) i
0.4} o 2%pp NG dguciFNa ] PRt
= (e,€'p):AS=8S :3'% £V$% E ;_-
hgs L o n-removal: AS=S -S ol “ "
— T ol ¢ prremoval: AS=Sp-S: Cof :wséi‘—os'&if—. - ht 1 184
—_——— 1 1 1 13
P12 -30 20 -10 0 10 20 N :I:_:H
— ?3’2 AS (MeV)
7/2
N/Z e N2
d . Y7
hyie —
31/2
7/2 P —
dsp
50 ——
Yoz ?
Change of shell structure

oooooo
oooooooo
ooooooo

oooooo

°

Cluster states

SRC clusters

T Ca(20), .- y 5
O(8) '
He(2)°

= 20
2 8 o° >
0° Neutron clusters

Neutron halo



“o particle” nucle1 1n 1930s
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Coexistence of clustering and non-clustering

Coexistence
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Cluster structure

Duality of nuclear WF

v Bayman-Bohr theorem Nucl. Phys. 1958
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luster structures 1n excited states of light nuclel
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Molecular states in Be
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(p,pa): probe clusters in the ground state

v" Cluster structure in excited states: one may measure cluster fragments

v" Clusters in g.s: quasi-free (p,pa) [~ several hundred MeV/u]
Yoshida, PRC2016/PRC2018/PRC2019
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(p,po): probe a clusters 1n light nuclei

v'In1970s and 1980s: with light stable nuclei like "Li/°Be/!*C.
v'Recent theoretical development for (p,pa) (Yoshida, Ogata et al.)

| 9Be(p,pa) SHe at 200 MeV
8,=60°
90="52.|6°

2-1012 2-1012 2-101 2

10
' | x [fm] x [fm] x [fim]

- 140 .~ —=-TMD, 3=6.0 fm]

120 ' TMD, =2.6 fm ]

¢ : ! N —-—=-TMD, #=1.0 fm 1

\
\

I
—~

100 |
' - Be(p,pa)

cluster T ]

d30/d0,d0q dEp (b /srZMev)

-yt
——
el
—e—
~ . 9
. / ’
C
‘.
- = - -
——
——————
TMD (arbitrary unit)
- N
S & S
I I I

i ] | T P3~ 01
120 140 160 180

Ep (MeV)

Nadasen et al. PRC1989

Chan and Roos PRC1977;Carey et al. PRC1981 Lyu, et al., PRC2018; Yoshida et al. PRC2019;
Taniguchi et al. PRC2021

R (fm)



“COMEX7 ”, Catania, Italy,June 11-16, 2023

Clustering 1n nuclear systems: from finite
to infinite

v" a cluster in heavy nuclei: Sn as an example
v" Prospect




Are there a clusters in heavy nuclei?
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EoS and symmetry energy

v Nuclear matter equation of state (EoS)
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Impact of clustering on EoS

Typel, PRC89(2014) 064321,PRC 81(2010) 015803
v" Generalized relativistic density functional (gRDF) predictions: o

clusters in low-p environments like the surface of heavy nuclei:
Heavy-ion collisions
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Impact of clustering on EoS

Typel, PRC89(2014) 064321,PRC 81(2010) 015803
v" Generalized relativistic density functional (gRDF) predictions: o

clusters in low-p environments like the surface of heavy nuclei:

Tight interplay
a cluster neutron skin
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Quasi-free (p,pa) at RCNP (Osaka/Japan)

High resolution
AE ~20 keV

Grand Riden

(proton detection) v' Beam: 392 MeV proton, ~100 pnA

v’ Targets: 112116,120.124Qy (~40 mg/cm?)
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Development of (p,pa) setup (2015~2018)
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Proof-of-principle: "Li(p,pa)
v’ Measurement with "Li(p,pa)t | |
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112- 124S
n(p po): o separation energy spectrum
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v’ E, Peak clearly observed for each Sn isotope !12.116.120.1245p
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Systematics of a-clustering along Sn 1sotopic chain
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v Reaction Theory: Distorted-Wave Eikonal Approximation

v' Structure input from gRDF
v" Distortion effect considered
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Formation of a clusters in dilute neutron-rich matter
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Clusters: from nucleus to neutron stars

Eannon Mass-radius relation
Hetes Neutron Star , Flatto%)ev e:tal.lPR{,(2018)
v’ EoS + General relativity -
v' Merger 2
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Better constraints

v' More (accurate) data

v Nuclear interactions

v’ Correlations and clusters
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A new era of cluster knockout

v’ More exotic nuclei at RIBF, HIAF, GSI/FAIR,FRIB ...

t->He (mirror)

Typel PRC2010; Zhang/Chen PRC2017
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Cluster knockout in China (starting...)

v Knockout of a cluster on !%11C and '%!'Be at RIBLL1 (IMP, lanzhou).

Kanada-En’yo PRC 2015
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v More opportunities to be opened at the new facility HIAF (2025~)
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Sedn,

“That's one small step for man. One iant lap for mankind.”
-Neil Armstrong, July, 1969, Moon.

Thanks for your attention! 3



