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Clustering in nuclei
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Formation of clusters in infinite nuclear matter

Generalized DFT calculations: include explicitly the cluster D.O.F

All kind of clusters should be formed at low density Triton fraction increase clusters in neutron-rich matter
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Cluster formation at the surface of nuclei ‘ Study by means of DIRECT REACTIONS



Clustering in light exotic nuclei
GROUND-STATES !
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Clustering in light exotic nuclei
GROUND-STATES !

The extended lkeda diagram Li i ML
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Clustering in beryllium isotopes — AMD calculation

AMD: no preformed cluster Density distributions of Be
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Calculations of density distributions for Be isotopes

DDME2 relativistic functional in rel. HB calculations ] ]
810Be jsotopes in no-core Monte-Carlo Shell Model

J.P.Ebran, E.Khan,T.Niksic, D.Vretenar, PRC90 (2014)

Neutron orbits

T.Otsuka, T.Abe et al., Nature comm. 2022
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Approach using cluster quasi-free scattering
Quasi-free p-a collision _

— 0 m /. N - Single-step direct reaction
my, Po - Incident beam energy: 150 MeV/u (A, ~ 0.4 tm)

- vp ~ v, Peripherality: a-particle on the nuclear surface
my, P1 1s selectively probed

mitial state ;
final state

Distorted Wave Impulse Approximation (DWIA)

d30' do

= F. C.—2%
dELdQLd.QL o kaCO dQ‘pa (BP(I’ Epa)
1 1 2

- 2
TP0P1P2|

Transition amplituc}e‘ Xi : scattering wave of particle i
T = (X1X2|tpa|)(d§0a) tpq: free p-a t-matrix
a-cluster wave function ¢,

* Phenomenological S, = TDX,,,/TDX qic

* | Microscopic (ab initio, AMD, THSR...)




Approach using cluster quasi-free scattering

uasi-free p-a collision
Q 4 my, P2

— 0 m /. N - Single-step direct reaction
my, Po - Incident beam energy: 150 MeV/u (A, ~ 0.4 tm)

- vg~v, - Peripherality: a-particle on the nuclear surface
mitial state my, P is selectively probed

final state

Distorted Wave Impulse Approximation (DWIA) Triple differential cross section (TDX)
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i Carey et al.
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Transition amplituqe\ Xi : scattering wave of particle i
T = (X1X2|tpa|)(d€0a) tpq: free p-a t-matrix

A -I-Z"Ne(p,pa) 150)
a-cluster wave function ¢,

AMD +DWIA |
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do [dT,dQ,dQ, [ub/(MeV s

« Phenomenological Se = TDXey,/TDXcqc 40 45 50 55 60 65 70 75

. . — T, (MeV)
* | Microscopic (ab initio, AMD, THSR...) K. Yoshida et al., PRC 100, 044601 (2019)




Test case of cluster K.O. study within a microscopic framework
Reanalysis of 2°Ne(p,pa)®0 data at 101.5 MeV/u

> AMD cluster WF

> Reliable a+'°0 optical potential

AMD «a+160 cluster WF
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K.Yoshida et al., PRC 99, 064610 (2019)
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Data reproduced without any normalization
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dor[dT,dQ,dQy [ub/(MeV sr?)

(p,p ) represents a quantitative probe for a-clustering in light nuclei
New DWIA code: PIKOE [Ogata, Yoshida, Chazono, Computer Physics Comm. 297 (2024) 109058]



Contents lists available at ScienceDirect

PHYSICS LETTERS B

Phys. Lett. B 866 (2025) 139563

journal homepage: www.elsevier.com/locate/physletb

Letter f.)

Ab initio informed *°Ne(p, pa)'®0 reaction elucidates the emergence of S
alpha clustering from chiral potentials
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Study of 1012 14Be(p,pa) at 150 MeV/u

First study in Inverse Kinematics with proper kinematics condition
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Triple differential cross-section for 1°Be(p,p cx)°He(¢5)

Microscopic cluster WF used in DWIA calc.
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Molecular structure of the 1°Be GS is validated
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do?/dQ,dQ,dT,[ub/(sr*MeV)]

PV(sr?)

From TDX to QDX (quadruple diff Xsection)
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do/dP, [mb/(GeV/c)]

do/dP, [mb/(GeV/c)]

N=8 shell quenching in 1’Be

Direct Evidence for breakdown of N = 8 shell
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A. Navin et al., Phys. Rev. Lett. 85, 266 (2000)

5 and 27 systematics in Be
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Count /20 keV

do/dQ2 (mb/Sr)

Recent results on the s.p. structure of 1’Be
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Count /20 keV

do/dQ2 (mb/Sr)

Recent results on the s.p. structure of 1’Be
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single-particle energy

Predicted cluster structure of 1°Be in AMD

Molecular Orbital Description of 12Be
* Mixture of (Op)® and (0p)* +(sd)2
o 10Be: 20 + 2n (m)
e 12Be: 20 + 2n (1) + 2n(o)

2XP3/2- P12

2XS81/2

2 4 8
inter-cluster distance r [fin]
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a-config. For Be isotopes
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Y.Kanada-En’yo and H.Horiuchi, PRC 68, 014319 (2003)



single-particle energy

Predicted cluster structure of 1°Be in AMD

Molecular Orbital Description of 12Be
* Mixture of (0p)® and (0p)* +(sd)?
o 10Be: 20 + 2n (m)
e 12Be: 20 + 2n (7)) + 2n(o)
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single-particle energy
T T

Predicted cluster structure of 1°Be in AMD

Molecular Orbital Description of 12Be
* Mixture of (Op)® and (0p)* +(sd)2

o 10Be: 20 + 2n (m)

e 12Be: 20 + 2n (7)) + 2n(o)
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Counts

Core-excited components in °Be vs 19Be
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Conclusions on 12Be

The cluster structure of the 12Be GS has been investigated using the sensitive probe (p,pa) in IK

> 12Be(p,pa) cross-section to the GS of the 8He residue fairly reproduced by reaction calculation
using microscopic cluster WF

» Dominance of the m2c? configuration is evidenced. Inclusion of an enhanced ©* config. improves the
reproduction of data

» Suppression of the core-excited components is clearly observed compared to °Be, broadly reproduced by
microscopic calculations

Both observables confirm the crucial role of intruder configurations
The corresponding deformation of the 12Be GS provides a qualitative explanation of the magicity loss in 12Be



Search for triton formation at the surface of 1“Be
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How about in heavier nuclei ?

mean-field |
a+¥Ca
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6.0 8.0 9.0

R [fmn]

7.0

Failure of the DWIA+AMD framework

Due to strong S.O. contribution in AMD ?

Missing of the tensor term ?

do [dT,dS4dS2, [ub/(MeV sr?)]

[E—
o

[a—
)
o

103

*Ti (p,p ) *Ca
e mean-field
I Py _|_44Ca 5.0
expt. [

- ~
= ~
=

_-~"mean-field .

- \

40 50 60 0
T, (McV)

Y.Taniguchi et al., PRC 103, L031305 (2021)



Study of surface a-clustering in

Grand Raiden

Spectrometer

proton detection

Drift

Plastic scintillators
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J.Tanaka et al., Science 371, 260 (2021)
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> Alpha clusters develop in
medium mass muclei

> Alpha formation vs skin

» Cluster K.O. reactions are
useful tool

> lsospin dependence is Key

112,116,120,124Gn(pn n )

S. Typel, PRC 89, 064321 (2014).
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ONOKORS project for P 20012025

Clustering in medium-heavy nuclei PI: T.Uesaka, J.Zenihiro
via (p,pX) knockout reaction & elastic scattering
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Recent re-analysis of *C(p,p ) data
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Approach using cluster transfer reactions

» Compare measured cross-sections with calculated
ones making use of microscopic cluster WF

» Only few studies performed so far
(stable nuclei)

» Cluster structure of ground-states
> Access to excited states using stripping

» Need collaboration with theorist
structure AND reaction
o AMD only suitable for light nuclei
o Generalized DFT failed to reproduce the
magnitude of 12-124Sn(p,pa) Xsection

> Need y-ray detection to separate GS->GS from other
channels

number of a clusters

T = [ R XD (®) FR) XS (R)

x=R—9r

F(R) x ap(_.(

R
v

Same trend observed in transfer as in knockout !
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Clustering in light n-rich nuclei using transfer reactions
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AGATA - GRIT setup to be used at VAMOS

An AGATA-GRITPhase0-VAMOS campaign is now planned at GANIL starting 2029
SPIRAL1 beams

Backward: 6 trapezoidal telescopes (2 stages)
read by GRIT electronics
+ Additional detectors readout by Mesytec Electronics

+ Helium cryo target

Lol on cluster transfer experiment presented



