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ü Introduction for cluster studies
ü Generally used methods to study clusters

ü Formation of α cluster in heavy nuclei probed with (p,pα)
ü Future experiments at RCNP/RIBF/RIBLL1



Slide from T. Yamada

Coexistence

Competition

Coexistence�clustering and mean-field

Duality of nuclear WF The Hoyle state



“Effective binding” or “Scale-saparation”

Hagel et al.,  PRL2012

heavy-ion collions “Ikeda diagram”

Ikeda, PTPS1968

“Internal”
Strong 

Weak Weak 



Kanada-Enyo, PTEP1(12)01A202

Rich Cluster structures in light nuclei

“Ikeda diagram”
Ikeda, PTPS1968 Molecular states in Be

Gas-like (α-condensate) states 

Linear-Chain states in C



uHow to populate Cluster structure in the excited states:
ü Inelastic scattering: e.g. 12C(α, α’)
ü Cluster (multi-N) transfer: e.g 12C(6Li,d)16O, 9Be(13C, 18O )4He
ü Resonant scattering (active target): e.g 10Be + α, 6He + α

Exp. challenges: population + identication

12Be ��@RIBLL1 [Z. H. Yang, Y. L. Ye et al. PRL 112, 162501 (2014)]



ü Invarimant-mass measurement by detecting the decay fragments
ü Spin-parity assignment via angular correlation analysis
ü E.g, 12Be PRC82(99)1383, PRL112(14)162501; 10Be, PRL96(06)042501
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(����-1) Cluster rotational band
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(����-2) Large Cluster SF
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ü Inelastic scattering on d/α/12C
ü Multiple decomposition analysis (MDA) of angular distribution

Yang et al., PRL112(14)162501

12Be, 03
+, 10.3MeV

(����-3) Isoscalar Monopole transtion
T. Yamada,, PRC85(12)034315, PTP120(12)1139; Ito, PRC 83(11)044319; Kimura, EPJA52(16)373

“imprint”



B(E2)=25(8)  e2 fm4

=21(23) e2 fm4

8Be: In-band B(E2)

QMC: 18.2(4) e2 fm4

GFMC: 27.2(15) e2 fm4

Datar, PRL94(05)122502, PRL111(13)062502

Inter-band E1 between cluster 
parity doublet bands

Kimura, EPJA52(16)373

(����-4) Characteristic EM transitions



Y. Kanada-Enyo, et al., PTEP1, 01A202(2012), 
C. R. Physique 4 (2003) 497–520

ü Rich Cluster structures in neutron-rich nuclei
➤ e.g. Be isotopes with two-centered structure

Nuclear Clusters in the ground state



Quasi-free (p,pα) to probe α clusters 
üIn1970s and 1980s: with light stable nuclei like 7Li/9Be/12C.
üRecent theoretical development for (p,pα) (Yoshida, Ogata et al.)

Nadasen, PRC40(1989) 1130.

L=2

L=0



ü Alpha decay model (quantum tunneling): Gamow, 1928
ü Discovery of the neutron: 1932, Chadwick

“α-conjugate” nuclei

“α particle” nuclei [~1930s by Hafstad and Teller ]



α cluster in medium-mass region (A~50)

Taniguchi, Yoshida, et al. PRC103, L031305 (2021)



α decay of heavy nuclei: origin of α ? 

(2nd) Quantum tunneling (1st) α particle formation Half life�

Textbook Gamow model

Where I came from?
How I came here? 

Direct evidence of “α-preformation ” not established



EoS and symmetry energy
ü Nuclear matter equation of state (EoS)
!
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ü Symmetry energy
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Slope parameter (neutron pressure)



EoS: from nucleus to neutron stars

Δnp ~L (slope parameter)

208Pb
Roca-Maza, PRL (2001)

EoS predictions

Mass-radius relation

Fattoyev et al. PRL (2018)

On Earth

In Heaven

Neutron star
üStructure 
üCooling
üMerger “n pressure” 

Constraints on EoS

PREX at JLAB



ü Generalized relativistic density functional (gRDF) predictions: α 
clusters in low-ρ environments like the surface of  heavy nuclei:

Impact of clustering on EoS
Typel, PRC89(2014) 064321,PRC 81(2010) 015803
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ü Generalized relativistic density functional (gRDF) predictions: α 
clusters in low-ρ environments like the surface of  heavy nuclei:

Impact of clustering on EoS
Typel, PRC89(2014) 064321,PRC 81(2010) 015803
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Direct measurement with quasi-free (p, pα)



Quasi-free (p,pα) at RCNP

Proton Beam

Grand Riden
(proton detection) 

LAS
(α detection) 

Targets

ΔE ~20 keV

Adachi, PRC97(08)014601



ü Beam: 392 MeV proton, ~100 pnA (halo-free)
ü Targets: 112,116,120,124Sn (~40 mg/cm2)
ü Detectors: Grand Riden (60o) + LAS (45.3o)

Main challenges:
✹ Small σ (~ pb).
✹ Detection of low-energy alpha particles ( ~ 50MeV).

Grand Riden LAS

Quasi-free (p,pα) at RCNP



Development of (p,pα) setup (2015~2018)

Project started in 2015

Drift chambers (gas, HV)
“Window-less” helium-gas bag

Trigger scintillators
The exit flange 

α
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Physics run in 2018

α-particle detection : Successful!

LAS focal plane



Tα- Tp [ns]

Timing correlation

Esep [MeV]

Separation energy

üMeasurement with 7Li(p,pα)t  

Real coincidence

Accidental

Real coincidence
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Momentum correlation 

Accidental *10

Proof-of-principle: 7Li(p,pα)

(p,pα) setup well developed!

7Li(p,pα)t



7Li(p,pα)t
112Sn
116Sn
124Sn

Real coincidence

Accidental coincidence

Tp - Tα [A.U]

(p,pα) with 112,116,120,124Sn

Tp - Tα [A.U]

p-α correlation clearly observed for Sn!



Missing-mass in (p,pα): MX = Ep0 – Tp - Eα

112Sn(p,pα) : Missing-mass spectrum



ü “Accidental coincidence” subtracted.
ü Fitted using a gaussian peak and the simulated continuum background

Missing-mass in (p,pα): MX = Ep0 – Tp - Eα

112Sn(p,pα) : Missing-mass spectrum

112Sn(p,pα)108Cd



112Sn(p,pα)108Cd 120Sn(p,pα)116Cd

116Sn(p,pα)112Cd 124Sn(p,pα)120Cd

ü Esep Peak clearly observed for each Sn isotope 112,116,120,124Sn

Result-1: α separation energy spectrum

Direct evidence of su
rface α-clustering in heavy nuclei.



ü Reaction Theory: Distorted-Wave Eikonal Approximation
ü α-cluster distribution from gRDF
ü Distortion effect considered
ü Realistic experimental conditions.

Result-2: systematics of α-clustering
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PREX-II: Where we are now?

Rn-Rp = 0.283 � 0.071 fm

PREX collaboration PRL126,172502 (2021)

FREX-II

Tamii et al. EPJA 2014;Tarbert et al. PRL2014

Estee et al. (SπRIT), PRL126,162701 (2021)

Coherent pion photoprodution

SπRIT: 42 < L <117 MeV

Reed,et al. arXiv:2101.03193v3



Nd/Sm(p,pα)@RCNP: from α-clustering to α decay 

Now: (p,pα) with α-bound Sn
ü α-lcuster formation evidenced!

Next: (p,pα) with α-emitting nuclei
ü Long lived (stable) Nd and Sm isotopes 

(Yang et al., already approved)



12-20C(p,pα) at RIBF (Yang et al., approved)

ü Rich cluster structures in C isotopes
ü Measurement at RIBF in inverse kinematics

α-cluster formation in (extremely) neutron-rich systems.
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10,11,12C(α,2α) at RIBLL1(Yang, Ye, Ong et al.)
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