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alternating independent-particle and clustering 
structure  — a unique feature of nuclear many-
body system.  
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Prog. Theo. Phys. Volume 25 ,1961 , P853



Idea of the 
relative tightness 
of a cluster 
inside a nucleus
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for unstable nuclei 

Unstable nuclei: 
much more cluster 
configurations 
(and thresholds) 
within a small Ex
interval.
— richness of 
nuclear clustering



PTEP,2012,01A202
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Theory:AMD, GCM(RGM), MO, GTCM, FMD,  
TCSM,  TCHO(DHO), …

Experiment:
0+

2 (7.65 MeV) state in 12C, 
0+

2 (6.05 MeV) and 0+
3 (12.05 MeV) in 16O; 

0+
4 (8.03 MeV) in 20Ne 

…...

Recent progress 
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AMD

1992
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AMD

6He + 6He resonance
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MO
2000



GTCM

Using atomic 
orbitals as basis。
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observables for determining the 
cluster formation in a resonant state

i)    Ex - spin systematics:  

high moment of inertia

ii)   Large cluster decay width:

large ΓCluster/Γ ;   γ2
Cluster ;     θ2

Cluster

iii) Characteristic transition strength

large  M(IS)  !!

M(IS) ΓCluster
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tribution of inelastic scattering,
or angular correlation from binary decay.

i) Determination of the moment of inertia 



R-matrix analysis i i

the partial is of probability meaning, 
not energy meaning    / /   ：

ii)   Determination of the cluster decay width 
and the cluster SF 

  ΓΓΓΓΓ pn
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T. Yamada et al., PRC85,034315(2012); PTP120,1139(2008) 

Isoscaler  monopole 
excitation means  a 
jump of about 35 MeV 
in a simple single-
particle picture. A 
strong M(IS) for Ex 
below 20 MeV is an 
indicator of cluster 
formation

iii)   Determination of the monopole 
transition strength 
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Determining the monopole strength
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Freer  et al., PRL82(1999) 1383; PRC63 (2001)034301
Charity et al.,  PRC76(2007)064313
no small angle (low Erel) detection

6He+6He,CH2
4He+8He,with P 4He+8He, with C

Freer

Charity
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A new exp. at RIBLL1@HIRFL, Lanzhou



Collaborators



Beam： 12Be，29.0MeV/u，~3000pps
Target：Carbon, 100 mg/cm2

DSSD：32 2mm‐stip, 300μm ,   covering  00‐120 Lab.
CsI(Tl)： 4 x 4， 2.5cm*2.5cm*3cm,
Detection focused on the most forward angles
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Resolution and efficiency 



4He 6He

8He

PID for 2‐xHe fragments

Uniform calibration of the Si strips and treatment of 
PID under intense direct beam: 
[IEEE-NS 61(2014)596, NIMA728(2013)52]



107.6KeV 
8Be(g.s)

504.1KeV:
9Be‐>8Be(2+)

Excitation Energy‐‐‐4He+4He

Ref1:  PLB580(04)129‐14Be breakup

Ref1

verification for 4He + 4He channel



Our exp:  6He+6He            11.7 13.3  MeV      
4He+8He  10.3 12.1  13.6  MeV

Large and 
unusual 
10.3 MeV 
state;



Spin: Angular correlation analysis  for the      
10.3 MeV state in 4He + 8He channel

For small angle inelastic 
scattering leading to a 
resonant state with an 
angular momentum J, which 
subsequently breaks up into 
spin-0 fragments, the 
projected angular correlation 
spectrum is proportional to | 
PJ(cos(Ψ) |2, with Ψ being 
the fragment c.m. angle 
relative to the beam 
direction. 

Ex: 10.0 - 11.4 MeV



10.3 MeV state

Confirming the MR band with large  
moment of inertia



Fraction: 0.034(10) x 2.2. 

EWSR：6727.9 fm4 MeV, 

M(IS)： 7.0 +/- 1.0 fm2, 

DWBA calculation 



Determining the cluster decay width

10.3 MeV (0+)   state:

1.5(2) MeVi
i

   

   22
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  ΓΓΓΓΓ pn



10.3 MeV(0+) state:  Γ = 1.5(2) MeV;  Γ = ΓHe+Γbe

Kosheninnilov[12]:   ΓBe/Γ= 0.28±0.12
ΓHe/Γ = 1−ΓBe/Γ = 0.72(12);     ΓHe = 1.1(2) MeV
γ2

He= 0.50(9);     θ2
He= 0.53(10) （comparable to 8Be)



 For the first time a strong  monopole strength has 
been determined in unstable nuclei,  providing a 
clear evidence for  cluster formation in 12Be.

 Angular-correlation method is very sensitive to 
the spin of the resonance.  MR  band in 12Be has    
been justified based on the Ex-spin systematics .

 A large  cluster-decay width, and consequently a 
large cluster SF, are obtained for the  10.3 MeV 
state in 12Be.

All these findings demonstrate a dominating cluster 
structure in 12Be just above the 4He+8He threshold. 
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Ex: 8He(p, p6He) at RIPS

RIKEN-RIBF Exp. RRC48, ;    

Z.X. Cao, Y.L.Ye et all, PLB707(2012)46

For clustering in ground state 
— QFS at > 100 MeV/u



New proposals at BigRIPS + AMURAI ……       

RI beam
from BigRIPS

target

superconducting
coil

pole(2m dia.)

rotate

Proton Heavy Ion

Neutron

vacuum chamber
MINOS:
MagIc Numbers Off Stability
Δ x<3mm FWHM
Eff. >85%

Liguid H2

TPC



 peak position  (band?)

 spin-parity  (band?)

 area (cross section) as a function of angle

 shape and width (R-matrix analysis)  

 decay branches (partial widths) and angular 

correlation

For clustering in resonant states
— beams < 30 MeV/u 

Need both missing mass (MM) and invarant 
mass (IM) measurements 



missing mass (inelastic or transfer)
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Members of the K = 0+
2 , 1−2 , and 0+

4 bands of 20O (with 
tentative assignments) are marked by downward hatched (blue), 
filled (cyan), and upward hatched (red) areas, respectively.



invariant mass  
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RI beam & recoil target: IM + MM

for RI beam excitation (IM) & recoil target (MM)
 good experiences for IM measurement 
 MM at low recoil energies? 

*  one proposal made at HIRFL-RIBLL

?



Stable beam & excited target: MM + IM

for stable beam (MM) and target excitation (IM)
 good experiences on MM measurement
 IM at low recoil energies 

*  one proposal made at CIAE

?



Summary

 Clustering should be a general phenomenon in 
light  unstable nuclei. 

 Consistent evidences are needed to 
experimentally ping down a cluster state, such as 
large momentum of inertial, large cluster decay 
partial width and large selective  excitation 
strength. 

 QFS at higher energies and MM + IM 
measurements at lower energies are good ways 
to observe  the evidences of clustering    
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Impact on the nuclear-astrophysics 



13.6 MeV 
state

10.3 MeV state



|cosΨ|  resolution

0.1                                               0.2                                       0.4

10.3 MeV state



All possible decay channels

10.3 MeV(0+) state:  Γ = 1.5(2) MeV;  Γ = ΓHe+ΓBe



Overall dominance of the 0+ state

Kosheninnilov 
ours 

DWBA calculations for the excitation of 12Be from its 
ground state to the 10.3 MeV excited state, when 
interacting with a C target. 


