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Clustering in the universe

Annu.Rev.
Astron.
Astrophysics
41(2003)57
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Clustering in hadrons

Shi-Lin Zhu, FB20, Fukuoka，August 20, 2012
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Clustering in HI Collisions



6

Clustering in the fission process

------ calculation
—— experimentation



α-preformation in heavy nuclei: 
a long standing problem
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Clustering in stable light nuclei  



PTEP,2012,01A202

Clustering in unstable nuclei – a new area 

JPG37(10)064021
PR432(06)43



Impact on the nuclear-astrophysics 
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Theory:AMD, GCM(RGM), MO, GTCM, FMD,  
OCM, TCSM,  TCHO(DHO), …

Need theoretical predictions



Need firstly inclusive (missing mass) 
observations  (an example)
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Knockout reaction （p, pC) in 
studying the ground state clustering

Nucleus   Cluster   Nucleon



Ex.:  8He(p, p6He) 2n



沉淀+输出
RIKEN RIPS

•Primary Beam: 13C, 115MeV/A, 470enA
•Primary Target: Be(12mm),  F1 Wedge: Al(962mg/cm2)
•Second Beam 8He, 82MeV/A ~3*105pps
•Second Target: CH2(0.0830mg/cm2), C(0.1339mg/cm2

PKU group experiment at RIKEN
8He + H,C at 82.3 MeV/u



Criterion for a sudden knockout 





6He core knockout from 80 
AMeV 8He by p target 



 Three arguments:
i)  mean free path: 
must be large enough to

avoid multi-scattering
ii)  wave length: small enough to avoid collective 
excitation (no problem for a proton)
iii) high momentum transfer for a localized 
interaction 

requiring high energy (100-1000 MeV p) for 
probing inner orbits; but moderate energy is ok for 
probing surface nucleons  (low binding)

RMP38(1966)121; 
RMP45(1973)6

1R
ρσ

=



 low binding energy is in favor of the 
sudden knockout assumption

 heavier fragment knockout requires higher 
incident energy. 

 sudden knockout is better satisfied by a 
specific range of the recoiled proton angle.



6He core and recoil  p correlation 
For 8He beam at 82.3 MeV/u;



6He   E-angle

沉淀+输出

~75MeV/u

~72MeV/u

~65MeV/u
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6He-KO Good 
kinematics!



For 6He core knockout events



Great opportunities at BigRIPS + SAMURAI 
Ex:  Proposals for 14Be, 18-20C, 15-19F……       

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
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Well established cluster states:
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 

…...
a band in 10Be
0+

3 (10.3 MeV) in 12Be
……

Clustering in excited states 



Optimum beam energy 20-30 MeV/u

the fraction of the 
dynamical component of 
the coincident cross 
sections between He and Li 
isotopes in 13B+14N and 
19B+14N reactions.



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



Observables determining the cluster formation 
in a resonant state (Ex: 12Be, 10.3 MeV 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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Ex:



An exp. at RIBLL1@HIRFL, Lanzhou

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

Ex:



Collaborators



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]
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Resolution and efficiency 



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

Large and 
unsual 10.3 
MeV state;
pure 0+ !!
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2

~350 keV
2ℑ


2

~160 keV
2ℑ


* 2
rel

2 2 2

2 2

rel thre

For :
Q value in inelastic scattering, 
or reconstruction from binary decay:
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：

tribution of inelastic scattering,
or angular correlation from binary decay.

i) Determination of the moment of inertia 



Angular correlation analysis  for the 10.3 MeV 
state in 12Be decaying into 4He + 8He

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



Confirming the MR band with a large  
moment of inertia



R-matrix analysis i i

the partial is of probability meaning, 
not energy meaning    / /σ σΓ Γ =：

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

++++= αγ ΓΓΓΓΓ pn



All possible decay channels

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



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)
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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 ~15 MeV is an 
indicator of cluster 
formation

iii)   Determination of the monopole 
transition strength 

Ex:
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From T. Yamada: 



Extracting the monopole strength



DWBA analysis of the resonance CS



Fraction: 0.034(10) x 2.2. 

EWSR：6727.9 fm4 MeV, 

M(IS)： 7.0 +/- 1.0 fm2, 

DWBA analysis GTCM prediction 

M(IS) (cluster) ~  9.0 fm2
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missing mass (inelastic or transfer)
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RI beam & recoil target: IM + MM

good experiences for IM measurement 
 MM at low recoil energies? 

?



20

O

20

O*

16

CH
H

20O + p →  20O* + p
20O* → 16C + α

A new experiment in Lanzhou for 20O

(MM)
(IM)



Beam:  20O (>104 pps);     target:   CH2; 
Measurement: breakup & reconstruction for  03

+; 0-

Main goals:
Cluster states in 20O;  





Online PID 









Three strange narrow states



Stable beam & excited target: MM + IM

 good experiences for MM measurement

 IM at low recoil energies ?

?



Beam: 45MeV  9Be 2pnA(1*1010pps)  (proposed 20pnA)
Target: 0.9um 9Be  /  Au
Duration:  ~ 90 hours

9Be+9Be → 10Be(7.542)+8Be(g.s.)  Q=-2.39MeV
10Be(7.542) →4He+ 6He   Q=0.13MeV
8Be(g.s.)→4He+ 4He   Q=92keV

4He + 14C      Q= 17.25 MeV

A new experiment at CIAE  - Beijing

(MM)
(IM)



Beam :    9Be, 45MeV,   2pnA    
Target： 9Be, 0.9um ;     Au

D1 Telescope

Faraday cup

Layout of the experiment



U0 Telescope-PIDD0 Telescope-PID

∆E_W
1(keV)

E_BB7(keV) E_BB7(keV)

He
Li

Be Be

Li
He

Online PID



4He 4He

D2 Telescope-PID U2 Telescope-PID

E_SSD(keV) E_SSD(keV)

∆E_W
1(keV)

p pd dt t

Online PID



10Be  ,  22
+   state, 7.54 MeV 





Outline

I.      Clustering everywhere

II. How to observe

III. newly performed experiments   

II.1 for ground states
II.2 for excited states

IV.    Summary    



 Clustering is a general phenomenon in light  
unstable nuclei. 

 Consistent evidences are required to 
experimentally justify a cluster state, such as large 
momentum of inertial, large cluster decay partial 
width and large selective  excitation strength. 

 QFS at higher energies for GS and MM + IM 
measurements at lower energies for RS are good 
ways to probe  the  cluster structure.     

Summary



 broad 03
+ state in 12C ;  02

+ state in 16O；

 03
+ and 04

+ in  10Be ;             

 monopole in 16O;13C; 20Ne;  

 chain states in 14C and 16C ；

 molecular bands in 18O , 18Ne；

 12Be systematics (6He+6He ?)；

 cluster + GR, 24Mg,28Si ; 

 ……       

A lot to be measured !!  
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