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A	  (Personal)	  Brief	  Review	  of	  The	  Cluster	  Model	  
Did	  the	  era	  of	  Nuclear	  Physics	  Start	  in	  1932?	  
(James	  Chadwick	  discovery	  of	  the	  neutron)	  

	  
1930	   	   Gamow’s	  Theory	  of	  Alpha-‐Decay	  
1931	   	   Gamow’s	  Apha-‐Cluster	  Model	  of	  Nuclei	  
1937	   	   Hafstadt	  and	  Teller	  
	   	   John	  Wheeler	  
…	  
1953	   	   Fred	  Hoyle	  (12C)	  
1959	  	  	   Wildermuth	  (8Be)	  
	   	   D.	  Allan	  Bromley	  (12C	  +	  12C)	  
	   	   “Nuclear	  Molecule”	  
…	  
1966	   	   David	  Brink	  (20Ne…)	  
	  
2000	  	   Bijker	  and	  Iachello/	  	  

“New	  Chapter	  of	  the	  Cluster	  Model”/	  anonymous	  
	  



Iachello-Levine (1995)
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The Broad State Issue
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(ab initio GFMC) = 

            Measured =
             (ab initio GFMC) 

Also note ab initio EFT calculations on 
the lattice of 10 MeV Broad 2+ in 12C



Jacobi Vectors: λ,  ρ
Oblate Spinning Top: U(6+1)
C3 point group symmetry
Plus three reflections
Plus horizontal:  D3h Symmetry

Spectrum of the (Symmetric) Triangular Spinning Top:
Molecular Physics: H3+ Molecule
Hadron Structure: Three Quark Model
Nuclear Structure: 12C Three Alpha-Particles
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Rotation-Vibration Spectrum of the 
Three Alpha Triangular Spinning Top
U(7) Model
R. Bijker and F. Iachello; Ann. Phys. 298(2002)334
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9.55 MeV



ELI-NP, July 18, 2014, Magurele, Bucharest, Romania
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Optical Readout TPC (O-TPC)
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O-TPC at the LNS at Avery Point





O-TPC at HIγS at TUNL/ Duke



April 3, 2008/ HIγS at TUNL, Duke University



M. Gai et al.; JINST 5(2010)12004



12C(γ,α1)8Be*(3.05)



W.R. Zimmerman et al.; Phys. Rev. Lett. 110(2013)152502
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cos θ = cos β x cos α



                            9.6 MeV        10.7 MeV
E2/(E1+E2)  =   0.97 ± 0.02     0.71 ± 0.05
               φ12 =   80 ± 6◦            132 ± 5◦
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W.R. Zimmerman et al.; Phys. Rev. Lett. 110(2013)152502
φ12 = δ2 - δ1 + arctan(η/2)Unitarity:
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12C Excitation Energy (MeV)
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Birmingham Measurement:
D.J. Marin-Lambarri, R. Bijker, M. Freer, M. Gai, 
Tz. Kokalova, D.J. Parker, C. Wheldon
Phy. Rev. Lett. 113, 012502 (2014)

12C(4He,3α)4He

gai
Rectangle



0

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40
J(J+1)

E
* 

(M
eV

)

12C

2+

4+

4-
3-2+

4+Hoyle Band

Ground State  Band

5-

1- 2-
Bending Band

0+
0+

D.J. Marin-Lambarri, R. Bijker, M. Freer, M. Gai, Tz. Kokalova, 
D.J. Parker, C. Wheldon, Phys. Rev. Lett. 113, 012502 (2014)

gai
Rectangle





0

5

10

15

20

E
* 

(M
eV

)
12C
Exp

(0,00)
A

0+

2+

3

4
4+

5

(1,00)
A

0+
2+

4+

(0,11)
E

1
2

(2,00)
A

0+

Non
Cluster

1+

(0,00)
A

0+

2+

3

4+
4

5

(1,00)
A

0+
2+
3
4+4
5

(0,11)
E

1
2
3
4
4+

±
±
±

1+T=1
T=0

(2,00)
A

0+

gai
Rectangle

gai
Rectangle

gai
Rectangle



PHYSICAL REVIEW C 76, 034320 (2007)

Reexamination of the excited states of 12C

M. Freer,1 I. Boztosun,2,* C. A. Bremner,2 S. P. G. Chappell,2 R. L. Cowin,3 G. K. Dillon,3 B. R. Fulton,3 B. J. Greenhalgh,3

T. Munoz-Britton,1 M. P. Nicoli,1 W. D. M. Rae,2 S. M. Singer,1 N. Sparks,1 D. L. Watson,3 and D. C. Weisser4

1School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom
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3Department of Physics, University of York, Heslington, York YO10 5DD, United Kingdom
4Department of Nuclear Physics, The Australian National University, Canberra ACT 0200, Australia

(Received 6 June 2007; revised manuscript received 31 July 2007; published 24 September 2007)

An analysis of the 12C(12C, 3α)12C reaction was made at beam energies between 82 and 106 MeV. Decays
to both the ground state and the excited states of 8Be were isolated, allowing states of different characters to
be identified. In particular, evidence was found for a previously observed state at 11.16 MeV. An analysis of
the angular distributions of the unnatural parity states at 11.83 and 13.35 MeV, previously assigned J π = 2−,
calls into question the validity of these assignments, suggesting that at least one of the states may correspond to
J π = 4−. Evidence is also found for 1− and 3− strengths associated with broad states between 11 and 14 MeV.

DOI: 10.1103/PhysRevC.76.034320 PACS number(s): 25.70.Ef, 25.70.Mn, 27.20.+n

I. INTRODUCTION

The formation of the 12C nucleus is rather crucial in nu-
cleosynthesis because it provides both the gateway to heavier
elements and also the key ingredient in organic molecules.
Surprisingly, the structure above the first excited state remains
something of a mystery. The nature of the second excited state
at 7.65 MeV, 0+, the famous Hoyle state (through which 12C
is synthesized), remains a subject of great debate [1–5]. It is
believed to have a large radius that perhaps gives rise to a
Bose gas of α particles. Such a state is certainly not described
within the shell model [6]. However, a clear candidate for a
2+ excitation of this state has remained elusive, though some
possibilities exist [7,8]. The identification of the 2+ excitation
of the Hoyle state remains one of the most important challenges
of the subject.

The next state lies at 9.64 MeV, 3−. This has been
associated with a Kπ = 3− cluster structure [9]. If it is a
cluster state, then it should give rise to the rotational sequence
3−, 4−, 5−, . . .. However, no reasonable candidate for the 4−
state has yet been observed. On the other hand, the shell
model does predict a 3− state at about the correct energy.
The resolution of the rotational characteristics is crucial
in determining the properties of this state. Similarly, the
10.84 MeV 1− state is associated with a cluster structure [9],
the rotational characteristics of which have yet to be pinned
down. In this region of great interest, not least from the
astrophysical perspective, it is remarkable that so little is really
understood about this very important nucleus.

In this article we examine some of the spin assignments of
excited states above the Hoyle state with a view of verifying
some of the established experimental properties. This has
been accomplished through an analysis of the α-decaying
12C excited states populated through the 12C(12C, 3α)12C
reaction.

*Department of Physics, Erciyes University, 38039 Kayseri, Turkey.

II. EXPERIMENTAL DETAILS

The present analysis is based on measurements that were
performed at the Australian National University (ANU). The
experiment was conducted using the Charissa strip detector
array located in the MEGHA chamber [10]. The array was
composed of eight 500 µm, (50 × 50) mm Si strip detectors.
These covered an angular range of θlab = 5 to 60◦, and an
azimuthal angular range �φ ≈ 100◦ degrees each side of the
beam axis, as shown in Fig. 1 of Ref. [11]. Each strip detector
was divided into 16 position-sensitive strips, with the position-
sensitive axis orientated toward the beam axis. The energy
response of the detection system was calibrated using elastic
scattering of 12C ions from both 197Au and 12C targets. The
combined energy resolution of 16 strips was typically 200 keV
(FWHM) and the position resolution was 0.5 mm (FWHM).

12C beam energies of 82, 86, 88, 96, 104, and 106 MeV
were used, with intensities of 50 enA. These were incident
upon a 60 µg cm−2 12C target foil. The beam energies were
obtained using the linear accelerator in conjunction with the
pelletron tandem 14UD accelerator.

III. ANALYSIS AND RESULTS

A. Excitation energy spectra

The events selected for the present analysis were those
associated with the 12C(12C, 3α)12C reaction, in which one
of the 12C nuclei was excited above the α-decay threshold.
The detection of all of the four final-state particles allows
the unambiguous selection of events connected with the above
reaction. In the instance that all of the particles are produced in
their ground states, the sum of the final-state kinetic energies
is equal to the sum of the beam energy and the reaction Q

value (−7.272 MeV). If any of the nuclei are produced in an
excited state (in this case it is only possible for the 12C nucleus)
then this will correspond to the final-state kinetic energy being
reduced by an amount corresponding to the excitation energy
of the corresponding state. Figure 1(a) shows the sum of the

0556-2813/2007/76(3)/034320(9) 034320-1 ©2007 The American Physical Society
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 Conclusions and Outlook/ Future 
 
 All observed 12C states below 15 MeV 

Are predicted by the U(7) Model/ D3h Symmetry 
 (Except non-clusters 1+ states) 
 
 Observed in 12C: 
 Ground State Rotational Band: 0+, 2+, 3-, 4±, 5- 
 Parity doublet: 4± 
 
 Predicted (“Missing”) in 12C: 
 Hoyle Band: 3- and 4- 
 Will determine geometry of Hoyle State 
 (equilateral, obtuse, etc.) 
 
 12C(e,e’) Measurement at the S-DALINAC 
             “The Missing 3- State” 




