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Clustering in nuclei

More common in lighter nuclei: 12C, 16O, 24Mg...

Proximity to cluster emission threshold and deformation favor clustering

Geometric arrangement is crucial for understanding nuclear properties
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The linear-chain cluster state (LCCS)

No evidence in 12C, 
experimentally confirmed in 16C [1] 

Neutron excess 
is crucial Does 14C have sufficient number 

of neutrons to stabilize it?

AMD calculations predict LCCS in 14C with
two rotational bands: π-bond and σ-bond [2]

Density distribution of the two LCCS configurations in 14C [3] Predicted positive parity states in 14C [4]
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Experimental evidence for 14C LCCS

Experimental and theoretical energies for several 14C states 
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10Be + α resonant scattering with two different techniques
Thick target experiments 
Freer [5] and Yamaguchi [6]
[5] M. Freer, et al. Phys. Rev. C 90 (2014) 054324
[6] H. Yamaguchi, et al. Phys. Lett. B 766 (2017) 11-16
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[7] A. Fritsch, et al. Phys. Rev. C 93 (2016) 014321
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Head of the rotational band 
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 A. Di Pietro, et al. at EuNPC25 
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The AT-TPC
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+
magnetic field

bent trajectories

more info[12] https://www.anl.gov/phys/solaris

AT-TPC + SOLARIS

Scattering angle AND energy can be extracted 
directly from reconstruction



The e22502 experiment at FRIB
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[13] A. C. C. Villari at 5th North American Particle Accel. Conf

10Be + α resonant scattering with the AT-TPC

10Be standalone beam at 30 MeV from the ReA6 [13]

Pure Helium at 300 torr

2T magnetic field



8

Angular correlation of the two scattered particles
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Kinematics plot

Tracks with more than 50 hits

Tracks with ϴlab > 23º

Results



Results
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10Be excitation energy reconstructed using the missing mass method
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10Be excitation energy reconstructed using the missing mass method
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110º 120º

AZURE2: R-Matrix calculation fit

11

Results



Jπ Ex Energy (MeV) CM Energy (MeV) Total width (keV)

0+ 14.5 2.5 30

2+ 15.3 3.3 350

3- 14.7 2.7 240

4+ 15.8 3.8 630

5- 16.5 4.5 140PRE
LIM

INA
RY
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Experimental and theoretical energies for several 14C states 
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2+ 3.7 3.0 4.2 2.9 3.3
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Comparison of the ECM (MeV) 

THIS EXPERIMENT

13

Results



The e22502 experiment at FRIB

[13] A. C. C. Villari at 5th North American Particle Accel. Conf

10Be + α resonant scattering with the AT-TPC

10Be standalone beam at 48 MeV from the ReA6 [13]

Pure Helium at 600 torr

2T magnetic field
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Tracks with more than 50 hits

PID selection
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The branching ratio to the 2+ state at 3.3 MeV  is a signature of LCCS!

Three-body events give information about the structure

10Be excitation energy reconstructed using the missing mass method
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Three body events

Gamow coupled-channel
 calculation

Higher correlation indicates sequential decay
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The branching ratio to the 2+ state at 3.3 MeV  is a signature of LCCS!

Three-body events give information about the structure

10Be excitation energy reconstructed using the missing mass method
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The branching ratio to the 2+ state at 3.3 MeV  is a signature of LCCS!

Three-body events give information about the structure

10Be excitation energy reconstructed using the missing mass method
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Conclusion
The energy of the head of the π-bond rotational band and the existence
of the LCCS remain inconclusive 

Outlook

Extract the branching ratio to the first 2+ 10Be excited state

Improve all fits and calculate uncertainties

Explore three-body events to investigate the sequential/democratic decay 
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