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α(10Be, α)10Be resonant scattering

9Be(9Be, 14C*→α+ 10Be)4He break-up

Recently, very interesting experimental data have been reported by some groups.
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Recently, very interesting experimental data have been reported by some groups.

Observed resonances are close each other in spite of 

independent observation.

In addition, they also agree with the theoretical 

prediction. T. Suhara and Y. Kanada-En’yo, Phys. Rev. C 82, 044301 (2010).
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9Be(9Be, 14C*→α+ 10Be)4He break-up

10Be(σ2)

6.18 MeV



σ-bond 10Be(02
+=s2) 4He

π-bond 4He10Be(01
+=p2)

By comparison with the new data, the unique decay pattern 

of two types of the linear-chain can be found and identified.



①To confirm that the agreement between the observation 

and calculated π-bond linear-chain band is plausible by 

comparison with new some data in 14C

②To show that the observed unique decay pattern of the 

resonances reported by Li et al. is similar to that of the 

calculated σ-bond linear-chain in 14C

③To predict the existence and details of linear-chain in 

16C for experimental data which will be reported

We investigate the linear-chain configuration of 14C and 16C



φi Ԧr = exp − 

𝜎=𝑥,𝑦,𝑧

𝜈𝜎 𝑟𝜎 −
𝑍𝑖𝜎
𝜈𝜎

2

⊗ aiχ↑ + biχ↓ ⊗ τi

𝐻 = 

i

Ƹ𝑡i − Ƹ𝑡cm +

i<𝑗

ොvij
NN + 

i<𝑗∈𝑝

ොvij
Coulomb

Φ𝜋 = 𝑃𝜋
1

A!
det [φi Ԧrj ]

E𝜋 =
Φ𝜋 𝐻 Φ𝜋

Φ𝜋 Φ𝜋 + 𝑣𝛽 𝛽 − 𝛽 2 + 𝑣𝛾 𝛾 − 𝛾 2
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Effective interaction Gogny D1S interaction is exploited.

Intrinsic wave function Single particle w.f. is the deformed Gaussian.

Variation

The variation parameters (Zi, ai, bi, ν) are determined so that Ep, 

which is a sum of the energy and constraint potential is minimized.



ΨMn
Jπ

=

𝑖,𝐾

c𝐾𝑖𝑛
Jπ

Φ𝑀𝐾
Jπ

(𝛽𝑖 , 𝛾𝑖) 

𝑖′,𝐾′

H𝐾𝑖𝐾′𝑖′c𝐾′𝑖′𝑛
Jπ

= En 

𝑖′,𝐾′

N𝐾𝑖𝐾′𝑖′c𝐾′𝑖′𝑛
Jπ

N𝐾𝑖𝐾′𝑖′ = Φ𝑀𝐾
Jπ

(𝛽𝑖 , 𝛾𝑖) Φ𝑀𝐾′
Jπ

(𝛽𝑖′ , 𝛾𝑖′)

H𝐾𝑖𝐾′𝑖′ = Φ𝑀𝐾
Jπ

(𝛽𝑖 , 𝛾𝑖) 𝐻 Φ
𝑀𝐾′
Jπ

(𝛽𝑖′ , 𝛾𝑖′)

ΦMK
Jπ

𝛽, 𝛾 = PMK
J
Φ𝜋 𝛽, 𝛾 =

2J + 1

8π2
නdΩDMK

J∗
Ω R(Ω)Φ𝜋 𝛽, 𝛾

D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 

Angular momentum projection

After the variational calculation, the eigenstate of the total angular momentum 

is projected out.

GCM

The GCM calculation is performed by employing the quadrupole 

deformation parameters b, g as the generator coordinate.





Moment of Inertia 
ℏ/2ℑ = 190 keV

Moment of Inertia 
ℏ/2ℑ = 179 keV



alpha decay width Ga (keV)

Jp Freer et al. Fritsch et al. Yamaguchi et al. This work

0+ 760(250) 250

2+ 290 190(55) 214

4+ 200 340 45(18) 149

6+ 300 123

For the p-bond linear-chain states,

✓ excitation energies

✓ moment of inertia

✓ a-decay widths

reasonably agree with the experimental candidates 

observed by α+10Be resonant scattering.



The s-bond linear-chain states are candidates of the 

higher-lying states reported by the breakup reaction.



To clarify the configuration of the observed resonances, 

we focused on the decay patterns of two linear-chain state.



p-bond linear-chain decays 

into 10Be(p2), especially 
10Be(2+; p2) dominantly.

s-bond linear-chain decays 

into 10Be(s2) dominantly.



These decay patterns are similar 

to those of the observed states.





10Be(02
+=s2) 4He

8Be 6He

4He10Be(01
+=p2)

The s-bond linear-chain states can decay to 

not only 10Be(s2) but also 6He+8Be

σ-bond

π-bond



◆ Using the AMD, we show that the excitation energies and a-decay widths 

of p-bond linear-chain in 14C are close to the experimental values.

◆ The s-bond linear-chain states can be good candidates of high-lying states. 

In addition, 6He+2a three-body sequence decay is its plausible signature.

◆ The linear-chain also decays to the 8,10Be(2+) as well as to the ground state 

of 8,10Be. This is a strong evidence of the linear-chain.

◆ In 16C, the excitation 

energies and decay widths 

of linear-chain are obtained. 

We also provide some 

evidences for the existence 

of linear-chain configuration.

T.B. and M. Kimura, Phys. Rev. C 95, 064318 (2017).

T.B. and M. Kimura, arXiv:1801.05323.



π-bond

σ-bond

Excitation Energy：16.8 MeV
Moment of Inertia： ℏ/2ℑ = 112 keV



12Be(0+)

a-decay reduced widths



12Be(0+)

12Be(2+)
a-decay reduced widths

➢Only linear-chain has large reduced width

➢Especially decay to 12Be(2+) is large



➢ We show that linear-chain structure decays to 10Be(2+)

Gas-like cluster structure (weak coupling)

Linear-chain structure     (strong coupling)

decay to Be(0+)

decay to Be(2+)

Y. Suzuki, H. Horiuchi, and K. Ikeda, Prog. Theor. Phys. Vol 47, No. 5 (1972).

Decay patterns depend on cluster structure



angular momentum: 𝐽 = 0 wave function is isotropic

10Be(0+)

➢ We show that linear-chain structure decays to 10Be(2+)



If 14C decays to only 10Be(0+)…



Linear-chain does NOT 
include them!

Linear-chain does not

only decay to 10Be(0+).

Checking the angular momentum of 10Be, 

linear-chain structure may be distinguished 

from other cluster structures. 

If 14C decays to only 10Be(0+)…


