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Shell evolution



Intruder around N=8

Hoffman et. al. 2014
Bedoor et. al. 2014

N=7:
normal： (1𝑝𝑝1/2)𝜐𝜐1

intruder：(1𝑝𝑝1/2)𝜐𝜐−1(2𝑠𝑠1/2)𝜐𝜐1 --- s-wave
(1𝑝𝑝1/2)𝜐𝜐−1(1𝑑𝑑5/2)𝜐𝜐1 --- d-wave

N=9:
normal： (1𝑑𝑑5/2)𝜐𝜐1

intruder：(1𝑑𝑑5/2)𝜐𝜐−1(2𝑠𝑠1/2)𝜐𝜐1 --- s-wave



N=8 isotones：11Li

Tanihata et. al. 2008

𝑝𝑝(11Li, 𝑡𝑡) 9Lig. s.
P3 model：45% s-wave

𝑝𝑝 11Li,𝑝𝑝′ by Tanaka et. al. 2017

𝑑𝑑(11Li,𝑑𝑑′) by Kanungo et. al. 2015

0p0h configuration：(1𝑝𝑝1/2)𝜐𝜐2

2p2h configuration：(1𝑝𝑝1/2)𝜐𝜐−2(2𝑠𝑠1/2)𝜐𝜐2 --- s-wave
(1𝑝𝑝1/2)𝜐𝜐−2(1𝑑𝑑5/2)𝜐𝜐2 --- d-wave



N=8 isotones：12Be

Chen et. al. 2018

𝑑𝑑(11Be,𝑝𝑝)12Be

19% s-wave and
57% d-wave in the 
ground state of 12Be



N=8 isotones：14C

14C(𝑝𝑝,𝑑𝑑)13C by Cecil et. al. 1975 

1.3% s-wave and 8.4% d-wave



N=8 isotones：13B

Exp. Conclusions Ref.
magnetic dipole 

moment
p-wave dominant Williams et. al. 1971

1n knockout p-wave dominant Sauvan et. al. 2004

𝑑𝑑(12B, 𝑝𝑝)13B large p-wave 
spectroscopic fctor

Lee et. al. 2010

14Be 𝛽𝛽-decay 33% s-wave Aoi et. al. 2002
13C(𝑡𝑡, 3He)13B 24%  2p2h intruder Guess et. al. 2009

No individual measurements of s-wave and d-wave strengths

0p0h configuration：(1𝑝𝑝1/2)𝜐𝜐2

2p2h configuration：(1𝑝𝑝1/2)𝜐𝜐−2(2𝑠𝑠1/2)𝜐𝜐2 --- s-wave
(1𝑝𝑝1/2)𝜐𝜐−2(1𝑑𝑑5/2)𝜐𝜐2 --- d-wave
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Single-nucleon transfer reaction

Missing mass method



Reaction channel
 Elastic scattering
 Inelastic scattering
• 3.48 MeV 𝑙𝑙 = 0
• 3.68 MeV 𝑙𝑙 = 2
• 4.13 MeV 𝑙𝑙 = ?
 𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction
• 𝑝𝑝1/2 neutron: 

• 11+: g.s.
• 21+: 0.953 MeV

• 𝑠𝑠1/2 neutron: 
• 21−: 1.674 MeV
• 11−: 2.621 MeV

• 𝑑𝑑5/2 neutron: 
• 31−: 3.389 MeV
• 12−: 4.302 MeV
• 22−: 4.460 MeV
• 41−: 4.523 MeV

• 𝑝𝑝3/2 neutron: 
• 01+: 2.723 MeV
• 22+: 3.760 MeV
• 12+: 4.990 MeV
• 31+: 5.610 MeV

0 s1/2

0 p3/2
0 p1/2

0 d5/2

0 d3/2
1 s1/2

⑧

3/2-

13Bg.s.(3/2-)

1 s1/2
0 d5/2

 𝒅𝒅(𝟏𝟏𝟏𝟏𝐁𝐁, 𝟏𝟏𝐇𝐇𝐇𝐇)𝟏𝟏𝟏𝟏𝐁𝐁𝐇𝐇 transfer reaction
• 𝑝𝑝3/2 proton: 

• 01+: g.s.
• 21+: 2.109 MeV
• 02+: 2.251 MeV
• 22+ or 03+ ???



target: CH2
2mg CD2
4mg CD2

Experimental Setup
@RCNP, Osaka University

13B secondary beam：
purity ~ 98%, intensity ~ 20k pps
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Elastic scattering

(p, p)



Elastic scattering

WSS global optical potential

DA1p: Y. Zhang, D. Y. Pang, and J. L. Lou, 
Phys. Rev. C 94, 014619 (2016)
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𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction

Particle identification



• 𝑝𝑝1/2 neutron: 
• 11+: g.s.
• 21+: 0.953 MeV

• 𝑠𝑠1/2 neutron: 
• 21−: 1.674 MeV
• 11−: 2.621 MeV

• 𝑑𝑑5/2 neutron: 
• 31−: 3.389 MeV
• 12−: 4.302 MeV
• 22−: 4.460 MeV
• 41−: 4.523 MeV

• 𝑝𝑝3/2 neutron: 
• 01+: 2.723 MeV
• 22+: 3.760 MeV
• 12+: 4.990 MeV
• 31+: 5.610 MeV

𝒑𝒑𝟏𝟏/𝟏𝟏

𝒔𝒔𝟏𝟏/𝟏𝟏 𝒅𝒅𝟓𝟓/𝟏𝟏 𝒑𝒑𝟏𝟏/𝟏𝟏

𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction



• 𝑝𝑝1/2 neutron: 
• 11+: g.s.
• 21+: 0.953 MeV

• 𝑠𝑠1/2 neutron: 
• 21−: 1.674 MeV
• 11−: 2.621 MeV

• 𝑑𝑑5/2 neutron: 
• 31−: 3.389 MeV
• 12−: 4.302 MeV
• 22−: 4.460 MeV
• 41−: 4.523 MeV

• 𝑝𝑝3/2 neutron: 
• 01+: 2.723 MeV
• 22+: 3.760 MeV
• 12+: 4.990 MeV
• 31+: 5.610 MeV

𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction



𝑆𝑆𝑆𝑆 =
𝜎𝜎exp
𝜎𝜎theo

𝒑𝒑𝟏𝟏/𝟏𝟏

𝒔𝒔𝟏𝟏/𝟏𝟏

𝒅𝒅𝟓𝟓/𝟏𝟏

𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction

DWBA calculation



normaliza-
tion relation

𝑝𝑝1/2：84(1)%
𝑠𝑠1/2：4(1)%
𝑑𝑑1/2：12(1)%

𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction

(normalization relation)



𝒑𝒑(𝟏𝟏𝟏𝟏𝐁𝐁,𝒅𝒅)𝟏𝟏𝟏𝟏𝐁𝐁 transfer reaction

arXiv:2103.01562

https://arxiv.org/abs/2103.01562
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𝒅𝒅(𝟏𝟏𝟏𝟏𝐁𝐁, 𝟏𝟏𝐇𝐇𝐇𝐇)𝟏𝟏𝟏𝟏𝐁𝐁𝐇𝐇

Particle identification



𝒅𝒅(𝟏𝟏𝟏𝟏𝐁𝐁, 𝟏𝟏𝐇𝐇𝐇𝐇)𝟏𝟏𝟏𝟏𝐁𝐁𝐇𝐇

width of resonant: 0.42(28) MeV



𝒅𝒅(𝟏𝟏𝟏𝟏𝐁𝐁, 𝟏𝟏𝐇𝐇𝐇𝐇)𝟏𝟏𝟏𝟏𝐁𝐁𝐇𝐇

Bound states Resonant state

𝐸𝐸𝑛𝑛 = 1.24 MeV state observed in the 1p removal reaction
by Smith et al 2014
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Summary 

• Determined s-, and d- wave neutron intensities in the ground 

state of 13B

• Assigned the spin-parity of the 4.8 MeV resonant of 12Be
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