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Issues: 
A) The cross-shell states in light neutron-rich nuclei are known to be 

notoriously difficult to describe theoretically, because they involve 
transitions encompassing two major shells on a proton-neutron 
asymmetric system. 

B) Obtaining a reliable relevant effective interaction in such cases remains of 
a special difficulty. 

C) The cross-shell states might have implications to astrophysical radiative 
neutron captures processes, since they are strongly influenced by the 
presence of dipole resonances.

This presentation: 
 An experimental attempt to enlarge the known realm of such dipole states 

in N-rich C isotopes.
 Capability of recently available shell-model calculations on dipole and 

other states examined.   
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Nuclear structure of very-neutron-rich nuclei
• Exotic properties are anticipated due to the large excess of 

neutrons and weak binding of valence neutrons
1. Nucleon density distribution may change drastically. 

⇒ neutron halo, cluster

2. Mean field can change accordingly. 
⇒ modification of shell structure, melting of magicity

3. Deformability of nuclei is modified accordingly. 

4. Large Fermi energy difference 
between neutrons and protons
will modify the effects of Pauli 
blocking and enhance the 
coupling with continuum states. 



Why study Carbon isotopes
1. In light elements (Z<10) the number of isotopes is the largest (14); 

suited for systematic study. 

2. They offer a basis to study intricate effects of the nuclear forces.
• Quenched N=14 shell gap
• Proton core polarization effects

3. The region (A<~20) represents a frontier of current ab initio 
calculations including continuum and three-body forces. Advanced 
shell-model interactions also exist.

4. Possible implications of properties of light neutron-rich nuclei 
(including C) to r-process nucleosynthesis in neutrino-driven winds 
have been suggested. Dipole resonances (L=1) have impact on the 
neutron capture rates. 
M.Terasawa et al., ApJ562(2001)470.       T.Sasaqui et al., ApJ634(2005)1173.
S.Goriely, PLB436(1998)10.



Quenched N=14 shell gap
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 C.X.Yuan et al., Nucl. 
Phys. A 883 (2012) 25. 

N=14 shell gap evolution
• Proton-neutron int.
• Attractive neutron-

neutron int. due to the 
many-body correlations.

J.W.Hwang et al., 
PLB769(2017)503. 

M.Stanoiu et al., PRC78(2008)034315.

Deformation



Overprediction of E(૛૚ା) with WBT. 
[1] Core polarization effects (should be mitigated in C).  

K.Sieja, F.Nowacki, NPA857(2011)9.
[2] Extended radial wave function.

A.Signoracci et al., PRC83(2011)024315. 

WBT: E.K Warburton, B.A.Brown, PRC46(1992)923.
WBM: WBP with USD part reduced by 25%. 

• Responsible for reduced neutron-neutron matrix elements in the sd shell in Carbon
• WBM provides a remedy for 2ଵା in 16,18,20C and 1/2ଵି in 15C.
• To what extent WBM is applicable? 

H.Ueno et al., 
PRC87(2013)034316.
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※ Only the lowest ℏ߱ configurations are considered in SM calc. 

T.T.S.Kuo, G.E.Brown, NP85(1966)40.
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Shell-model interactions examined
Code (Model space) Interactions
NuShell@MSU
(OXBASH)
(spsdpf)

WBT: E.K Warburton, B.A.Brown, PRC46(1992)923.
• (૙ − ૚)ℏ࣓
WBM: WBP with USD part reduced by 25%. 

M.Stanoiu et al., PRC78(2008)034315.

NuShellX@MSU
(psd, ℏ࣓ unrestricted)
B.A.Brown, W.D.M.Rae, Nucl. Data. 
Sheets 120 (2014) 115.

WBTX: WBT as calculated with NuShellX.
WBMX: WBM as calculated with NuShellX.
YSOX: C.Yuan et al., PRC85(2012)064324.
• (૙ − ૜)ℏ࣓
• ࢖࢖ ࢂ ࢖࢖ SFO
• ࢊ࢙ ࢂ ࢊ࢙ SDPF-M
• ࢊ࢙࢖ ࢂ ࢊ࢙࢖ and ࢖࢖ ࢂ ࢊ࢙ࢊ࢙ VMU
• VMU strengths adjusted to reproduce N-rich B,C,O masses.

Ab Initio Coupled-Cluster Effective Interaction
CCEI: G.R.Jansen et al., PRL113(2014)142502.      
• Nonperturbative calculation.
• Based on NN and NNN forces from chiral 

effective field theory. 
• No account for the particle continuum. 

෡ࡴ = ෍ ࢏࢖ − ࢐࢖ ૛૛࡭࢓ + ழ࢐࢏(࢐,࢏)ࡺࡺ෡ࢂ + ෍ ழ࢐ழ࢑࢏(࢐,࢑,࢏)ࡲࡺ෡૜ࢂ

T.Otsuka et al., 
PRL104(2010)012501.
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Objectives
• To furnish spectroscopic information on 17C, including cross-

shell states.
• Confirm ૚/૛૚ି (and ૜/૛૚ି ) in 17C reported in a ࢔ࢼ study.
• New information on other states in 17C.
• Test theories against new spectroscopy.
(1) enlarged ℏ߱ model space, (2) reduced sd neutron-neutron matrix elements, (3) new 
SM interactions.

• To develop a new experimental technique involving neutron 
knockout which complements the ݊ߚ spectroscopy.
• Newly commissioned SAMURAI spectrometer. 
• Reaction: 12C(18C,17C*→16C+n) @ 245 MeV/nucleon
• Observables: ࣌ି૚࣌ࢊ  ,࢔ ⁄∥࢖ࢊ ࣌ࢊ  , ⁄ࢀ࢖ࢊ .

T.Kobayashi et al., 
NIMB317(2013)294.

H.Ueno et al., 
PRC87(2013)034316.



ଵ଻ ଵ଻
escapeTOF (ns)

1/2ି

3/2ି

En
(MeV)

Ex 
(MeV)

Width 
(MeV)

Log ft గܬ
1.86(1) 2.71(2) 0.04(1) 4.8(1) 1/2ି
3.01(1) 3.93(2) 0.16(4) 4.9(1) 3/2ି
1.86(1) 4.05(2) 0.06(6) 6.0(1) 5/2ି

• Allowed transitions do not involve parity change. 

• Resulting ߥ p-shell hole states can be populated 
by knockout reactions.  

• The angular momentum, and thus parity, of the 
state can be determined experimentally in the 
knockout reaction via momentum distribution. 

ܤ ܶܩ = ௜ܫ12 + 1 ݂ ෍ ௞߬±௞௞ߪ ݅ ଶ

ଷ/ଶ݌
ଵ/ଶ݌

0݀ݏ1



SAMURAI

RIKEN RIBF : Radioactive Isotope Beam Factory

Primary beam 48Ca, 345 MeV/u, 250 pnA MAX
(~500 pnA, Year 2015)

Production target 20-mm-thick Be

Secondary beam 20C (190 cps), 280 MeV/u
18C(2300 cps), 245 MeV/u

Secondary target Carbon, 1.8 g/cm3

RIBF: Completed in 2007
New-Generation RI-Beam Facility

SAMURAI Day-1 campaign 2012
I. Coulomb Breakup of 19B and 22C, Nakamura et al.
II. Study of 18B,21C, and excited states of 19B, 22C, Orr et al.
III. Structure of Unbound Oxygen Isotopes 25O,26O, Kondo et al.

Y.Kondo et al., PRL116(2016)102503.
Y.Togano et al., PLB761(2016)412.
J.W.Hwang et al., PLB769(2017)503.



18C 
beam

16C 
fragment

T.Kobayashi et al, NIMB317,294(2013).Superconducting Analyzer for MUlti-particles from RAdioIsotope beams

SAMURAI spectrometer

(3T, 2m dia. Pole, 80 cm gap)

 Invariant mass method

୧୬୴ܯ = ஼ܧ + ௡ܧ ଶ − ஼ࡼ + ௡ࡼ ଶܧ୰ୣ୪ = ୧୬୴ܯ − ஼ܯ − ௫ܧ௡ܯ = ୰ୣ୪ܧ + ܵ௡

12C(18C,17C*→16C+n)

17C

16C

௫ܧ

ܵ௡
୰ୣ୪ܧ݊

(1) High detection efficiency for decay neutrons.  Large ߝ௡
(2) High coverage of decay phase space due to kinematical focusing.
(3) Large acceptance near Erel~0 MeV due to magnetic separation 

of neutrons and charged particles.  
(4) Good ܧ୰ୣ୪ resolution suited for spectroscopy.∆ܧ୰ୣ୪ ∝ ୰ୣ୪ܧ ୧୬ܧ ⁄ܣ ∆ܲ ܲ⁄

݊
ߛ



SAMURAI Day-One, 2012 May

SAMURAI Day-1 campaign 2012
I. Coulomb Breakup of 19B and 22C, Nakamura et al.
II. Study of 18B,21C, and excited states of 19B, 22C, Orr et al.
III. Structure of Unbound Oxygen Isotopes 25O,26O, Kondo et al.



One-neutron knockout reaction
• Exhibit large cross sections ~100 mb.
• Knocked-out nucleon is democratically 

selected from valence orbits. 
• Momentum distributions of the residue carry 

information on L, within the approximation 
the nucleon is suddenly removed. 

Stripping cross section : ݀ߪୱ୲୰݀ଷ݇௖ = ߨ12 ଷ 12݈ + 1 ෍ න ݀ଶܾ௩ 1 − ܵ௩ ܾ௩ ଶ௠ × න ݀ଷି݁ݎ௜ࢉ࢑·࢘ܵ௖ ܾ௖ ߰௟௠ ࢘ ଶ
Inclusive -1n cross section: ଵ௡ିߪ = ෍ ܣܣ − 1 ே · ଶܥ ܵ ,గܬ ݈݆݊ · ௦௣ߪ ݈݆݊, ܵ௡ୣ୤୤௡௟௝
Longitudinal momentum ࢖∥ distribution:݀ߪୱ୲୰݀݇௭ = ߨ12 ଷ 12݈ + 1 ෍ න ݀ଶܾజ 1 − ܵజ ܾజ ଶ௠  න ݀ଶߩ ܵ௖ ܾ௖ ଶஶ

଴ න ௜௞೥௭߰௟௠ି݁ݖ݀ ࢘ஶ
ିஶ

ଶ
Transverse momentum ୄ࢖distribution:݀ߪୱ୲୰ ݀ଶ݇ୄ = ߨ12 12݈ + 1 න ݀ଶܾజ 1 − ܵజ ܾజ ଶஶ

଴ ෍ න ݖ݀ න ݀ଶߩ exp −݅࢑௖ୄ · ࣋ ܵ௖ ܾ௖ ߰௟௠ ࢘ ଶஶ
ିஶ௠,௣

Single-particle 
wave function 

P.G.Hansen and J.A.Tostevin, Annu. Rev. Nucl. Part. Sci. 53, 219 (2003).
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Cଵ଼
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Experimental scheme
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Decay γ
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Decay
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Momentum distributions were calculated by MOMDIS: C.A.Bertulani, A.Gade, Comput. 
Phys. Commun. 175(2006)372.

Results: 12C(18C,17C*→16C+n)@245 MeV/u

L=1

L=1

Longitudinal momentum 
distribution



Results: 12C(18C,17C*→16C+n)@245 MeV/u

Momentum distributions were calculated by MOMDIS: C.A.Bertulani, A.Gade, Comput. 
Phys. Commun. 175(2006)372.

L=1

L=1

Transverse momentum 
distribution



Summary of parameters of observed resonances in 17C*

No. Erel
(MeV)

Ex (MeV) ડ (MeV) L ࣌ି૚ܘܠ܍࢔ 
(mb)

࣌ି૚ܐܜ࢔  
(mb)

(b) ܐܜࡿ૛࡯ ܘܠ܍ࡿ૛࡯ (b) ܐܜ࢞ࡱ

(MeV)
࣊ࡶ

① 0.57(4)(a) 3.07(5) 0 (fixed) --- 0.38(7) --- --- --- 3.07 9/2ଵା(c)

② 0.81(5) 1.55(6) 0 (fixed) --- 0.37(8) 0.36 0.015 0.015 1.60 (5/2ଶା)

③ 1.92(1) 2.66(2) 0.32(1) 1 15.8(10) 29.0 0.736 1.350 2.53 1/2ଵି (d)

④ 3.24(2) 3.98(2) 0.03(6) 1 2.20(16) 3.58 0.107 0.174 4.18 3/2ଵି (d)

(a) .ray coincidence is observed-ߛ
(b) From YSOX.  

(c) H.G.Bohlen et al., EPJA31(2007)279. Y.Satou et al., PLB660(2008)320.
(d) H.Ueno et al., PRC87(2013)034316. Ex=2.71(2) MeV for 1/2ଵି and 3.93(2) MeV for 3/2ଵି  .

①

②

③

④L=1

L=1
②

③
④



Presently observed states



Discussion-1: 
Spectroscopy of lowest-lying states, 
 ૛૚ା in even C and 
 ૞/૛૛ା and ૚/૛૚ି in odd C, 
in comparison to WBT(X), WBM(X) SM.

※ Excitation energy is from E(3/2ଵା) and E(1/2ଵା) for 17C and 19C, respectively. 

• The effects of enlarged ℏ߱ model space 
by using NuShellX are small (large) for 
positive (negative) parity states.

• WBM gives a deteriorated description of 5/2ଶା.

J.W.Hwang et al., 
PLB769(2017)503.

S.Kim
S.Kim
This work

Y.Satou et al., 
PLB660(2008)320.



Discussion-2: 
Spectroscopy of lowest-lying states, 
 ૛૚ା in even C and 
 ૞/૛૛ା and ૚/૛૚ି in odd C, 
in comparison to YSOX, CCEI SM.

• YSOX does not solve the overprediction 
problem of 2ଵା, while it provides a good 
description of 5/2ଶା and 1/2ଵି . 

• CCEI works well for both positive parity 
states, 2ଵା and 5/2ଶା.

※ Excitation energy is from E(3/2ଵା) and E(1/2ଵା) for 17C and 19C, respectively. 

n
Core(2+)

n
Core(0+)

(2008, Satou)



Summary
• Knockout reaction can give information 

which complements the ݊ߚ study. 

• First 1/2ଵି cross-shell states in C now 
extend to 19C.

• New spectroscopy is used to test SM interactions.
• YSOX describes cross shell states well. 
• YSOX overpredicts ૛૚ା in 16,18,20C, but CCEI not. 
• YSOX and CCEI describe the ૞/૛૛ା location in 17,19C well. 

• Light nuclear systems, as C isotopes, continues to pose 
challenges to our attempt to understand nuclear structures. 

?
?
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