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Shell evolut ion in n-rich C Shell evolut ion in n-rich C 
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Prog. Part . Nucl. Phys.
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• Evolut ion of   N=14 and N= 16 shell gaps in the n-rich C isotopes.

• Locate the single part icle st rength of  0d5/ 2, 1s1/ 2 and 0d3/ 2 orbitals 

using 16C(d,p)17C.

24O: Hof fman et  al.,
Phys. Let . B 672 (2009).
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The N=16 shell gap



Locate the sp strength of the v1d3/2 involved in the N=16 shell gap in 17C
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Previous spectroscopic experiments of 𝟏𝟕𝑪
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No evidence of Τ3
2

+
single particle states!
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Single-neutron transfer

Spectroscopic tool : Transfer reactions in inverse kinematics : 16C(d,p)17C*

Measurements  Observables 

Natural width Γ C2S, some l information

𝐸𝑝, 𝜃 Ex

Spectroscopy of Bound-Unbound states

Ex,J, Spectroscopic Factors (SF)

16C                              17C

1d5/2 

2s1/2 

1d3/2 

14 

8 

16 

1d5/2 

2s1/2 

1d3/2 

14 

8 

16 

Selectively populates single-particle states in 17C  
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Experimental set-up
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17C (dp-channel : bound states) 

X. Pereira et al. PRC 72, 011302(R) (2014)  
Weak sp strength for the 1d3/2 !

Ex(keV) Jπ C2S

0 3/2 + 0.03 (+0.05/-0.03)

217 1/2 + 0.80(0.22)

335 5/2+ 0.62(13)

Preliminary
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Ex(keV) Jπ C2S

0 3/2 + 0.03 (+0.05/-0.03)

217 1/2 + 0.80(0.22)

335 5/2+ 0.62(13)

𝐸𝑥 limited by E > 0.5 MeV
Tiara Hyball threshold!

Preliminary
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17C (dp-channel : bound states) 

X. Pereira et al. Physics Letters B 811 (2020) 135939 
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Ex(keV) Jπ C2S

0 3/2 + 0.03 (+0.05/-0.03)

217 1/2 + 0.80(0.22)

335 5/2+ 0.62(13)

Preliminary

5



17C (dp-channel : bound states) 

Weak sp strength for the 1d3/2 !

𝑬𝒙 (keV) 𝑱𝝅 𝑪𝟐𝑺

0 3/2 + 0.03
+5

−3

217 1/2 + 0.80 (22)

335 5/2+ 0.62 (13)

𝐸𝑥 (𝑀𝑒𝑉)

X. Pereira et al. Physics Letters B 811 (2020) 135939 

Preliminary
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17C (dp-channel : unbound states) 

R1 R2

𝑬𝒙 (MeV) 4.05 20 6.10 17

𝜞 (MeV) 1.32 33 1.52 44

𝜞sp (MeV) 2.07(41) 6.9(14)

𝑪𝟐𝑺 0.64(20) 0.222(78)

Assigned to be l=2 !

l=1,2 ruled out on the basis of Γ𝑠𝑝 and 𝐸𝑥

𝐶2𝑆 = ൘
Γ𝑒𝑥𝑝

Γ𝑠𝑝

Preliminary

𝐹 𝐸 = 𝐴𝐺 · 𝑒
1
2

𝐸−𝐸0
𝜎

2

+ 𝐴𝑅1 · 𝑉 𝐸, 𝐸𝑅1, 𝜎𝑅1, Γ𝑅1 +

Bound States 1st resonance

2nd resonance Phase Space

𝐴𝑅2 · 𝑉 𝐸, 𝐸𝑅2, 𝜎𝑅2, Γ𝑅2 + 𝐴𝑃𝑆 · 𝑆 𝐸
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17C (dp-channel : unbound states) 

𝐸𝑟 = 𝐸𝑥,𝑅 − 𝑆𝑛

Preliminary

7

The energy and strength of the unbound states found is similar to the 2nd and 3d resonances
predicted by the SM.
No evidence of the 1st resonance.



17C (dp-channel : unbound states) 

The energy and strength of the unbound states found is similar to the 2nd and 3d resonances
predicted by the SM.
No evidence of the 1st resonance.

In the unbound Τ3
2

+
states in  15𝐶 most of the strength is also carried by the resonance that lays

at lower energy. 

𝐸𝑟 = 𝐸𝑥,𝑅 − 𝑆𝑛

Preliminary
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Effective single-particle energy of the 𝝂𝟏𝒅 Τ𝟑 𝟐

2s1/2 = 2.16(45)
1d3/2 = 3.45(86)

a -> X. Pereira et al. Physics Letters B 811 (2020) 135939 (bound states) 
b -> V. Maddalena et al. PRC 72, 011302(R) (2014)
c->  M. Baranger et al. NPA 149, 225 (1970 )

𝑎

𝑏

Δ𝑁=16 = 𝜖𝜈1𝑑 Τ3 2
− 𝜖𝜈2𝑠 Τ1 2

𝝐𝝂𝟏𝒅 Τ𝟑 𝟐
= 3.84 (30) MeV

𝜖 =
σ𝑓=0

𝑛− 𝐸0 − 𝐸𝑓
− 𝐶2𝑆𝑓

− + 2𝐽𝑓 + 1 σ𝑓=0
𝑛+ 𝐸𝑓

+ − 𝐸0 𝐶2𝑆𝑓
+

σ𝑓=0
𝑛− 𝐶2𝑆𝑓

− + 2𝐽𝑓 + 1 σ𝑓=0
𝑛+ 𝐶2𝑆𝑓

+

𝑐
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C
16

=-1.58(17)1d5/2nÎ

=-1.56(18)2s1/2nÎ

=3.15(47)1d3/2nÎ

O
18

=-4.311d5/2nÎ

=-3.092s1/2nÎ

=1.151d3/2nÎ

E
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0
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DN=16=5.41 MeV

DN=16= 4.04 MeV

Shell evolution N=16 shell gaps

=3.84(30)

𝟏𝟔𝑪 𝟏𝟖𝑶

Δ𝑁=16 Exp (MeV) 5.41(34) 4.04(65)

Δ𝑁=16 𝑆𝑀 𝑊𝐵𝑇1

(MeV)
4.45 3.91

Δ𝑁=16 𝑆𝑀 𝑆𝐹𝑂 − 𝑡𝑙𝑠2

(MeV)
3.77 3.35

1. WBT (USD) M. Stanoiu et al., PRC 78, 034315 (2008)
2.   SFO-tls T.Suzuki and T. Otsuka, PRC 78, 061301 (2008)

𝜖2𝑠 Τ1 2 = −1.56(18)

𝜖1𝑑 Τ3 2 = 3.84(30)

𝜖1𝑑 Τ3 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = 2.39

𝜖2𝑠 Τ1 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = −1.35

𝜖1𝑑 Τ3 2 = 0.94 19

𝜖1𝑑 Τ3 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = 0.15

𝜖2𝑠 Τ1 2 = −3.10 (62)

𝜖2𝑠 Τ1 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = −3.85

Preliminary

DN=16 (16C) = e1d3/2 - e2s1/2 = 5.41(34) MeV bigger
than ~ DN=16 (18O) = 4.24 MeV

The N=16 Shell gap survives in n-rich Carbon
isotopes

𝜋1p1/2
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isotopes

The 𝜈1𝑑 Τ3 2 is less bounded than the

predictions.

=3.84(30)

𝟏𝟔𝑪 𝟏𝟖𝑶

𝜖2𝑠 Τ1 2(𝑀𝑒𝑉) -1.56 -3.10

-1.35 -3.85

𝜖1𝑑 Τ3 2 (𝑀𝑒𝑉) 3.84 0.94

𝜖1𝑑 Τ3 2
𝑆𝐹𝑂−𝑡𝑙𝑠(𝑀𝑒𝑉) 2.39 0.15

𝜋1p1/2
Preliminary

𝜖2𝑠 Τ1 2 = −1.56(18)

𝜖1𝑑 Τ3 2 = 3.84(30)

𝜖1𝑑 Τ3 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = 2.39

𝜖2𝑠 Τ1 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = −1.35

𝜖1𝑑 Τ3 2 = 0.94 19

𝜖1𝑑 Τ3 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = 0.15

𝜖2𝑠 Τ1 2
𝑆𝐹𝑂−𝑡𝑙𝑠 = −3.85

𝜖2𝑠 Τ1 2
𝑆𝐹𝑂−𝑡𝑙𝑠 (𝑀𝑒𝑉)

𝜖2𝑠 Τ1 2 = −3.10 (62)
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Conclusions

ε1d3/2 - ε2s1/2 = 5.41(39) MeV.

• 1. Two resonances have been found at 𝐸𝑥 = 4.05(20) and 6.10(17) 
MeV and associated widths were deduced to be 𝛤=1.32(33) and 
1.52(44) MeV respectively.

• 2. A d-wave neutron function providing support for a 𝐽𝜋 of Τ𝟑
𝟐

+

was asigned for both states.

• 3. Spectroscopic factors were deduced: 𝐶2𝑆 = 0.64(20) and
0.222(78) respectively.

• 4. The combination of the E and 𝐶2𝑆 of the resonaces allowed us 
to determine the ESPE, having a value of ε1d3/2 = 3.84(30) MeV.

• 5. The combination with previous information of the v2s1/2, gives 
us information on the N=16 shell gap.

• 6. We observe that the v1d3/2 is less bound that what is expected 
in the n-rich C isotopes.

Preliminary
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Future work

• 1. Apply the Gamow Shell model to take into account the radial 
extension of the wave function in the unbound states.

• 2. Estimate the contribution of the 2+in 16𝐶.

• 3. Combine the location of the 𝜈1𝑑 Τ3 2 with previous results of the 

energy of the 𝜈1𝑑 Τ5 2 to study the spin-orbit splitting.
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17C (dp-channel : unbound states) 

Τ3 2
+

Τ3 2
+

17𝐶
16𝐶+n

0+

2+

𝛾 = 1.7 𝑀𝑒𝑉

In this first analysis we’re
assuming that all the 𝐶2𝑆
is going to the GS 
16𝐶 0+ !

We’re still workig on
gating with the 𝛾 to
determine how much of
the unbounds decays to
the excited 2+ state.

In this stage our results of
the 𝐶2𝑆 are just upper
limits! 


