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A R T I C L E I N F O A B S T R A C T 

Editor: B. Blank Significant continuum strength has been observed to be populated in 17C produced in the d(16C,p) reaction at 
a beam energy of 17.2 MeV/nucleon. The strength appears at greater than ∼2 MeV above the single-neutron 
decay threshold and has been identified as arising from transfer into the neutron 0𝑑3∕2 orbital. Guided by shell 
model predictions the greater majority of the strength is associated with a 3/2+ state at an excitation energy of 
4.40+0.33

−0.14 MeV and a much weaker 3/2+ level at 5.60+1.35
−0.45 MeV. The corresponding total widths were determined 

to be 3.45+1.82
−0.78 and 1.6+4.6

−1.4 MeV, respectively. From the backward angle proton differential cross sections and the 
branching ratios for neutron decay to the 16C(2+

1 ) level, the corresponding spectroscopic factors to the ground 
state were deduced to be 0.47±10 and <0.09. Shell-model calculations employing the phenomenological SFO-tls 
interaction as well as Gamow Shell-Model calculations including continuum effects are in reasonable agreement 
with experiment, although the predicted strength lies at somewhat lower energy. The size of the N=16 shell gap 
(𝜀𝜈0𝑑3∕2 − 𝜀𝜈1𝑠1∕2 ) was estimated to be 5.08+0.43

−0.33 MeV - some 1.3 MeV larger than found in the SFO-tls shell model 
calculation.
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1. Introduction

Shell structure is one of the most fundamental characteristics of 
the nucleus. Indeed, the ordering and relative energy spacing between 
single-particle orbitals determine the size of shell gaps and the spin-orbit 
splitting [1,2]. However, the shell gaps and the associated magic num

bers are known to evolve as neutrons are added and play an important 
role in determining, for example, the limits of stability or whether a 
weakly bound system may exhibit a neutron halo.

Of particular interest in the 𝑝 − 𝑠𝑑-shell region is the N=16 shell 
gap, which is determined by the energy spacing between the 𝜈0𝑑3∕2 and 
𝜈1𝑠1∕2 single-particle orbitals, and is directly linked to the location of the 
neutron dripline for Oxygen, whereby the last bound isotope is doubly

magic 24O [3,4]. In this case, the tensor force raises the single-particle 
𝜈0𝑑3∕2 orbital towards the neutron 𝑓𝑝-shell as protons are removed from 
its spin-orbit partner (𝜋0𝑑5∕2) creating a gap at N=16 to the detri

ment of that at N=20 [5--8]. Removing two protons from the 0𝑝1∕2
orbital in 24O, leads to the last bound neutron-rich carbon isotope 22C 
which exhibits an s-wave dominated two-neutron halo [9--12] and is ex

pected to maintain the large N=16 shell gap [13]. In contrast, a recent 
investigation employing the deformed relativistic Hartree-Bogoliubov 
model in the continuum (DRHBc model) suggests, based on the agree

ment with the experimentally deduced 22C matter radius [10], only a 
moderately developed halo associated with a quenched N=16 shell gap 
[14].

Investigating experimentally the persistence or disappearance of the 
N=16 shell gap in 22C is presently beyond the limits of present facilities. 
Mapping the evolution of the single-particle 𝜈0𝑑3∕2 and 𝜈1𝑠1∕2 orbitals 
in less exotic C isotopes is, however, possible and can be used to test and 
improve models and thus their predictions much further from stability. 
It is in this spirit that the present investigation was undertaken with the 
goal of locating the 𝜈0𝑑3∕2 orbital in 17C.

In the case of 15C, the ground state exhausts almost all of the 𝜈1𝑠1∕2
strength, whilst the majority of the 𝜈0𝑑3∕2 single-particle strength is 
found in an unbound state at 4.78 MeV [15]. As a result, the size of 
the N=16 shell gap, estimated as E𝑥(3∕2+)−E𝑥(1∕2+) = 4.78 MeV, is 
very similar to that in 17O -- 4.21 MeV. This persistence of the N=16 
gap may be seen as a result of the combined action of the V𝑝𝑛

0𝑝1∕20𝑑3∕2
and 

V
𝑝𝑛

0𝑝1∕21𝑠1∕2
monopole interactions together with continuum effects [16]. 

Adding two more neutrons to 15C could potentially increase the role of 
neutron-neutron correlations and favour the development of deforma

tion. However, the extent to which the N=16 shell gap persists in 17C 
is not known experimentally.

In terms of the spectroscopy of 17C, our investigation of the bound 
states using single-neutron transfer onto 16C [17] has shown that the 
neutron 0𝑑5∕2 and 1𝑠1∕2 orbitals are almost degenerate and that the 
single-particle strengths of the 0𝑑5∕2 and 1𝑠1∕2 orbitals are essentially 
exhausted [17]. In contrast, there is negligible 0𝑑3∕2 strength found in 
the bound states2 and it thus must be located in the continuum. Similar 
conclusions have been drawn by other investigations of the ground and 
bound excited states of 17C [18--25].

Unbound states in 17C (S𝑛= 0.734(18) MeV [26]) have been investi

gated via three-nucleon transfer -- 14C(12C,9C) [27]-- inelastic scattering 
[28], 𝛽-decay [19] and one-neutron removal [29], but in all cases they 
have been seen to populate mainly negative parity or high spin states. 
Here, we employ, as in our earlier work [17], single-neutron transfer 
onto 16C using the 16C(d,p) reaction in inverse kinematics, with the 
goal of investigating the continuum states of 17C and locating the 𝜈0𝑑3∕2
strength.

2 The 3/2+ ground state exhibits a 16C(2+)⊗𝜈0𝑑5∕2 configuration.

Fig. 1. Top panel: Reconstructed excitation energy of 17C for 𝜃𝑙𝑎𝑏 = [147◦,167◦]
(the vertical error bars are statistical, the horizontal bars represent the binning). 
The overall fit incorporates two resonances at the energies indicated (single

level R-matrix lineshapes convolved with the experimental resolution) and non

resonant contributions from the one and two-neutron breakup channels. The 
vertical dotted line shows the limit of the fitting as imposed by the threshold in 
proton detection (see text). Bottom panel: Addback-reconstructed and Doppler

corrected 𝛾 -ray energy spectrum for E𝑥 > 1 MeV in 17C. The overall fit is based 
on the simulated response functions for the 16C(2+

1 →0+
1 ) transition E𝛾=1.77 

MeV and the (3+
1 , 4+

1 )→2+
1 transition E𝛾≈2.35 MeV. A background contribution 

is also included. Inset: 17C excitation energy for events in coincidence with the 
𝛾 -ray peak at 1.77 MeV.

2. Experiment

A radioactive beam of 16C at 17.2 MeV/nucleon was produced at the 
GANIL coupled cyclotron facility by fragmentation of a primary beam 
of 18O (55 MeV/nucleon) and prepared and purified using the LISE sep

arator [30]. The 16C intensity at the secondary target position was ∼5 
× 104 pps and the purity was essentially 100%. The secondary target 
was a CD2 foil of thickness 1.37(4) mg/cm2 . The experimental setup 
around the secondary target was that described in our earlier work [17] 
- namely the TIARA Si-strip array [31], 4 Ge clover detectors of the EX

OGAM array [32] and a Si-Si-CsI CHARISSA telescope [33]. Here, only 
the data acquired for protons emitted from the 16C(𝑑, 𝑝) reaction at the 
most backward angles -- 𝜃𝑙𝑎𝑏=[147◦,167◦] (corresponding to the an

nular ``HYBALL'' detector [31]) -- was exploited. Protons corresponding 
to excitation energies up to 6 MeV could be measured (Fig. 1). At the 
more forward angles, covered by the detectors of the TIARA ``Barrel'', 
much higher thresholds precluded the 17C continuum from being ob

served [34].

Identification of the atomic number of the beam-like residue was 
achieved using the CHARISSA telescope placed at zero degrees down

stream of the secondary target. The 𝛾 -rays emitted by the beam-like 
residues were recorded using the EXOGAM detectors placed at 90◦ and 
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55 mm from the centre of the secondary target. The absolute photopeak 
efficiency, including addback and Lorentz boost, was determined to be 
6.9(0.2)% at 1.77 MeV. As will be seen below, the coincident 𝛾 -rays were 
a key aid in determining the character of the unbound strength. Further 
details concerning the setup, simulations and data analysis techniques 
may be found in Refs [17,34--36].

3. Analysis and results

The 17C excitation energy (𝐸𝑥) was reconstructed from the energy 
and the angle of the protons detected in coincidence with a Z=6 beam

like residue recorded at zero degrees (Fig. 1). The spectrum shows a 
clear peak centred at the energy of the second bound excited state 
(0.335 MeV) and a very broad distribution above E𝑥 ≳ 2 MeV, that ex

ceeds, as shown in Appendix A, the contributions from the non-resonant 
breakup channels -- 16C+n+p and 15C+2n+p.

Fig. 1 bottom panel, displays the Doppler-corrected and addback

reconstructed 𝛾 -ray energy spectrum (E𝛾 > 500 keV) in coincidence with 
protons corresponding to 17C excitation energies in excess of 1 MeV. 
The 𝛾 -ray energy spectrum was fitted with lineshapes generated using 
Geant4 [37], plus a smooth background [17,34]. A strong transition 
is clearly observed at 1.77 MeV and a very weak line at ∼2.4 MeV, 
corresponding, respectively, to the decay of the first 16C excited state 
(2+

1 ) and from the multiplet of states (2+
2 , 3+

1 , 4+
1 ) at around 4.1 MeV 

to the 2+
1 state [38]. Energetically both resonances in 17C can decay to 

the first 2+ state in 16C and, despite the limited statistics, it is clear that 
both states do so -- inset of Fig. 1 (bottom panel). Taking into account the 
𝛾 -ray and proton detection efficiencies, the first resonance was found to 
decay to 16C(2+

1 ) with a branching ratio, BR1(2+
1 ), of 0.66(15), and the 

corresponding branching ratio, BR2(2+
1 ), of the second resonance was 

found to be 1, with a 1𝜎 uncertainty lower limit of 0.72. In each case, 
any contribution from feeding from neutron-decay to the higher-lying 
multiplet is smaller than the uncertainties.

Guided by shell model calculations, such as those presented be

low, which suggest that a number of levels should lie in the region of 
∼2--6 MeV, the excitation energy spectrum was described in terms of two 
broad resonances (found to be located at 4.4 and 5.6 MeV excitation en

ergy) and contributions from the non-resonant single and two-neutron 
breakup channels.3 Importantly, the description of the continuum in 
terms of a single resonance (Appendix B) does not change the essential 
conclusions of the present work. Indeed, in the two-resonance descrip

tion, the great majority of the strength is carried by the lower lying 
level.

The resonances were described in terms of single-level R-matrix line

shapes,

𝜎𝑟(𝐸𝑥,𝐸0) ∝
Γ𝑡𝑜𝑡

(
𝐸𝑥

)

(
𝐸𝑥 −𝐸0

)2 +
(
Γ𝑡𝑜𝑡

(
𝐸𝑥

)
∕2

)2 (1)

where 𝐸0 corresponds to the excitation energy of the resonance. The 
total width of the resonance is a combination of the widths of the two 
decay channels 0+

1 and 2+
1 (see discussion below),

Γ𝑡𝑜𝑡(𝐸𝑥,𝐸0) = Γ𝓁(0+1 ) + Γ𝓁(2+1 ) (2)

Γ𝓁(𝐸𝑥,𝐸0) = Γ𝑟
𝑃𝓁(𝐸𝑥)
𝑃𝓁(𝐸0) 

(3)

where 𝑃𝓁 is the penetrability for a neutron with orbital angular momen

tum 𝓁 [39].

The resonance lineshapes were convoluted with the resolution in ex

citation energy (FWHM=705 keV) which was determined using a Monte 
Carlo simulation [34] based on Geant4 [37], that included the beam 

3 These will also take account for any contributions from very broad higher

lying states.

Fig. 2. Proton backward angle differential cross sections for the lower-lying 
resonance (data points shown with statistical error bars) compared to ADWA 
calculations for transfer to the 𝜈0𝑑3∕2 (solid blue line) and 𝜈0𝑓7∕2 (dashed brown 
line) orbitals.

characteristics (spot size and energy spread), the energy and angular 
straggling in the target, the Si-detector resolutions and kinematical ef

fects. The amplitudes, energies and widths of the resonances were free 
parameters and only the experimental resolution was fixed in the fit

ting procedure. The non-resonant contributions arising from breakup 
were estimated by sampling, to take into account the experimental ac

ceptances, the simulated n-body phase space distributions. In the case 
of the 1n breakup channel, the amplitude of its contribution is strongly 
constrained by the yield in the excitation energy spectrum between 1 
and 2 MeV. The peak associated with the closely spaced bound states 
was described using a Gaussian distribution, with a width governed by 
the known experimental resolution, and an amplitude which was left to 
vary in the fit.

As alluded to above, no strongly populated 1/2+ or 5/2+ unbound 
states are expected as the bound states with these spin-parties carry 
most of the expected strength. In the case of a 3/2− state with all but 
the smallest spectroscopic factor (and hence population), the associated 
width would be far too broad to allow it to be distinguished from the 
non-resonant continuum. As such, the unbound strength observed here, 
in transfer of a neutron onto the 16C ground state is most probably as

sociated with J𝜋=3/2+ and/or 7/2− levels. Shell model calculations 
suggest, for a range of interactions [29], that the former are more likely 
to dominate the excitation energies populated here with the latter lying 
higher in energy.

Owing to the restricted range of angles covered by the present data 
and the very broad character of the resonances, it was not possible 
to deduce the transferred angular momentum from the proton differ

ential angular distributions. However, the backward angle differential 
cross section (Fig. 2) can be used to deduce the spectroscopic factor 
for the lower-lying resonance (for the much weaker higher lying res

onance the statistics was very limited). Specifically, the experimental 
distribution is compared to Adiabatic Distorted Wave Approximations 
(ADWA) calculations computed with DWUCK4 [40] using the Koning

Delaroche nucleon-nucleus optical potential parameterisation [41] in 
the exit channel, as well as in the entrance channel to compute the 
𝑑+16C adiabatic potential. Unbound 16C+n form factors were computed 
in a Wood-Saxon potential with standard geometry (radius parame

ter 𝑟0 = 1.25 fm and diffuseness 𝑎 = 0.65 fm) and with the depth ad

justed to give a resonance at the measured energy. Transfer to these 
unbound form factors was considered using the Vincent and Fortune 
procedure [42]. The calculations employed the zero-range approxima

tion with a standard finite-range correction and a standard non-locality 
correction in the exit channel. Spectroscopic factors were obtained by 
normalising the computed differential angular distribution cross sec

tions to that measured (Fig. 2). As noted above, no 3/2− (𝓁=1) res
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Table 1
Results for the fitting of the lower-lying resonance (see text): excitation and resonances energies, 𝐸𝑥 and 𝐸𝑟 (MeV), spin and parity (J𝜋 , valence neutron quantum 
numbers 𝑛𝓁𝑗, total and partial widths Γ (MeV) and spectroscopic factors 𝐶2𝑆 . Single-particle widths for 𝓁 = 2 and 3 were calculated using a Woods-Saxon potential 
with standard geometry (radius parameter 𝑟0 = 1.25 fm and diffuseness 𝑎= 0.65 fm), with the depth adjusted to the resonance energy.

𝐸𝑥 𝐸𝑟
a) 𝐽𝜋 𝑛𝓁𝑗 ⊗ 0+ 𝑛𝓁𝑗 ⊗ 2+ Γ𝑡𝑜𝑡

1 Γ1(0
+) Γ𝑠𝑝(0

+) 𝐶2𝑆1(0+) Γ1(2
+) Γ𝑠𝑝(2

+) 𝐶2𝑆1(2+)

4.40+0.33
−0.14 3.66+0.33

−0.14 3/2 + 0𝑑3∕2 1𝑠1∕2 3.45+1.82
−0.78 1.17+0.81

−0.58 2.58 0.45+0.32
−0.22

b)

4.32+0.19
−0.21 3.58+0.19

−0.21 3/2 + 0𝑑3∕2 0𝑑3∕2 3.05+0.91
−0.64 1.04+0.55

−0.51 2.44 0.43+0.81
−0.58 2.01+0.75

−0.62 0.518 3.9+1.5
−1.2

4.41+0.72
−0.23 3.67+0.72

−0.23 7/2 − 0𝑓7∕2 1𝑝3∕2 1.84+2.90
−0.21 0.63+1.02

−0.29 0.405 1.56+2.51
−0.71

b)

4.41+1.04
−0.07 3.67+1.04

−0.07 7/2 − 0𝑓7∕2 0𝑓7∕2 1.89+5.99
−0.21 0.64+2.06

−0.29 0.405 1.58+5.08
−0.71 1.25+3.96

−0.31 0.052 24 +76−6

a) For the decay to the 16C ground state.
b) No resonance possible at corresponding decay energies.

onance can be formed at the energies in question here, and comparison 
is thus made with 𝓁=2 (0𝑑3∕2) and 3 (0𝑓7∕2) neutron transfer onto 
the 16C(0+1 ) ground state and corresponding spectroscopic factors of 
𝐶2𝑆1(0+)=0.47(2) and 0.26(1) were deduced, where the uncertainty 
is only statistical.4

We now turn to the structural information which may be obtained 
from the widths for the neutron decay to the 16C(0+

1 ) ground and 2+1
states and the measured branching ratios. For the higher-lying reso

nance, the very large branching ratio for neutron decay to the 16C(2+1 )
state (BR2(2+1 ) ≃ 1), indicates that its structure is dominated by core ex

citations with a structure compatible, given that only a J𝜋=3/2+ or 
7/2− assignment is possible (see above), with a 𝑑−wave neutron -- very 
probably 𝑑3∕2 -- coupled to the 16C(2+1 ), in line with the shell-model cal

culations presented below for the higher-lying strength. A J𝜋 = 7∕2−
assignment implies coupling to either a 𝑝3∕2 neutron, which will form 
an extremely broad structure or an 𝑓7∕2 neutron which will generate a 
resonance far too narrow compared to the observed width (∼2 MeV) 
which is dominated by the decay to the 16C(2+1 ) state.

In the case of the lower-lying resonance the neutron decay strength 
is shared between that to the 16C(2+1 ) − BR1(2+1 ) = 0.66(15) − and the 
feeding of the 16C(0+1 ) ground state - BR1(0+

1 ) = 0.34(15). Fits of the ex

citation energy spectrum were carried out using the R-matrix lineshapes 
together with the contributions from the non-resonant continuum, as 
described earlier. In the case of the lower-lying resonance these were 
performed for the configurations possible for J𝜋=3/2+ and 7/2− as

signments as listed in Table 1, whilst the higher-lying resonance was 
included with the 𝜈0𝑑3∕2⊗16C(2+1 ) configuration.5 It should be noted 
that whilst the energy of the lower-lying resonance is not sensitive, 
within uncertainties to the spin-parity and associated configurations, 
the total and partial decay widths depend clearly on the spin-parity.

Given the branching ratios for the neutron decay channels (BR1(0+1 ) 
and BR1(2+1 )) the associated spectroscopic factors, 𝐶2𝑆 , may be deduced 
based on the corresponding single-particle widths, Γ𝑠𝑝. Most signifi

cantly, as may be seen in Table 1, only the cases corresponding to a 
J𝜋=3/2+ assignment exhibit 𝐶2𝑆1(0+) which are in accord with the 
value deduced from the proton backward angle differential cross sec

tions (Fig. 2). In terms of the component of the lower-lying resonance 
associated with the 16C(2+1 ), the spectroscopic factor, 𝐶2𝑆1(2+1 ), associ

ated with a 0𝑑3∕2 neutron is unphysical large. Whilst we cannot compute 
a single-particle width for the 1𝑠1∕2 neutron, it may be noted that the 
shell-model calculations (see below and Table 2) favour such a config

uration for the predicted lower-lying strength.

With both resonances identified as 3/2+ with the configurations and 
branching ratios described, the bestfit of the excitation energy spec

trum (Fig. 1) yielded energies and total widths of E𝑥,1 = 4.40+0.33
−0.14, 

Γ𝑡𝑜𝑡1 =3.45+1.82
−0.78 and E𝑥,2 = 5.60+1.35

−0.45, Γ𝑡𝑜𝑡2 =1.6+4.6
−1.4 MeV. As such, for 

4 As discussed in earlier studies, an uncertainty of some ±20% associated with 
the reaction modelling is expected - see Ref. [17] and refs therein.

5 Within the relatively large uncertainties associated with the fitting, the re

sults for the lower-lying resonance were insensitive to the characteristics of the 
higher-lying resonance.

Fig. 3. Excitation energy (𝐸𝑥) and spectroscopic factors (𝐶2𝑆(0+1 )) of the 3/2+

states in 17C from the present work (unbound levels) and Ref. [17] compared 
to shell-model calculations employing the SFO-tls interaction and Gamow Shell 
Model calculations with (GSM) and without (GSM𝑛𝑐) coupling to the contin

uum. Hatched bands represent the experimental uncertainties on the energies 
(Table 2). The dashed line indicates the 17C single-neutron separation energy. 
The location of the lowest 1/2+ state with the largest 𝐶2𝑆(0+1 ) spectroscopic 
factor for the 1𝑠1∕2 orbital is also indicated.

the higher-lying resonance, given the upper limit for the decay to the 
16C(0+1 ) ground state (BR2(0+1 ) < 0.28) and the corresponding single

particle width for a d3∕2 neutron (Γ𝑠𝑝=5.16 MeV), an upper limit for 
the spectroscopic factor could be deduced -- 𝐶2𝑆2(0+) < 0.09.

Finally, as indicated earlier, the unbound strength is dominated by 
that of the lower-lying resonance. As such, although it is at some vari

ance to the model predictions (see following) the excitation energy 
spectrum can also be well described, as shown in Appendix B, by a fit 
incorporating only a single much broader 3/2+ resonance with E𝑥,1 = 
5.17+1.53

−0.43 and Γ𝑡𝑜𝑡1 =6.2+8.0
−1.9 MeV. Importantly, this does not change, in 

any significant manner the 3/2+ spectroscopic strength nor the energy 
deduced for the effective single-particle energy for the 𝜈0𝑑3∕2 orbital 
and the N=16 shell gap.

4. Discussion

Fig. 3 displays the excitation energies and 𝐶2𝑆(0+) spectroscopic 
factors of the 17C 3/2+ states compared to shell model calculations in 
the 𝑝-𝑠𝑑 configuration space using the SFO-tls interaction [43,44] and 
to Gamow Shell Model (GSM) [45,46] calculations. The latter employed 
a 14C core together with the Furutani-Horiuchi-Tamagaki interaction 
[47--49] and included explicit continuum coupling and internucleon cor

relations in a unified description. In both cases, only 3/2+ states below 
7 MeV are plotted. A detailed summary of the experimental results ob

tained here and those of both calculations are provided in Table 2.

Both approaches predict the major part of the 3/2+ strength to be 
shared between two states in the region of 2 to 4 MeV, The shell model 
predicts the higher of the two levels to be over twice as strong as the 
lower level, whereas the GSM finds a much more equal sharing of the 
strength, with the levels more closely spaced and lying some 0.5 to 
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Table 2
Excitation and resonances energies, 𝐸𝑥 and 𝐸𝑟 (MeV), corresponding transferred angular momenta 𝓁, total width Γ𝑡𝑜𝑡 in MeV and spectroscopic factors 𝐶2𝑆 for the 
unbound states observed in 17C (assuming a two-level fit -- see text), compared to shell-model predictions for the 3/2+ levels with the SFO-tls interaction and to 
results from GSM calculations. Quantum numbers 𝑛𝓁𝑗 of the valence neutron configuration are indicated. The quoted uncertainties include statistical and fitting 
errors.

Exp SFO-tls GSM 
𝐸𝑥 𝐸𝑟

a) 𝓁 Γ𝑡𝑜𝑡 𝐶2𝑆(0+) 𝐸𝑥 𝐸𝑟𝑒𝑠 𝐶2𝑆(0+) 𝐶2𝑆(2+1 ) 𝐸𝑥 𝐸𝑟𝑒𝑠 𝐶2𝑆(0+) 𝐶2𝑆(2+1 )

0𝑑3∕2 0𝑑3∕2 0𝑑3∕2 0𝑑5∕2 1𝑠1∕2 0𝑑3∕2 0𝑑3∕2

- - - 2.29 1.55 0.18 0.09 0.04 0.15 3.34 2.60 0.31 0.14 
- - - 3.74 3.00 0.44 0.09 0.07 0.20 4.32 3.58 0.47 0.04 
4.40+0.33

−0.14 3.66+0.33
−0.14 2 3.45+1.82

−0.78 0.47(10)b)

5.60+1.35
−0.45 4.86+1.35

−0.45 2 1.6+4.6
−1.4 < 0.09 

- - - 5.82 5.09 0.12 0.20 0.01 0.02 5.39 4.65 0.02 0.91 
- - - - - 6.05 5.32 0.05 0.34 - - - - - -

a) For the decay to the 16C ground state.
b) 𝐶2𝑆(0+) = 0.45+0.32

−0.22 from the branching ratio and decay width (see text).

1 MeV higher in energy. Experimentally the strength is centred rela

tively close in energy to the strongest states in both calculations. Whilst 
it may be tempting to identify the resonance observed in the experiment 
at 4.4 MeV with the shell model level at 3.7 MeV and that of the GSM 
at 4.3 MeV, the very large observed width does not allow the possibility 
that it may be two (or more) overlapping resonances with some fraction 
of the strength localised in the region of 2 to 3 MeV to be discounted. 
In the case of the higher lying resonance observed here, it may be noted 
that as opposed to the GSM, the shell model predicts a doublet with a 
strength similar to experiment. It is interesting to note that the summed 
unbound 3/2+ strength of both the shell model and GSM predictions 
is very similar (0.8). Experimentally it would appear, however, that a 
significant fraction of the 3/2+ spectroscopic strength remains to be lo

cated and almost certainly lies at energies above 6 MeV which were not 
accessible in the present experiment.

In order to gain some insight into the effects of the continuum on the 
GSM predictions, the calculations have been repeated without the inclu

sion of the coupling to the continuum -- ``𝑛𝑐'' (Fig. 3). Specifically, the 
GSM𝑛𝑐 calculations were made using natural orbitals (pole-like orbitals) 
as compared to those with continuum coupling (GSM) which employed 
the standard Berggren basis in which bound, resonance and continuum 
single-particle states are treated on an equal footing in the complex mo

mentum plane. As may be be seen in Fig. 3, the continuum coupling 
reduces the energies of the 3/2+ resonances and also shares the strength 
more evenly between the two lowest lying resonances.

In order to quantify the size of the N=16 shell gap, information from 
neutron stripping on 16C obtained here (unbound levels) and previously 
[17] (bound states) and from neutron pickup [35] has been combined 
to deduce the effective single-particle energies (ESPE) [50] of the 𝜈1𝑠1∕2
and 𝜈0𝑑3∕2 orbitals. Whilst for the 𝜈1𝑠1∕2 orbital the strength is essen

tially exhausted by the 1∕2+1 state in 17C, the experimentally deduced 
spectroscopic factors for the 𝜈0𝑑3∕2 orbital account for about half of the 
expected total strength (

∑2
𝑘=1𝐶

2𝑆𝑘= 0.50+0.11
−0.10).6 As such, the 𝜈0𝑑3∕2

ESPE will thus represent a lower limit. The ESPE obtained for the 𝜈0𝑑3∕2
and 𝜈1𝑠1∕2 orbitals are 𝜀𝜈0𝑑3∕2=3.40+0.31

−0.14 MeV and 𝜀𝜈1𝑠1∕2=-1.68(30) 
MeV. This leads to a value (lower limit) for the N=16 shell gap of 
Δ=𝜀𝜈0𝑑3∕2 − 𝜀𝜈1𝑠1∕2=5.08+0.43

−0.33 MeV in 16C.

Using the results available in the literature [38] for the same reac

tions on 14C the ESPE could also be deduced. That determined for the 
𝜈0𝑑3∕2 orbital represents a lower limit owing, as for 16C, to the inability 
of experiment to locate all the associated spectroscopic strength.

As may be clearly seen in Fig. 4, the N=16 gap in 16C remains com

parable to that for 14C despite the decrease in the energy of the 0𝑑3∕2
orbital predicted by the SFO-tls interaction when adding two neutrons. 

6 Only the C2S(0+) for the first two 3/2+ states were considered: ground [17] 
and first resonant state.

Fig. 4. Experimental effective single-particle energies (ESPE) for the 1𝑠1∕2 and 
0𝑑3∕2 orbitals as derived from neutron addition on 16C in this work and Ref. [17] 
and removal [35] and from the literature ([38] for 14C. Comparison is made with 
the shell model for the SFO-tls interaction.

This is in contrast to the N=14 gap where configuration mixing results 
in its disappearance around 14−16C [18]. Compared to the values derived 
from the SFO-tls interaction, which are in line with the lower limit for 
the N=16 gap at 14C, it is at least 1.3 MeV larger in 16C than the pre

diction of 3.74 MeV. The origin of this increase is beyond the scope of 
the present work but may be associated with the treatment of the con

tinuum and/or the effects of deformation. Such a deviation from the 
shell model predictions calls into question their validity as the dripline 
is approached and, as such, the size of the N=16 gap in 22C.

5. Conclusions

In summary, the d(16C,p) reaction has been employed to locate the 
𝜈0𝑑3∕2 strength in17C, which was found to lie at energies in excess 
of some 2 MeV above the single-neutron decay threshold. Guided by 
theoretical expectations, the strength was determined to be primarily 
concentrated in a very broad resonance at around 4.4 MeV excitation 
energy. The proton backward angle differential cross sections, branch

ing ratios for neutron decay to the 16C(2+
1 ) level and partial decay widths 

permitted the spectroscopic strength to be deduced. The measurements 
were found to be in reasonable agreement with shell model calculations 
using the SFO-tls interaction as well as Gamow Shell-Model calcula

tions including continuum effects, although the theoretical strength was 
stronger in both calculations than that observed. Using the experimen

tally deduced spectroscopic factors a lower limit could be placed on the 
ESPE of the neutron 0𝑑3∕2 orbital and thus the energy of the N=16 gap 
− 5.08+0.43

−0.33 MeV− which was at least 1.3 MeV larger than that derived 
from the shell model. Given the predicted evolution of the gap as the 
carbon isotopes become more neutron-rich and the interest in 22C, mea

surements of the (𝑑, 𝑝) and (𝑑, 𝑡) reactions on 18C, although challenging, 
would be a welcome next step.
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Fig. 5. Reconstructed excitation energy of 17C for 𝜃𝑙𝑎𝑏=[147◦, 167◦] where 
the maximised contributions from the one and two-neutron breakup channels 
(shaded histograms) are shown (see text).
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Appendix A

The forms in excitation energy of the one and two-neutron breakup 
channels were estimated by sampling, with the restrictions imposed by 
the experimental acceptances, the three and four-body phase space dis

tributions. Fig. 5 shows the comparison with the experimental excitation 
energy spectrum whereby the contributions of each were maximised (in 
the regions, respectively, around 1.5 and 6 MeV) without exceeding at 
any energy the measurement. As such, it is clear that there is excess 
strength in the region of 2 to 5.5 MeV that must arise from continuum 
states of 17C.

Appendix B

The experimental excitation energy spectrum can be well described, 
in addition to the bound states and contributions from the one and two

neutron breakup channels, by the inclusion of only a single resonance. 
The results of such a fit are shown in Fig. 6 whereby the resonance is 
found at E𝑥=5.17+1.53

−0.43 MeV with a total width of Γ𝑡𝑜𝑡1 =6.2+8.00
−1.9 MeV. 

The branching ratio for decay to the 16C(0+
1 ) state was determined to 

Fig. 6. Same panels as for Fig. 1 but with the inclusion of only a single resonance.

Fig. 7. Proton backward angle differential cross sections for the resonance (data 
points shown with statistical error bars) compared to ADWA calculations for 
transfer to the 𝜈0𝑑3∕2 (solid blue line) and 𝜈0𝑓7∕2 (dashed brown line) orbitals.

be 0.28(14). Given the single-particle width for 𝓁=2 decay at the res

onance energy in question -- Γ𝑠𝑝 =4.24 MeV -- the corresponding spec

troscopic factor was deduced to be 𝐶2𝑆(0+
1 )=0.41+0.53

−0.12. This may be 
compared to a value of 0.39(2) derived from the proton backward angle 
differential cross sections (Fig. 7) As such, a lower limit for the ESPE of 
the 𝜈0𝑑3∕2 orbital may be deduced 4.08+1.62

−0.55. The corresponding lower 
limit for the N=16 shell gap of 5.76+1.63

−0.59 MeV is in accord, within un

certainties, with that determined based on a two-resonance fit.

Data availability

Data will be made available on request.
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