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The low-lying structure of 15C has been investigated via the neutron-removal 16C(d, t) reaction. Along 
with the known bound neutron sd-shell states, unbound p-shell hole states have been observed. The 
excitation energies and the deduced spectroscopic factors of the cross-shell states are an important 
measure of the [(p)−1(sd)2] neutron configurations in 15C. Our results show a very good agreement with 
shell-model calculations using the SFO-tls interaction for 15C. However, this same interaction predicted 
energies that were too low for the corresponding hole states in the N = 9 isotone 17O and adjustment of 
the p-sd and sd-sd monopole terms was required to match the 17O energies. In addition, the excitation 
energies and spectroscopic factors have been compared to the first calculations of 15C with the ab 
initio self-consistent Green’s function method employing the NNLOsat interaction. The results show the 
sensitivity to the size of the N = 8 shell gap and highlight the need to go beyond the current truncation 
scheme.
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1. Introduction

The shell structure of nuclei is one of the cornerstones of nu-
clear physics. The evolution of the shell structure observed in ex-
otic nuclei has led to a change of paradigm in our understanding 
of the nuclear interaction [1]. Nuclei far from the stability with 
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large values of isospin are very sensitive to new aspects of nuclear 
forces.

In particular, the neutron-rich carbon isotopes have drawn 
much attention due to their properties: neutron halos [2,3], clus-
tering [4], and deformation [5]. Such light neutron-rich systems of-
fer an ideal testing ground for theoretical models. On the one hand, 
phenomenological shell-model calculations in the p-sd space with 
improved interactions, such as SFO-tls [6,7] or YSOX [8] have been 
very successful in describing the structure of neutron-rich carbon 
isotopes [9]. However, they fail at reproducing the energy levels of 
unnatural parity states across a given isotonic chain partly because 
of the lack of experimental data for cross-shell states in exotic 
nuclei. On the other hand, new interactions derived from chiral ef-
fective field theory [10,11] and rooted in quantum chromodynam-
ics have made significant progress in the description of light and 
medium-mass nuclei [12,13]. The low-lying spectroscopy of 15C 
obtained from the (d, t) reaction is an ideal observable to constrain 
not only phenomenological interactions but also nucleon-nucleon, 
N N , and three-body forces, 3N F , derived from chiral effective field 
theory. Indeed, excitation energies and spectroscopic factors deter-
mined from single-particle transfer reactions provide one of the 
most stringent tests to ab initio wavefunctions derived from realis-
tic nuclear forces.

We report here on the first investigation of the cross-shell 
states in 15C using the 16C(d, t) single-neutron pick-up reaction. 
Assuming a normal ordering in 16C, protons occupy the p-shell and 
neutrons the p-sd-shell. With 14C as a core, removing a neutron 
from the 16C ground state will probe states with (1p − 0h) config-
urations in 15C. Additionally, extracting a neutron from the 0p1/2
or 0p3/2 orbitals will give rise to states with two particle-one hole 
(2p − 1h) configurations across the 0p1/2 and 1s1/2-0d5/2 orbits. 
States with spin and parity of 1/2− and 3/2− and large single-
particle component are signatures of particle-hole excitations and 
can provide information on the amplitude of the N = 8 shell gap.

Previous knowledge on the structure of 15C has been gath-
ered over the past decades using a variety of experimental probes: 
single-neutron adding reactions 14C(d, p) [14–18], two-neutron 
transfer - 13C(t, p) [19] and 13C(18O,16O)15C [20] - Coulomb 
breakup [21], β-delayed neutron decay of spin-polarized 15B [22]
and single-neutron knockout reactions from 16C [23–25]. All these 
probes have provided extensive information, mainly on positive-
parity states. However little is known about the negative-parity 
states. In particular, no p-shell hole states from single-neutron re-
moval reactions are clearly established. Such states would be key 
for testing the shell-model interactions for the p − sd model space, 
and potentially improving the description of other light exotic nu-
clei.

2. Experimental details

The experiment was performed at GANIL using a secondary 
16C beam produced by fragmentation in the LISE spectrometer at 
17.2 MeV/nucleon with an intensity of ∼ 5 × 104 pps and 100% 
purity. The target consisted of a CD2 foil of 1.37(4) mg/cm2 thick-
ness. A set of two multiwire proportional chambers [26] was used 
to track the beam onto the target on an event-by-event basis 
and served also as time reference and to measure the incoming 
beam intensity. The target was surrounded by the TIARA Silicon ar-
ray [27] comprising an octagonal double-layered barrel of resistive 
strip detectors spanning 36◦ to 144◦ and an annular double-sided 
silicon strip detector covering the most backward angles (144◦ -
169◦). This allowed data to be also acquired for the 16C(d, p)17C 
reaction, discussed elsewhere [28] and for the 16C(d, d)16C elastic 
scattering. Light-ejectiles emitted from the neutron removal reac-
tion 16C(d, t)15C were detected by three MUST2 telescopes [29]
placed in the forward hemisphere at 15 cm downstream the target 
2

Fig. 1. Schematic view of the experimental set-up.

Fig. 2. Identification matrix: Time-Of-Flight (TOF) in ns between MUST2 and the 
first beam tracking detector versus the energy in MeV measured in the first layer of 
the MUST2 telescope. The dashed line shows the triton punch-through.

covering angles from 10◦ to 40◦ in the laboratory frame. The first 
layer of the MUST2 telescopes consisted of 300-μm thick double-
sided silicon strip detectors (DSSSD) that provided measurements 
of the total energy, the angle and served as the start signal for the 
time of flight (TOF). The stop signal was obtained from the mul-
tiwire proportional chambers placed upstream of the target. The 
beam-like fragments were detected in a Si-Si-CsI telescope located 
at zero degrees 33 cm downstream of the target [30]. Only atomic-
number identification of the beam-like fragments was achieved. 
Gamma-rays from the dexcitation of the recoil were measured in 
coincidence in the four germanium clover detectors of the EX-
OGAM array [31] placed at 90◦ surrounding the barrel at a distance 
of 55 mm from the centre of the target. The only bound excited 
state in 15C is at 0.740 MeV with a half-life of 2.61 ns [32] sim-
ilar to the flight time from the target to MUST2. Additionally, the 
unbound states measured in this work are below the threshold for 
decay to the first excited state in 14C (6.09 MeV [32]) and therefore 
no γ -rays were observed in coincidence with the tritons. Other 
results from this experimental campaign have been published pre-
viously, and more details on the experimental set-up can be found 
in references [28,33,34]. A schematic view of the set-up is shown 
in Fig. 1.

Tritons from the (d, t) reaction, which stopped in the DSSSD, 
have been identified using the E-TOF technique, as shown in Fig. 2. 
Atomic mass information can be obtained from the following ex-
pression, knowing the flight path of each particle from the target 
to the telescope:
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Fig. 3. Mass spectrum for the light ejectiles measured in MUST2. The A=3 selection 
was taken for events between 2.6 and 3.2.

A = 2E

u

(
T O F

L

)2

(1)

where E is the kinetic energy, u the atomic mass unit, L the flight 
path obtained from the positions of the particle in MUST2 and 
of the beam ion on target. Fig. 3 shows the mass identification 
for particles with total kinetic energy E < 8 MeV. Note that the 
mass calibration was for tritons and therefore the other peaks are 
slightly shifted. While only mass-separation is possible with this 
method, contamination from 3He particles is not expected below 8 
MeV owing to the kinematics of the 16C(d,3 He) reaction.

The dependence of the resolution with excitation energy was 
determined using the Nptool simulation package [35]. The simula-
tion included the straggling of the particles in the different mate-
rial layers of the detectors and in the target, the geometry of the 
setup, the resolution of the different detectors and the secondary 
beam energy spread and the reconstructed beam spot size.

3. Results

The (d, t) events were selected as coincidences of an A=3 par-
ticle with energy below 8 MeV and a Z=6 heavy residue in the 
zero-degree telescope. Excitation energy from the single-neutron 
pickup channel was reconstructed using the missing-mass tech-
nique and the resulting spectrum in the center-of mass angular 
range between 3◦-15◦ is displayed in Fig. 4. From the (d, t) data, 
three clear peaks are observed in Fig. 4. Due to the low-energy 
of the tritons (Q0 = 2.0 MeV) and their energy-loss straggling in 
the target, the resolution in excitation energy is not sufficient to 
separate the individual contributions below the neutron-separation 
threshold (Sn = 1.218 MeV). In fact, the broad peak around 0 
MeV corresponds to the 1/2+ ground state and the 5/2+ isomeric 
state at 0.74 MeV of 15C [32]. The bound states were represented, 
based on the detailed simulations, by asymmetric lineshapes that 
accounted for the experimental effects (most notably the effects 
of straggling). Voigt functions were employed for the unbound 
states. Additionally, the contributions from a three-body final state 
(14C+n+t) together with the background from masses with A=2 
and 4 were included in the fit (Fig. 4). The three-body contribu-
tion was obtained by uniformly sampling the phase-space of such 
a decay.

From the (d, t) data, four states are observed in 15C: the ground 
state, the 0.74 MeV isomeric state and two states at 2.76(31) and 
5.41(32) MeV.

The resonance at 2.76 MeV was already observed in the 
14C(d, p)15C [16], 13C(t, p)15C [19] and 13C(18O,16O)15C [20] ex-
periments at approximately 3.10 MeV and assigned a spin and 
3

Fig. 4. Experimental excitation energy spectrum for 15C obtained in the reaction 
16C(d, t)15C for the angular range 3◦-15◦ in the center of mass. Bound states are 
represented by histograms obtained from simulations (see text) while dash-dotted 
curves correspond to the unbound states. The light grey filled histogram shows the 
contribution from the three-body final state (14C+n+t) and the dashed line that from 
the background from neighbouring masses. The solid-red curve is the total fit to the 
spectrum.

parity of 1/2− . For the 5.41 MeV resonance, several states have 
been observed around this region but no definitive assignments 
have yet been made. As noted earlier, the tritons over the angu-
lar range measured here had very low-energies (∼ 1.0-2.5 MeV). 
As such, the energy loss and straggling in the target and possible 
non-linearities in the MUST2 array’s response (notably the ADCs) 
resulted in uncertainties in the determination of the energies and 
the reconstructed excitation energies. As may be seen in Table 1, 
deviations of around 300 keV were found between the values de-
duced here with respect to the known excitation energies and a 
systematic uncertainty of this size has been included in the final 
uncertainties.

Differential cross-sections for 3-4 angular-bins of 2◦ width have 
been reconstructed. The angular range was limited, from 3◦-15◦ in 
the center of mass, in order to avoid abrupt changes in acceptance. 
The angular distributions are shown in Fig. 5, and are compared 
to finite-range, prior form Distorted-Wave Born Approximation 
(DWBA) calculations using the code FRESCO [36]. For the d+16C en-
trance channel, the optical model parameters were obtained from 
the global parameterisation of Haixia et al. [37], modified to re-
produce d+16C elastic scattering measured here at the same time 
as 16C(d, t) [34]. The elastic data showed that an increased dif-
fuseness of the imaginary part of the optical potential was needed 
[34]. For the t+15C exit channel the optical model potential from 
Pang et al. [38], was employed. The 〈d|t〉 overlap was computed 
in a potential reproducing results from Green’s function Monte 
Carlo calculations [39]. The 〈16C|15C〉 overlaps were represented by 
bound neutron wave functions obtained in a Woods-Saxon poten-
tial with standard geometry (radius parameter r0 = 1.25 fm and 
diffuseness a = 0.65 fm), and with the depth adjusted to repro-
duce the effective neutron separation energy.

From the shape of the angular distributions the orbital angu-
lar momentum of the removed nucleon for the ground and iso-
meric states were found, as discussed below, to reproduce the 
known values. Additional arguments were also employed for the 
unbound levels. Spectroscopic factors were deduced initially by 
normalising the calculated angular distributions to the data. In or-
der to explore the sensitivity of the results to the choice of the 
optical model potentials, combinations of five different entrance 
channel [28,37,40–42] and two different outgoing channel poten-
tials [38,43] were explored. The spectroscopic factors deduced in 
this fashion varied significantly, with C2S(1s1/2)= 0.28-0.35 for 
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Table 1
Spin-parity assignments Jπ , excitation energies Ex (keV), normalised spectroscopic factors C2 S , asymptotic normalization coefficients squared (C2

n ) and corresponding trans-
ferred angular momenta � for the states observed in 15C, compared to previous experimental data and shell model predictions with the SFO-tls interaction and to results of 
SCGF calculations using the NNLOsat interaction. The quoted uncertainties include statistical and fitting errors, systematic uncertainties arising from the reaction modelling 
(20%) and the error in the target thickness (3%).

Ex (keV) Ex (keV)a � Jπ C2 Sc C2
n (fm−1) Jπ Ex (keV) C2 S Ex (keV) C2 S

(d, p) (d, t) SFO-tls NNLOsat

[32] (present)

0 0.00(36)b 0 1/2+ 0.65(16) 8.66(17) 1/2+ 0.0 0.64 0.168 0.51

0.740 (1) 1.10(37) 2 5/2+ 1.35(32) 1.56(3) 5/2+ 0.854 1.20 0.00 1.10

3.103 (4) 2.76(31) 1 1/2− 1.74(23) 14.23(31) 1/2− 2.74 1.35 6.62 0.35

1/2− 4.71 0.10 7.88 1.11

5.41(32) 1 3/2− 1.25(24) 24.38(54) 3/2− 5.30 0.62 10.63 0.63

3/2− 6.00 0.68 10.80 1.14

a) The uncertainty includes a contribution of 0.3 MeV arising from the determination of the triton energies.
b) The ground state energy was set to zero although the measured value differs within the quoted uncertainty (see text).
c) Normalised (see text) such that summed C2 S for the 1/2+ and 5/2+ levels is 2.0.
Fig. 5. Angular distributions for the ground state (a) the first excited state (b) and 
the two observed resonances in 15C at 2.76 (c) and 5.41 (d) MeV compared to � =
0, 1, 2 (red, green, and blue) DWBA calculations. The uncertainties in the angular 
distributions are statistical. The displayed cross-sections are not normalized to the 
occupancy of the sd-shell.

the ground state and C2S(0d5/2)=0.35-0.56 for the isomeric level. 
Importantly the shapes of the angular distributions did not vary 
in any appreciable manner for any of the states (bound and un-
4

bound) over the angular range measured.2 Moreover, the relative 
spectroscopic strengths between the states also did not change ap-
preciably with the choice of optical potentials and rather it was 
the absolute normalisation that varied. Given the broad range of 
normalisations for the spectroscopic factors, according to the po-
tentials employed, the sum of the spectroscopic factors for the 
1/2+ ground and 5/2+ isomeric state have been set to be 2 [1]. 
This assumes 16C to have precisely two neutrons in the sd-shell 
outside a 14C core. The assumption of a 14C core is supported 
by measurements of the (d,3 He) reaction on carbon isotopes [44]
which indicate that the number of protons in the π0p1/2 orbital is 
lower in 14C compared to 12C owing to the presence of neutrons 
in the 0p1/2 orbital. In addition, the sum of the spectroscopic fac-
tors for the ground and first excited state in 15C has been found to 
be close to unity in a study of the 14C (d, p) reaction [18]. It may 
also be noted that the 1/2+ and 5/2+ states in 13C are only weakly 
populated in the 14C (p, d) reaction [14,45]. The normalisation of 
the summed strength of the 1/2+ ground and 5/2+ states to be 
2, as adopted here, disregards the occupancy of the 0d3/2 orbital. 
However, this contribution is expected to be no more than 10% 
(see, for example, the shell model calculations discussed below) – 
a contribution much smaller than the experimental uncertainties. 
Importantly, the normalisation employed for the 1/2+ and 5/2+
states is also applied to the unbound states.

The top panel of Fig. 5 shows the � = 0 character of the angular 
distribution for the ground state (see Fig. 5 (a)) which is consis-
tent with the known assignment of 1/2+ [18,24,25]. The angular 
distribution for the peak at approximately 0.74 MeV (see Fig. 5
(b)) displays an � = 2 contribution in agreement with the 5/2+ as-
signment by Refs. [18,24,25].

Fig. 5 (c) shows the angular distribution for the first resonance 
at 2.76(31) MeV. The � = 2 curve yields an unphysical occupancy 
of the state. The available strength of the 0d5/2 orbital for the 
single-neutron pick-up is almost exhausted by the isomeric state 
at 0.74 MeV as the remaining strength has been observed in the 
16C(d, p)17C reaction [28]. Based on the Macfarlane-French sum 
rule for C2S [46], where the occupancy is G−(0d5/2) = 1.35(32)

(see Table 1) and the vacancy is G+(0d5/2) = 2 J f +1
2 J i+1 C2 S = 6 ×

0.62(13) ([28]), the observed single-particle strength adds up to 
84.5(75)% of the total. In addition, the � = 1 transfer is favoured by 
the data. Therefore, the spin and parity of the 2.76(31) MeV is in-
ferred to be 1/2− in agreement with earlier studies [16,19,20]. The 

2 It is possible that data of higher statistical quality covering a much wider range 
of angles may allow the most suitable optical model potentials to be determined.
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Fig. 6. Experimental level scheme for 15C compared to the results of the shell model 
with the SFO-tls interaction and to SCGF calculations using the NNLOsat interaction. 
The column on the right represents the spectroscopic factor and on the left the spin 
and parity assignment.

configuration of this state thus corresponds to neutron removal 
from the 0p1/2 orbital in 16C.

The angular distribution presented in Fig. 5 (d) corresponds to 
the state at 5.41(32) MeV. Only the comparison to the � = 1 cal-
culation yields a reasonable spectroscopic factor, while that for 
� = 2 is incompatible with an acceptable occupation of the 0d5/2
or 0d3/2 orbitals in the ground state of 16C. In addition, assuming 
a 1/2− assignment for this state, the summed C2S would greatly 
exceed the maximum number of neutrons allowed in the 0p1/2
orbital. Given the large spectroscopic factor and guided by the 
structure calculations presented in Table 1, we assign this state to 
be a neutron 0p3/2 hole and, therefore, a spin and parity of 3/2− . 
Previous results in references [19,20] and [22] point to a state at 
5.88 MeV with a tentative 1/2− assignment, although 3/2− could 
not be totally excluded. Owing to the high excitation energy of the 
first excited state in 14C, the resonance states populated here in 
15C can only decay by neutron emission to the ground state of 
14C.

Pick-up reactions such as (d, t) are of peripheral nature and 
represent a suitable tool to extract information on the asymptotic 
tail of the radial overlap function which is very sensitive to the 
N N interactions used in microscopic calculations [47]. The asymp-
totic normalization coefficient (ANC) squared C2

n was obtained as 
the product of the experimental spectroscopic factor Sl j and the 
square of the single-particle ANC bl j . Spectroscopic factors ex-
tracted from peripheral reactions are usually sensitive to the choice 
of the neutron-nucleus potential used to generate the bound state 
wave function of the transferred nucleon [48,49]. In order to es-
timate this effect, the radius of the single-particle Woods-Saxon 
potential was varied from 1.15 to 1.35 fm and the resulting rel-
ative spectroscopic factors changed with respect to the standard 
value of 1.25 fm as follows: 35% (0d5/2), 10% (1s1/2), 20% (0p1/2), 
25% (0p3/2) while the ANC remained constant within 1-3%, show-
ing the peripheral character of the reaction. Therefore, in addition 
to the spectroscopic factors, the ANCs for the four states populated 
in 15C are also reported in this work (see Table 1).

4. Discussion

The results are displayed in Table 1 and in Fig. 6 where the 
experimental level scheme is compared to state-of-the art shell-
model calculations using the SFO-tls interaction [6,7] within the 
p-sd model space. This interaction has proven to be successful 
in reproducing the level ordering and single-neutron spectroscopic 
factors [28] as well as the magnetic dipole transitions in 17C [7]. 
Additionally, we compare our results with ab initio many-body cal-
culations using the self-consistent Green’s function (SCGF) method 
at second order [50,51] with the NNLOsat interaction [12] from chi-
5

ral effective field theory. The two-nucleon and three-nucleon forces 
were optimised to reproduce low-energy experimental observables 
in order to provide improved predictions for mid-mass nuclei [12]. 
In particular, the N N+3N F fit at next-to-next-to-leading order in-
cludes, apart from the nucleon-nucleon scattering data, the binding 
energies of 3H, 3,4He, 14C, and 16,22,24,25O together with the charge 
radii of the first five isotopes. The resulting interaction NNLOsat

improves significantly the properties of mid-mass nuclei and re-
produces the saturation point of nuclear matter [12,13,52,53] but 
has seldom been tested for the spectroscopy of p − sd shell nuclei.

Positive-parity states in 15C measure the one-particle zero-hole 
configurations (1p − 0h). The ratio of the 0d5/2 strength with re-
spect to the 1s1/2 obtained in this work is in good agreement with 
the results from [23–25] within the error bars. Both states are well 
reproduced by the shell model with the SFO-tls interaction taking 
into account the experimental uncertainties. As for the SCGF cal-
culations employing the NNLOsat interaction, the 1/2+ and 5/2+
states are almost degenerate in energy, and the spectroscopic fac-
tors are in line with the experimental results.

The deduced 15C spectroscopic factors can be compared to 
those obtained for the isotone 17O in the 18O(d, t) reaction by 
G. Mairle et al., [54] where the spectroscopic factors for the 
C2 S(0d5/2) and C2 S(1s1/2) are 1.53 and 0.21, respectively. The rise 
in the 0d5/2 spectroscopic strength in 17O, as protons are added 
to the 0p1/2 orbital, shows an increase in the filling of the 0d5/2
orbital, due to the inversion of the 0d5/2 and 1s1/2 single-particle 
orbitals as described in reference [1]. Nevertheless, the filling of 
the 0d5/2 orbital in 16C remains dominant due to pairing effects.

Above the neutron separation threshold in 15C, negative-parity 
states appear with a 2p − 1h structure. As shown by the exper-
imental spectroscopic factor (Table 1), the 1/2− state contains a 
significant fraction of the total 0p1/2 strength. In fact, the observed 
strength for this state represents 87% of the total occupancy as-
suming an independent particle filling. The configuration of this 
state is interpreted to be a 13C (g.s.)⊗(1s1/20d5/2)

2 configuration 
in view of the large (ν0p1/2)

−1 spectroscopic factor. The excitation 
energy of the 1/2− state provides some qualitative information on 
the size of the N=8 gap. While the shell model with the SFO-tls 
interaction reproduces the energy of the state that carries the main 
fragment of the ν0p1/2 strength, the SCGF with NNLOsat calcula-
tion places this state at much higher energy (Fig. 6). This is mainly 
due to the lack of (2p − 1h) configurations in the latter’s theoret-
ical scheme, which is truncated at second order. Additionally, the 
NNLOsat interaction generates a large mean-field gap between the 
p and sd harmonic-oscillator shells, which further hinders relevant 
cross-shell correlations.

Turning to the 0p3/2 strength in 15C, as shown in Fig. 6 the 
theoretical strength distributions are significantly fragmented, es-
pecially in the shell-model calculations with SFO-tls. The experi-
mental strength for the 0p3/2 orbital is 1.25(24) compared to the 
independent single-particle expectation of 4, therefore indicative 
of a significant fragmentation, with a large fraction of the strength 
possibly at higher excitation energy. As shown in Fig. 6 there are 
several states predicted by shell model calculations above 8 MeV 
that could not be seen in our experiment due to the limited statis-
tics and resolution. The experimental total strength thus represents 
a lower limit. The excitation energy of the strongest 3/2− state is 
in good agreement with the results from the shell model, showing 
that the state we see might be a combination of the two reso-
nances predicted in the region. This is supported by the measured 
width of the state � = 1.98(33) MeV which greatly exceeds the 
expected width of ��=1 = 100 keV3 at the observed energy. Sim-

3 Determined from the single-particle width and the SFO-tls spectroscopic factor 
for the � = 1 decay of the first 3/2− state.
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Fig. 7. Distribution of the measured single-particle strength C2 S for 15C (left) and 17O (right) as a function of excitation energy in MeV. Data from the 18O(d, t)17O reaction 
correspond to reference [54].
ilarly to what we observed for the 1/2− state, the predictions for 
the 3/2− state from the SCGF calculations with NNLOsat appear at 
much higher excitation energy. Surprisingly, the total strength is 
in reasonable agreement with the experimental results. It is im-
portant to note that the difference in energy between the major 
fragments of the 3/2− and 1/2− states is well reproduced (�N=6 ≈
2.9 MeV) which suggests that the mechanism at play, and the cor-
responding missing correlations in SCGF calculations, are indeed 
the same for the two states.

The 2p − 1h configurations of the 2.76 and 5.41 MeV states are 
clearly established. As shown by the spectroscopic factors (Table 1), 
the 1/2− and 3/2− states contain a sizeable part of the total 0p1/2
and 0p3/2 strength (sd)2(0p)−1. Although part of the strength is 
expected at higher excitation energies, we can compare our results 
with those obtained in neutron removal from 18O in the same ex-
citation energy range.

Fig. 7 shows the measured strength from the (d, t) reaction as 
a function of the excitation energy for 15C and 17O. In the case 
of 15C, there is a very good agreement between the experimen-
tal distribution of the single-particle strength and major fragments 
from the shell model using SFO-tls, with the exception of a higher 
degree of fragmentation in the shell-model 0p3/2 strength, not ob-
served in our experiment, most possibly because of limited statis-
tics and resolution. While the results of the SCGF calculations using 
the NNLOsat Hamiltonian agree well with experiment for the nat-
ural parity states, cross-shell states are, however overpredicted in 
energy.

Experimentally, the ordering of the 1/2+ and 5/2+ changes be-
tween 15C and 17O, which is indicative, as described in Ref. [1] of 
a significant modification in the 1s1/2 and 0d5/2 orbitals.

Owing to its single-particle character, the excitation energy of 
the 1/2− state provides a measure of the N=8 shell gap. Experi-
mentally, this state is observed at rather similar energies in both 
isotones - 2.76(31) MeV in 15C and 3.055 MeV in 17O pointing to 
a comparable N=8 shell gap. However, the single-particle strength 
of the 1/2− state is more fragmented in 17O as a consequence of 
an increase of correlations in the N=Z core (16O). Theoretically, the 
SFO-tls interaction which gave a good account of the 15C 2p − 1h
structure overestimates the size of the N=8 shell gap by some 1.5 
MeV and also the position of the centroid for the 0p3/2 orbital ap-
pears to be shifted to higher energy by a similar amount. The large 
difference in energy for the negative-parity states in 17O might be 
explained as a consequence of their configurations. The structure 
of the 1/2− and 3/2− states can be interpreted as 16O(3−) ⊗ 0d5/2
in the weak coupling model. In fact, experimentally the excitation 
6

energy of the first 3− state in 16O is found to be 6.13 MeV [32]
while the SFO-tls interaction predicts it to at 7.633 MeV, which is 
1.5 MeV higher than expected.

The shell model calculations using the SFO-tls interaction had 
to be modified in order to reproduce the 17O level scheme. Va-
lence particles are more weakly bound in the neutron-rich carbon 
isotopes compared with the oxygen isotopes. Note that the valence 
neutron in 15C has a halo structure with one-neutron separation 
energy of 1.218 MeV. Effective nuclear forces that involve weakly 
bound neutrons are expected to be weaker than those for nor-
mal nuclei [55]. As the SFO-tls is constructed, in particular, to 
explain the structure of neutron-rich carbon isotopes, it is reason-
able to use stronger nuclear forces in the oxygen isotopes. As such, 
monopole terms of two-body matrix elements that involve valence 
particles in the sd-shell are enhanced compared to the carbon 
case. The monopole terms of the p − sd and sd − sd matrix ele-
ments were made more attractive by 0.375 MeV in the isospin T=0 
channel and by 0.125 MeV in the isospin T=1 channels than the 
original SFO-tls. The calculated distribution of the strength with 
the modified SFO-tls interaction (SFO-tls-mod) is found to be con-
sistent with the experimental data. The effect of this modification 
is a lowering in the energy of the negative-parity states by approx-
imately 1.5 MeV (SFO-tls-mod results are not shown in Fig. 7). The 
values obtained for the N=8 shell gap in the calculations are 9.05 
MeV in 15C (SFO-tls) and 8.33 MeV in 17O (SFO-tls-mod) pointing 
to a rather constant value as observed experimentally.

Concerning the 3/2− state, the major fragment of the strength 
appears at excitation energies around ∼ 5.5 MeV in the experi-
mental spectra of 15C and 17O. The distribution of the strength for 
the 3/2− states predicted theoretically by shell model calculations 
using the SFO-tls and SFO-tls-mod interactions seem to split the 
occupancy between two closely spaced states. As for the N=6 gap, 
it is difficult to draw any conclusions considering that only about 
1/3 of the total strength has been observed in our experiment and 
it appears to be fragmented over several states.

Regarding the results of 17O obtained from the SCGF calcula-
tions with NNLOsat , we observe a similar behaviour as in 15C -
that is, an overestimation of the N=8 gap whereas N=6 is fairly 
well reproduced, suggesting a general trend from Z=6 to 8. More-
over, when going from 17O to 15C, the increase in fragmentation 
of the 5/2+ state and the associated population of the 1/2+ state 
are also well described. Conversely, the phenomenological SFO-tls 
interaction works locally in the region of Z=6 but further mod-
ifications in the monopole terms are needed when applying the 
same Hamiltonian to other regions of the p − sd shell.
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5. Summary

In summary, the results of the 16C(d, t)15C reaction presented 
here provide new information on the p-sd orbitals in 15C. The re-
sults obtained for the positive parity states are in line with the 
established inversion of the neutron 1s1/2 and 0d5/2 single-particle 
orbitals. The variation in the relative strength of the single-particle 
orbits 1s1/2 and 0d5/2 along the N=9 isotonic chain, from 15C to 
17O, results from the combined effects of the shell evolution mech-
anism due to the monopole interaction [1] and pairing.

The relative position of the 1/2− and 3/2− levels, with respect 
to the positive-parity states, is sensitive to the size of the N=8 
shell gap. Calculations using the SFO-tls interaction agree well with 
the results obtained here for 15C. However, the comparison with 
its isotone 17O (N=9), showed the need to modify the monopole 
terms of the p-sd and sd-sd two-body matrix elements by 0.375 
MeV in the T=0 channel and by 0.125 MeV in the T=1 channel.

While ab initio SCGF calculations reproduce the fragmentation 
of positive-parity states in 15C, negative-parity states appear too 
high in energy. This highlights an increased N=8 shell gap and 
missing 2p − 1h correlations in the current approximations and 
provides a strong motivation for extending the approach to higher 
orders [56].
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