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factors deduced for these states exhibit a marked single-particle character, in agreement with shell model
and particle-core model calculations, and combined with their near degeneracy in energy provide clear
evidence for the absence of the N = 14 sub-shell closure. The very small spectroscopic factor found for
the 3/2% ground state is consistent with theoretical predictions and indicates that the v1ds; strength
is carried by unbound states. With a dominant ¢ = 0 valence neutron configuration and a very low
separation energy, the 1/2% excited state is a one-neutron halo candidate.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The evolution of nuclear shell structure with isospin has been example, Ref. [1]). Of particular interest are the light neutron-rich
the focus of much attention over the last two decades (see, for nuclei where, experimentally, radioactive beams of sufficient inten-
sity have become available to allow systems to be studied along
isotopic chains to the limits of nuclear binding. In parallel, in-
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Studies of the neutron-rich oxygen isotopes have demonstrated
the emergence of N =14 and 16 as clear sub-shell closures, with
220 and 240 considered to be doubly magic [7-15]. Intriguingly, a
comparison of the systematics of the energies of the 2% levels in
the oxygen and carbon isotopic chains suggest that the N = 14 gap
is no longer present for Z =6 [16]. Schematic mechanisms have
been proposed to explain this in terms of the proton-neutron in-
teractions and the absence of 1pq,2 protons in carbon [1,16]. Shell
model calculations employing phenomenological two-body inter-
actions have struggled to explain the structure of the neutron-rich
0 and C isotopes simultaneously. Indeed, ad hoc Z-dependent re-
ductions in the monopole terms of these interactions have been
invoked in order to reproduce experiment [8,16,17].

More realistic Hamiltonians, such as the SFO-tls [3] and YSOX
[5] interactions which include an improved treatment of the ten-
sor interaction, have been developed to describe psd shell nuclei.
These interactions are able, for example, to reproduce the exotic
character of the magnetic dipole transitions in 17C [3] and to de-
scribe the drip lines for Z =6 and 8 [5]. In a more fundamental
approach applied to this region, effective interactions have been
derived from chiral two- and three-nucleon forces using the ab-
initio coupled-cluster method [6]. Without the tuning of any pa-
rameters level schemes of neutron-rich C and O isotopes compara-
ble to those obtained with phenomenological effective interactions
have been obtained. The No-Core Shell Model approach has also
begun to be employed in this region - including the neutron-rich C
isotopes [18-20] - whereby the explicit inclusion of three-nucleon
forces and, for weakly bound systems, the continuum is required.

In order to provide for a more detailed understanding of the
shell-structure of the neutron-rich carbon isotopes and to test
shell-model interactions, information on the single-particle struc-
ture of these nuclei is of key interest. In the present work attention
is concentrated on '7C, where the structure of the low-lying levels
should be governed by the valence neutrons occupying the 1ds/,
2512 and 1d3; single-particle orbitals.

Experimentally, the structure of '7C has been the object of a
number of investigations [16,19,21-30]. The ground state has a
well established spin-parity assignment of 3/2% [21,23,28,29] and
has been seen via neutron removal [23] to be built from several
configurations: a dominant 16C(ZT) ® vlds,; component, a smaller
1°C(2]) ® v2s1/, component, a '°C(0f ;) ® v1ds/, configuration
and ¢ =2 components coupled to the 2, 3} and 4] levels. The
measured partial cross section for neutron removal leading to the
ground state of 16C is, however, an order of magnitude higher than
expected from shell model calculations [23]. This result is also in
clear disagreement with that obtained from the Coulomb dissocia-
tion [30] of 17C which exhibits a small cross section to the ground
state of 16C. Significantly, if correct, a large cross section for the
neutron removal would suggest that the N = 16 gap is significantly
diminished.

In terms of the low-lying level structure of 17C, bound excited
states - S, =734 £+ 18 keV [31] - have been established to lie at
0.217(1) and 0.332(2) MeV [32] and have been observed in a va-
riety of reaction studies [16,19,22,25,26] as well as B-decay [27].
Momentum distributions measured in single-neutron removal from
18¢C were found to be consistent with spin-parity assignments of
1/2% and 5/2% respectively [24]. In the case of the former state,
the very small binding energy - S; =517 & 18 keV - and 2s9,2
neutron configuration suggest that it may exhibit a halo, as hinted
at by lifetime measurements [19,22]. In the present work, the in-
vestigation of the single-particle structure of the bound states of
17¢ using the (d, p) single-neutron transfer reaction in inverse
kinematics with an energetic secondary '°C beam is reported.

The '8C beam was produced using an intense 50 AMeV 80
(~0.8 puA) primary beam, delivered by the GANIL coupled-
cyclotron facility, incident on a Be production target (2 mm thick)
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Fig. 1. Doppler-corrected y-ray energy spectrum in coincidence with protons lead-
ing to bound states in '7C compared to the simulated response for 217 and 335 keV
y-rays and a background component.

tilted at 37°. The LISE3 spectrometer, equipped with a thick Be
achromatic degrader (1.9 mm), was employed to select, purify and
slow down the secondary beam. The '8C beam so obtained was
100% pure, with an intensity of ~ 5 x 10% pps. The mean energy of
the beam was 17.2 MeV/nucleon and its energy spread, as defined
by the spectrometer acceptance, was 2.5%.

Owing to the relatively limited optical characteristics of the sec-
ondary beam, the beam particles were tracked event by event onto
the secondary CD; target using a set of two multiwire proportional
chambers [33]. These detectors also provided a beam time refer-
ence as well as the means to determine the number of incoming
ions. The CD, target was surrounded by the TIARA Silicon ar-
ray [34] 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°). Four germanium clover detectors of the EXOGAM array [35]
were placed at 90° surrounding the barrel in a compact arrange-
ment 55 mm from the centre of the target. The front faces of the
detectors spanned angles from 45° to 135°. The photopeak effi-
ciency, including the Lorentz boost, was determined to be 14.8+0.2
and 13.740.2% at 217 and 335 keV, respectively. For the former the
efficiency takes into account the effects resulting from the lifetime
of the state (t = 528fﬂ ps [19]). Source measurements coupled
with GEANT4 [36] based simulations determined that the lifetime
resulted in a reduction of the detection efficiency from 16.5 to
14.8% without any appreciable lineshape asymmetry or increase
in the observable width of the 217 keV y-ray line. Atomic-number
identification of the non-interacting beam particles and beam-like
residues was achieved by measuring energy loss, residual energy
and time of flight using a Si-Si-Csl telescope located at zero de-
grees 33 cm downstream of the target [37].

The protons from the (d, p) reaction to the three bound states
of 17C had energies within a range of some 100 keV and could not
be separated given the energy resolution of TIARA. Therefore, pro-
tons from transfer to each excited state were selected by gating
on the corresponding y-ray line [38]. The Doppler corrected y -ray
energy spectrum measured in coincidence with protons populating
the bound states (selected using the kinematic locus in energy ver-
sus angle [39]) and registered in coincidence with Z = 6 beam-like
residues at zero degrees is shown in Fig. 1. We note, as discussed
below, that shell model calculations do not predict any significant
population of unbound states below 2.5 MeV in 17C. Fig. 1 also dis-
plays the lineshapes, derived from GEANT4 [36] based simulations,
for the detection of 217-keV and 335-keV y-rays. Note that each
of the bound excited states decay exclusively by a direct transition
to the ground state [32].
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To construct differential angular cross sections (do [d2) for the
transfer to the excited states, the y-ray energy spectrum in coin-
cidence with protons detected in a given angular bin was fitted
by the sum of the response functions for the two y-ray lines
and background. The integral of the fitted response function, cor-
rected by the y-ray detection efficiency, gave the number of pro-
tons for the population of the corresponding state. The absolute
cross section was derived using the deuterium thickness of the
target’ and the measured number of 16C ions. The target thick-
ness (1.3740.04 mg/cm?) was determined via energy loss mea-
surements using an alpha source. In addition, the (d,d) elastic
scattering angular distribution was employed [39] to obtain an
independent determination of the normalization [38], which was
found to be consistent with that obtained from the target thick-
ness and the number of incident ions. We note that no corrections
were applied to account for proton-y-ray angular correlations [40]
as the effect on the proton distributions was found to be similar to
the statistical uncertainties owing to the very broad angular cover-
age of the Ge detector array.

The angular distributions derived for the two excited states are
presented in Fig. 2. In order to determine the transferred angular
momentum ¢ and deduce spectroscopic factors they are compared
to results from Adiabatic Distorted Wave Approximation (ADWA)
[41] calculations, which take into account the effect of deuteron
breakup. The Koning-Delaroche (KD) [42] and Chapel-Hill (CH89)
[43] parameterizations were employed for the p+!6C and n+16C
optical potentials used to construct the d+'6C adiabatic potential
and for the p+17C potential in the exit channel. We note that both
nucleon-nucleus potential parameterizations described extremely
well the p+16C elastic scattering angular distribution measured
here with a CH, target [39].

The adiabatic potential was built within the Johnson-Tandy fi-
nite range prescription [44] using a deuteron wave-function ob-
tained with the Reid soft-core np interaction. The ADWA calcula-
tions were performed using the TWOFNR code [45] with the zero-
range approximation with a standard finite-range correction and
a standard non-locality correction in the p+!7C exit channel. The
(17¢|18C) overlaps were derived from neutron wave functions in
a Woods-Saxon potential with standard radius and diffuseness pa-
rameters (ro = 1.25 fm and a = 0.65 fm) and the depth adjusted to
reproduce the experimental neutron separation energy. The results
displayed in Fig. 2 correspond to the KD potential. Those obtained
using the CH89 parameterization provided for angular distributions
with very similar shapes.

The angular distribution for the first excited state, including
most notably the characteristic pronounced minimum at around
125° in the laboratory frame, corresponds clearly to a £ =0 an-
gular momentum transfer, leaving 1/2% as the only possible spin-
parity assignment, in agreement with that suggested by Ref. [24].
The spectroscopic factor, obtained by a x2 minimisation of the
normalisation, is 0.64+0.18 and 0.80+0.22 for the KD and CH89
parameterizations respectively.

The angular distribution for the second excited state provides
for an obvious ¢ =2 assignment. On the basis of comparison with
the structure calculations presented below, a spin-parity assign-
ment of 5/2% is clearly favoured, again in agreement with the
previous suggested assignment [24]. The corresponding spectro-
scopic factor was deduced to be 0.62+0.13 for both the KD and
CH89 parameterizations.

The angular distribution for the sum of all three bound states
was obtained by fitting the reconstructed excitation energy spec-

1 The elastic scattering allowed the 'H contamination of the target to be deter-
mined to be less than 1% [39].
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Fig. 2. Experimental angular distributions in the laboratory frame for protons lead-
ing to (a) the three bound states and (b) to the first and (c) second excited states
of 17¢, compared with ADWA calculations assuming angular momentum transfers of
¢=0, 1 and 2. Note that for the first excited state (b), owing to the limited statistics
in the region between 120-135 degrees a broader angular binning was employed.
In panel (a) the dashed line is the ADWA angular distribution for the sum of the
first and second excited states while the shaded band represents the associated sta-
tistical uncertainty, excluding the systematic uncertainty from reaction modelling
(see text). The solid line in (a) represents the additional contribution for the ¢ =2
transfer to the ground state.

trum for each angular bin without requiring any coincident y -rays.
The fit took into account the excitation energy resolution as well
as the tails of any resonances and three-body phase space aris-
ing from deuteron breakup. The result is displayed in Fig. 2a).
Given the established J7=3/2T assignment for the ground state
of 17C, the angular momentum transfer should be ¢ = 2. The
extraction of the corresponding spectroscopic factor is not, how-
ever, straightforward as it is expected to be rather small (see
shell model predictions below). More specifically, the very large
5ceh ® v1ds,; component is not accessible via single-step neu-
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Table 1
Spin-parity assignments 7, excitation energies Ex (keV) and spectroscopic factors
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(25 for the corresponding ¢ transfers for the bound states of '7C using different optical

model potentials, compared to shell model predictions for the YSOX, WBT, WBT* and SFO-tls interactions, and to the MCM and P-AMD particle-core models (see text). The
quoted uncertainties include statistical fitting errors, systematic uncertainties from the reaction modelling (20% [46]) and the error on the target thickness (3%).
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Fig. 3. The '7C level scheme and spectroscopic factors from the present study (uncertainties are listed in Table 1) compared to shell model calculations using the WBT [47],
modified WBT (WBT*) [16], YSOX [5] and SFO-tls [3] interactions, and to the P-AMD [49] and MCM [48] particle-core models (see text). In the case of the 1/2% level, the

experimental spectroscopic factors for the KD and CH89 potentials are shown.

tron transfer onto the 16C ground state.? Indeed, as may be seen
in Fig. 2a), the ADWA angular distribution for the sum of the two
bound excited states, computed using the spectroscopic factors de-
duced above, describes well the inclusive angular distribution (i.e.,
for the three bound states). A slightly improved description is ob-
tained when including a small additional component arising from
the ¢ = 2 transfer to the ground state which corresponds to a
spectroscopic factor of 0.03f8:8§ for both the KD and CH89 po-
tentials.

The measured excitation energies, spin-parity assignments and
16(2(0;5.) ® vnlj spectroscopic factors are listed in Table 1 and in-
cluded in Fig. 3. The uncertainties ascribed to the spectroscopic
factors include the uncertainty arising from the reaction modelling,
which is estimated to be 20% [46], statistical fitting errors and the
uncertainty in the target thickness (3%).

The results are compared in the following to shell model cal-
culations performed with the WBT [47] and WBT* [16] (with the
neutron-neutron two-body matrix elements scaled to reproduce
experimental data) interactions in the spsdpf model space and
with the YSOX [5] and SFO-tls [3] interactions in the psd model
space (Table 1 and Fig. 3). In addition, comparison is made with
two particle-core models: the Microscopic Cluster Model (MCM)
[48] and the semi-microscopic Particle Antisymmetrized Molecular
Dynamics model (P-AMD) [49]. In the MCM model, the strength of
the Majorana part of the nucleon-nucleon interaction in odd partial
waves and the spin-orbit amplitude have been adjusted to repro-
duce the energies of the ground and first excited state. The P-AMD
is essentially a particle-rotor model in which the '6C core-particle
potentials are obtained by folding an effective nucleon-nucleon in-
teraction with the core densities obtained from Antisymmetrized

2 Coupled-channels calculations allowing two-step processes via the 6C(2+) state
suggest that their effect is less than the uncertainty on the ground state spectro-
scopic factor.

Molecular Dynamics calculations. As such, the core-particle poten-
tials have no free parameters. Both the MCM and P-AMD models
include excited states of the core. The P-AMD calculation per-
formed here for 17C is similar to those undertaken previously for
Be and 19C [49]. The results are listed in Table 1 and Fig. 3.
Contrary to the MCM, the P-AMD model does not include antisym-
metrization between the valence neutron and those of the core.
Consequently spectroscopic factors cannot be directly extracted
from the latter and are not presented here.

All of the shell model calculations, as well as the MCM model,
predict low-lying 1/2%, 3/2%, and 5/2% levels. Whilst the order-
ing of states is not always reproduced, this is not surprising given
the typical deviations observed for nuclei in this region (~300 keV
[47]). More significantly, the spectroscopic factors are in good ac-
cord with the experimentally deduced values

As discussed earlier, the present study finds that the 7C ground
state exhibits a very small ]GC(OQ_S_) ® v1ds;, spectroscopic fac-
tor. In addition to being in line with theory, this result is consis-
tent with the small Coulomb dissociation cross section of 17C to
the ground state of 16C [30] and one of the intermediate energy
neutron removal studies [28,29]. Importantly, the small spectro-
scopic factor deduced here indicates that essentially all the v1ds;
strength, which carries information on the N = 16 sub-shell clo-
sure, is carried by unbound states. This is supported by theory
whereby all the shell model calculations predict that the strength
lies in states above 2 MeV.

The spectroscopic factors deduced here for the two excited
states exhaust a large fraction of the available single-particle
strength. More specifically, taking the spectroscopic factor sum rule
combining nucleon addition and nucleon removal on the same nu-
cleus [50] and given the spectroscopic factors measured for neu-
tron removal from 16C [23], the spectroscopic strength available
for 1C(d, p) populating the v1ds,; and v2sq, orbitals is 0.79 and
0.72, respectively. The spectroscopic factors deduced here there-
fore exhaust ~80% of the available 1ds/; strength and ~100% of
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the available 2s1/, strength. This indicates that no unbound 5/2+
and 1/2% states with significant single-particle strength should be
expected in 7C.

The single-particle character of the almost degenerate 1/2%
and 5/27F levels strongly suggests that N = 14 shell closure does
not occur in 17C as the WBT interaction, for example, predicts
(Figure 5 of Ref. [16]). In the case of the SFO-tls interaction,
which also reproduces well the low-lying levels of 17C, the effec-
tive single-particle energies (ESPE) are €y251/2 = —1.20 MeV and
€y1d5/2 = —1.84 MeV, confirming the near degeneracy of the two
orbitals. A rigorous procedure to extract ESPE from measurements
combines nucleon removal and addition [51,52]. This procedure,
initially introduced for a closed-shell nucleus, is in fact valid for
any 0% nucleus [1]. For '®C, combining the present results for
neutron addition with those for neutron removal [23], ESPE of
€y2s1/2 = —1.56 £ 0.18 and €452 = —1.58 £ 0.17 MeV are ob-
tained,’ demonstrating that the N = 14 sub-shell closure is also
absent in '°C. In the case of the SFO-tls interaction, €,2s1/2 =
—1.35 and €,145/2 = —1.34 MeV are predicted for 16C.

In terms of the particle-core models, the MCM predicts spectro-
scopic factors in agreement with the experiment. With the param-
eters adjusted to reproduce the energies of the ground and 1/2%
states, the energy of the 5/2% state agrees well with the experi-
ment. In the P-AMD model, the excitation energy of the 1/2% state
is somewhat underestimated while that of the 5/27F state is too
high. However, as pointed out above, this model has no free pa-
rameters in the core-neutron potentials.

The MCM model predicts the three bound states to have sig-
nificant excited core components [48]. In particular, it indicates,
as expected (see above), that the 3/2% ground state is dominated
by the '°C(2]) ® v1ds), configuration (C2S ~1.3) and contains a
significant 4] core excitation (C2S ~0.4). The 5/2% state is pre-
dicted to have a large 4] admixture (C2S ~0.95), while the main
core excitation in the 1/2% state involves the 23 state (C2S ~0.4).
Interestingly, the P-AMD model, which overestimates the energy
of the 5/2% state, includes only the coupling to the Z;L state of
16C. The importance of including the 2] and 4] states of the core
for the correct description of the level scheme was also pointed
out more generally by multichannel algebraic scattering calcula-
tions [53].

Fig. 4 displays the neutron separation energies of the lowest
1/2%+, 3/2% and 5/27 states in the even-Z neutron-rich N = 11
isotones. Where available, the core(O‘g*_ s.) ® vnlj spectroscopic fac-
tors derived from (d, p) reaction studies are also indicated. In un-
bound '®Be only one state has been observed and its spin-parity
tentatively assigned to be 5/2% [54]. The three other N =11 iso-
tones exhibit striking similarities. In particular, the lowest 3/2%
and 5/2% states are almost degenerate. In addition, the 3/2%
states exhibit very small spectroscopic factors (< 0.05), while the
5/2% and 1/2% states carry considerable single-particle strength
(~ 0.6 — 1.0). The energy of the 1/2% state with respect to the
5/2% state decreases from around 2.4 MeV in 2'Ne to —0.12 MeV
in 17C. Based on these systematics, one would expect the ground
state of 1°Be to have a spin-parity of 1/2%.

It has been shown by Hoffman et al. [57] and Hamamoto [58]
that the effects of finite binding play an important role in de-
termining the ordering of levels in loosely bound light nuclei. In
particular, the decrease here of the energy difference between the
5/2% and 1/2% states from 2!Ne to 17C might, to a large extent, be
due to the different behaviour of the 25,2 and 1ds,, neutron or-
bitals as their binding energy decreases. This can be investigated,

3 In the case of the '7C 1/2% state, where the KD and CH89 spectroscopic factors
differ, the weighted average was used (as is also the case for the calculation of the
ANC).
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Fig. 4. Neutron binding energies of the positive parity states in the N =11 isotonic
chain and the corresponding experimental spectroscopic factors where available:
15Be [54], 17C (this work - Table 1), '°0 [55] and 2!Ne [56].

in the spirit of Ref. [57], by simple calculations in a Woods-Saxon
potential. Starting with a potential geometry identical to that used
in Ref. [57] (ro = 1.25 fm, a = 0.63 fm), the depths of the central
and spin-orbit terms have been adjusted such that the energies
of the 1/2% and 5/2% states of °0 were reproduced. For '7C and
21Ne the strength of the central term was varied so as to reproduce
the energy of the 5/2% state and the energy of the 1/2F level was
computed. The latter was found to lie within ~20 and ~200 keV
of experiment for 17C and 2'Ne, respectively — the deviation in
both cases being small compared to the actual separation energy.

With a dominant ¢ = 0 valence neutron configuration, as evi-
denced by the large v2s1,, spectroscopic strength observed here,
and a low separation energy (S, = 517+18 keV), the 1/2% state
is a good candidate for a neutron halo. One of the key quantities
in defining a neutron halo is the probability P,(r > p) of finding
the valence neutron at a radius (r) larger than the classical turn-
ing point, p [59]. For a given state, P,(r > p) can be evaluated
from the density r2R%, where R is the radial part of the core-
neutron relative wave function. Here we have used the P-AMD
model which correctly accounts for the asymptotic behaviour of
wave functions. It may be noted that the P-AMD overestimates the
separation energy of the 1/2% state and underestimates that of
the 5/2% state. As such, the microscopic core-neutron potentials
were rescaled to obtain the two states at the experimental ener-
gies, which did not lead to significant changes in the content of
the wave functions.

The densities of the valence neutron in the 16C(Ogs) ® 2512
component of the 1/2F state and in the 16C(O§S) ® 1ds/, compo-
nent of the 5/2% state from the P-AMD model with core excitations
are shown in Fig. 5. These components are the ones directly probed
in deuteron stripping. Using a '8C rms radius of 2.7 fm [60], a clas-
sical turning point, p, of 4.3 fm is estimated [59] for 6C+n, as
indicated in Fig. 5.

Although it is somewhat more bound, the density distribu-
tion of the ¢ = 0 neutron of the 1/2F state extends much further
out than that for the ¢ = 2 neutron of the 5/2% state. Quantita-
tively, for the 1/2% state, including core excitation components,
Py (r > p) = 45% and the valence neutron rms radius is 5.8 fm,
whereas for the 5/2% state (again including core excited com-
ponents) P,(r > p) = 37% and the valence neutron rms radius is
4.5 fm.

A direct measure of the normalization of the valence neutron
wave-function outside of the 6C core can be provided by the
Asymptotic Normalization Coefficient (ANC) [61]. The ANC of a
given state is defined as the product of the square root of the ex-
perimental spectroscopic factor and the single-particle ANC of the
normalized bound-state wave function used in the reaction cal-
culation, provided that the reaction is peripheral. In addition to
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Fig. 5. Density r2R? of the 2s1/> valence neutron of the 1/2% state with S, =
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Sn =400 keV (dashed line), calculated with the P-AMD model including excitations
of the '6C core (R being the radial part of the wave function). The vertical dashed
line indicates the classical turning point p = 4.3 fm estimated for the '®C-neutron
potential.

providing the normalization of the wave functions outside of the
core-particle potential, neutron ANCs can be used to predict the
widths of resonances in the unbound proton-rich mirror nucleus
[62], which for 17C is the potential three-proton emitter 1”Na [48].
The peripherality of the present reaction was checked by studying
the dependence of the ANC on the geometric parameters of the
neutron binding potential. For changes of +10% in the radius (rp)
and diffuseness (a) parameters, leading to variations in the spec-
troscopic factors of up to 15%, the ANC changes only by ~1%. The
absolute ANC values derived here for the ground, first and second
excited states of '7C were 0.02+0.01, 0.7840.08 and 0.048+0.04
fm~1/2, respectively.

In the asymptotic region (r 2 15 fm), the ANCs extracted here
imply a factor ~20 higher density for the 1/2% state compared to
that of the 5/2% state. The experimentally determined ANC val-
ues can be directly compared to theoretical calculations. In the
P-AMD model, the absolute value of the ANC of the 1/27" state is
0.76 fm~1/2, in good agreement with that derived from the present
measurement.

In summary, we have performed the first investigation of the
single-particle structure of the bound states of 17C using the (d, p)
reaction in inverse kinematics with a secondary beam of '6C. These
measurements have confirmed the spin-parities for the excited
states of 1/2% (Ex =217 keV) and 5/2% (Ex =335 keV). Most sig-
nificantly, both levels were found to carry very large single-particle
strengths, whilst the spectroscopic factor for the 3/2% ground state
was deduced to be very small. The 2s1/, and 1ds,; neutron single-
particle orbits were thus shown to be essentially degenerate in
16.17¢ and consequently no N = 14 sub-shell closure occurs. In ad-
dition, the result for the ground state indicates that essentially all
of the neutron 1ds;, strength must lie in unbound states in 17¢.
The energies and spectroscopic factors obtained here were found
to be in good agreement with shell model calculations using a
range of interactions, including the recently developed SFO-tls and
YSOX interactions, as well as a microscopic cluster model. Finally,
the large s-wave spectroscopic strength for the 1/2% level com-
bined with its weak binding suggest that it is a good candidate for
a neutron halo state.
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