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Unbound states in 17C were investigated via one-neutron removal from a '3C beam at an energy of 245
MeV/nucleon on a carbon target. The energy spectrum of 17C, above the single-neutron decay threshold,
was reconstructed using invariant mass spectroscopy from the measured momenta of the 16C fragment
and neutron, and was found to exhibit resonances at E;=0.52(2), 0.77(2), 1.36(1), 1.91(1), 2.22(3) and
3.20(1) MeV. The resonance at E;=0.77(2) MeV [Ex=1.51(3) MeV] was provisionally assigned as the
second 5/2% state. The two resonances at E;=1.91(1) and 3.20(1) MeV [Ex=2.65(2) and 3.94(2) MeV]
were identified, through comparison of the energies, cross sections and momentum distributions with
shell-model and eikonal reaction calculations, as p-shell hole states with spin-parities 1/27 and 3/27,
respectively. A detailed comparison was made with the results obtained using a range of shell-model
interactions. The YSOX shell-model Hamiltonian, the cross-shell part of which is based on the monopole-
based universal interaction, was found to provide a very good description of the present results and those
for the neighbouring odd-A carbon isotopes - in particular for the negative parity cross-shell states.
© 2022 The Author(s). 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.
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Studies of nuclei away from g stability have revealed that shell
structure evolves as a function of the neutron (N) and proton (Z)
asymmetry. Importantly, shell evolution is not only characterized
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by the appearance of new magic numbers and the disappearance
of conventional ones, but also by a variety of other features [1,2].
Here the focus is placed on the lowest-lying cross-shell states in
the neutron-rich isotopes of carbon. In particular, by providing
improved spectroscopic information on '7C, the location of these
negative parity states is investigated in the light of specific com-
ponents of shell-model effective interactions. Such levels have to
date been the subject of a relatively limited range of studies (see,
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for example, Refs. [3-7]). Such states are formed by the creation
of a hole in the p-shell orbitals - Ovpq/2 or Ovps,; - and their
energies depend on the interplay between: (1) the valence proton
and neutron T=0 interaction, (2) the valence neutron-neutron in-
teraction and (3) the valence neutron-hole interaction. As such, the
energy of these states, in particular across a range of isotopes, en-
ables elements of the shell-model effective interaction, which are
not generally probed, to be explored.

In more general terms the neutron-rich carbon isotopes are of
significant interest as they form part of an isotopic chain that is ex-
perimentally accessible from the proton (°C) to the neutron (%2C)
driplines. Moreover they exhibit many of the phenomena exhibited
by light nuclear systems, ranging, for example, from single [8-14]
and two-neutron haloes [14,15] to large deformations [16,17] and
retarded electromagnetic transition rates of excited states [18-22].
In parallel, effects such as those associated with the two-body in-
teraction have been studied [23,24] owing to the relatively large
magnitude of the residual interaction. In a more fundamental vein,
ab-initio structure calculations have also been applied to describe
the neutron-rich carbon isotopes [25-28].

Focusing on the energies of the first 2* levels of the even-
even neutron-rich carbon isotopes, it has become clear that the
vacancy (of two protons) in the proton p shell below the Z=8 shell
closure leaves traces on the shell structure and inter-nucleon inter-
action for the valence neutrons. First, the 2] energies for 16-18:20C
are very similar and quite low, which has been interpreted as the
disappearance of the N=14 sub-shell gap in carbon [29], in con-
trast to the oxygen isotopes where the energy of the 21+ state rises
markedly at 220 [30]. This is believed to be caused by the near de-
generacy of the vsy/, and vds; orbits [29] in the carbon isotopes,
as confirmed by a recent single-neutron transfer reaction study of
17¢ [31]. Second, the conventional shell model utilizing, for exam-
ple, the well established WBT interaction [32] does not reproduce
the 27 energies for 1618:20C — the calculated energies are ~0.6
MeV higher than experiment [29,33]. Agreement can be obtained
by reducing the neutron-neutron two-body matrix elements (MEs)
in the sd shell by 25% (WBT* [29]), an effect which may arise from
the loosely bound nature of the valence neutrons and/or the effect
of core polarization [34]. In this context, improved spectroscopy
of neighbouring odd-A neutron-rich carbon isotopes is likely to be
useful.

Measurements of the magnetic dipole (M1) transition strengths
from the 1/2% (212 keV) and 5/2% (333 keV) excited states in
17C to the 3/2% ground state have revealed an anomalously re-
tarded value for B(M1:1/2T—3/2%), as compared to B(M1 :
5/2%t—3/2%) [20,27]. This has been explained [35] by an enhance-
ment in the tensor force in the p-sd cross-shell interaction in the
SFO Hamiltonian [36] - specifically by replacing the relevant MEs
of SFO with those of the w 4+ p meson exchange tensor interaction
of Ref. [37]. We note that the more general issue of shell evo-
lution driven by the tensor force was initially explored through
systematic analyses of the effects of the monopole MEs [2]. In
this context, the YSOX shell-model interaction [38] has been de-
veloped using parameters from the SFO (p shell), SDPF-M [39]
(sd shell) and the monopole-based universal interaction Vyyy [40]
(p-sd cross shell) that contains the central, 7 + p tensor and spin-
orbit force components. The YSOX interaction has consequently
been able to explain a variety of properties of light neutron-rich
nuclei, including the location of the neutron drip line [38].

The present study aimed at investigating excited states above
the neutron-decay threshold in the odd-A carbon isotope 17C.
The high-energy single-neutron removal or “knockout” from a
secondary '8C beam was employed in order to populate single-
particle states above the one-neutron separation energy, including
the p-shell hole states - spin-parity J"=1/2" and 3/2~ - candi-
dates for which have been reported in a study of the S-delayed
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neutron emission from 7B [5]. Employing high-energy neutron
knockout provides, through the reconstructed momentum distribu-
tion of the 17C* beam-like residue, a means to determine directly
the orbital angular momentum of the removed neutron and thus
the parity of the state populated. Furthermore, this approach al-
lows spectroscopic factors to be deduced which provide for a much
more stringent test of shell-model interactions than from the en-
ergies alone. The results obtained, combined with earlier work,
including that on the neighbouring odd-A isotopes 1>-19C, have
been used to test a range of shell-model Hamiltonians.

The secondary beam of '8C was produced using the BigRIPS
fragment separator [41] at the RIKEN-RIBF laboratory [42]. A pri-
mary #8Ca beam at 345 MeV/nucleon, and intensity of ~80 pnA
was used to bombard a 30-mm-thick beryllium production target.
The 18C ions were transported to the SAMURAI facility [43] which
was employed to undertake the measurements. The energy of the
18C beam at the mid-point of the secondary carbon reaction target
(1.8 g/cm? thick) was 245 MeV/nucleon, with a momentum spread
of |Ap|/p<3%. The intensity of the '8C beam was around 2.3x103
particles per second. Particle-identification of the beam ions was
determined from the magnetic rigidity (Bp) (derived from a posi-
tion measurement at a dispersive focal plane of BigRIPS) together
with the time-of-flight (TOF) and the energy loss (AE) measured
using an ion chamber. The trajectory of the secondary beam onto
the reaction target was deduced using two position sensitive drift
chambers. The beam velocity charged reaction products were mo-
mentum analysed using the large-gap (80 cm) high acceptance su-
perconducting dipole magnet of SAMURAI (central rigidity 7 Tm).
The gap of the dipole was kept under vacuum using a chamber
equipped with thin large-area exit windows [44] which minimized
the amount of material encountered by both the fragments and
neutrons. The trajectories of the charged fragments were deter-
mined using two drift chambers - one placed at the entrance and
another at the exit of the dipole. A 16-element plastic hodoscope,
placed after the second drift chamber, provided measurements of
the AE and TOF with respect to a thin plastic start detector.

The beam velocity neutrons, emitted at forward angles, were
detected using the multi-element NEBULA plastic scintillator ar-
ray [45,46] placed ~11 m downstream of the reaction target.
The array, which consisted of 120 neutron individual modules
(12x12x180 cm?) and 24 charged particle veto modules, each
with a thickness of 1 cm, was configured in two walls, each com-
posed of two layers of 30 modules. The NEBULA intrinsic detection
efficiency of 31.6 + 1.6% (for a 6 MeVee threshold setting) was
derived from the measurement of quasi mono-energetic neutrons
produced using the 7Li(p, n)”Be(g.s.+0.43 MeV) reaction at a pro-
ton energy of 250 MeV.

The de-excitation y rays emitted from bound states of the
charged fragments were detected using the DALI2 array which
consisted of 140 Nal(Tl) scintillator detectors surrounding the tar-
get [47,48]. The array had a detection efficiency of 16(1)% at 1 MeV
with a resolution of 150 keV (FWHM) after add-back analysis and
Doppler correction.

The invariant mass method was used to reconstruct the energy
above the neutron-decay threshold in 17C*. Specifically, the mo-
mentum vectors of the decay products, (Ef, py) and (En, p,) for
the fragment and neutron, respectively, were used to calculate the
relative energy (Ee),

Eret =/ (Ef + En)2 = P + Byf2 = (M + My). (1)

Here M¢(Mpy) is the mass of the fragment (neutron). The ex-
citation energy, Ex, is related to Er as Ex=Ere+Sn(+E, ), where
Sn is the one-neutron separation energy [S;=0.735(18) MeV for
17¢ [49]] and E, is the energy of y rays emitted from the bound
excited states of 16C, if populated.
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Fig. 1. (a) The geometrical acceptance of NEBULA for one-neutron detection in co-
incidence with '6C for the '2C('8C, 17C*) reaction at 245 MeV/nucleon. (b) Relative
energy spectrum of '7C reconstructed from the measured momenta of 'C and a
neutron. (c) Relative energy spectrum obtained by requiring coincidence detection
of the 1.77-MeV y ray from 5C(2]). The green solid lines represent the overall fit,
the red dashed lines individual resonances (the shaded peaks are those determined
to be in coincidence with 15C(2'1*')) and the blue dot-dashed lines the non-resonant
continuum. The inset in (b) displays the y-ray energy spectrum and that in (c)
the relative energy spectrum (non-acceptance corrected) obtained by gating on the
~2.3 MeV structure in the y-ray spectrum.

In order to interpret the reconstructed E spectra a Monte
Carlo simulation was developed which took into account the ge-
ometry of the setup and detectors and their resolutions as well
as the beam characteristics and target effects and the reaction it-
self (most notably through the momentum imparted to 7C* under
the assumption of sudden removal of a neutron, which is subject
to the Fermi motion, from the '8C beam). The geometrical accep-
tance as a function of E.e is shown in Fig. 1 (a). The resolution
in Ee was determined to scale as AE~0.4/Ee MeV (FWHM).
As expected the primary effect on the resolution was the neutron
detection (position and TOF). In order to obtain the final fits (see
below) to describe the E. spectra, the lineshapes of the differ-
ent features (resonances and non-resonant continuum) were used
as input for the simulations and the various parameters (resonance
energies, widths, relative weights) were varied.

The reconstructed E.e spectrum, obtained from the measured
16C and neutron coincidences, is displayed in Fig. 1 (b) and is
dominated by a clear resonance-like peak at 2 MeV straddled by
two less prominent features at around 0.7 and 3.2 MeV along
with a very broad underlying distribution. The inset of panel (b)
shows the coincident y -ray spectrum which exhibits a strong peak
from the well known 1.766(10)-MeV transition arising from the
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de-excitation of the 16C 27 state [50]. At slightly higher energy
(Ey~2.3 MeV) a much weaker and somewhat broader feature ap-
pears, which arises from the decay of some or all of the mem-
bers of a triplet of levels located at around 4.1-MeV excitation
energy [12,50]. We note that owing to the weakness of these tran-
sitions it was not possible to clearly associate them with any of
the neutron decays observed here. The spectra of panels (b) and
(c) were obtained after subtracting away the contributions arising
from reactions on materials other than the secondary target using
data acquired with the target removed.

The spectrum displayed in Fig. 1 (c) shows the E. spectrum
when requiring a coincidence with the photopeak of the 1.77-MeV
transition. Whilst having a similar overall form to (b), this spec-
trum differs in its details. Most notably, a clear relatively narrow
peak appears at E.~0.5 MeV, which, in order to describe the
broad feature at around 0.7 MeV in the inclusive spectrum, re-
quires a y-ray non-coincident strength at E.~0.8 MeV [Fig. 1
(b)] to also be present. The peak at E.~19 MeV in Fig. 1 (c) is
not only reduced in intensity but also exhibits an asymmetric form
with a width broader than in the inclusive spectrum Fig. 1 (b) and
requires the inclusion of y-ray coincident strengths at E.~14
and 2.2 MeV.

The E. spectra were fitted employing R-matrix [51] line
shapes with widths dependent on the decay energy and ¢-value
of the neutron decay [17] and a very broad underlying non-
resonant continuum. The resonance energies (E;), widths (I") and
normalizations were determined using an iterative fitting proce-
dure applied to the inclusive [Fig. 1 (b)] and the y -ray coincidence
[Fig. 1 (c)] spectra, until good convergence was achieved in de-
scribing both. Here, the fit of the inclusive spectrum proceeded
with six resonances, while the y-ray coincidence spectrum was
fitted by five resonances without the resonance at E.~0.8 MeV,
which presented too small an intensity to be included. The non-
resonant continuum was modelled using, as in earlier studies (e.g.,
Ref. [17]), a distribution with the form, a+/Ere| eXp(—bEe), with a
and b taken to be fitting parameters.

As the y-ray spectrum exhibits a significant background, the
analysis took into account such components, including, for exam-
ple, the Compton scattering arising from the ~2.3-MeV y rays,
that were expected to be included when gating on the 1.77-
MeV photopeak. Of the six resonances, those at E;=0.52, 1.36 and
2.22 MeV could be clearly determined to be in coincidence with
the 1.77-MeV y ray (shaded peaks in Fig. 1). The peaks at E,=1.91
and 3.20 MeV were determined not to be in coincidence with
the 1.77-MeV y ray. Even though they appear in Fig. 1 (c), their
counting rates were ~3-4 times smaller than those expected on
the basis of the spectrum of Fig. 1 (b) given the Nal(Tl) array’s
detection efficiency and the corresponding peaks thus arise from
coincidences with background y rays.

The resonance parameters (E; and I") for the 6 different
neutron-decay transitions identified here, together with the associ-
ated partial cross sections (o “}"), are summarized in Table 1. The
Ey for the E;=1.36 and 2.22-MeV resonances are not listed since,
as described below, they could not be unambiguously placed in
the level scheme. The uncertainties quoted in the Table are those
obtained by combining in quadrature the statistical and system-
atic contributions. The latter arises from the exact form of the
non-resonant continuum, the neutron detection efficiency and the
geometrical acceptance correction. Specifically for o, the errors
resulting from statistical uncertainties are 14%, 12%, 12%, 2%, 14%
and 5% for the E.=0.52, 0.77, 1.36, 1.91, 2.22 and 3.20-MeV reso-
nances, respectively, while those from the systematic uncertainties
for the same levels are 25%, 18%, 42%, 6%, 35% and 19% arising
from the choice of the non-resonant continuum, 5% (for all) from
the neutron detection efficiency, and 2% (for all) from the geomet-
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Table 1
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Experimentally determined resonance energy (E;), excitation energy (Ex) and width (I") of the unbound states in '7C produced via
single-neutron removal from '8C in comparison with reaction and shell-model (YSOX [38]) calculations. The theoretical excitation

energy (E;h) is given with respect to the 3/2;r state.

E; (MeV)  Ex (MeV) I (MeV) em)  o%P (mb) ogp (mb)*P  C2sexpa c2sth Eh (Mev) JT
0.77(2) 1.51(3) «0.36° 0.87(24) 21.93 0.035(12) 0015 160 (5/23)
1.91(1) 2.65(2) 0.23(3) 1 17.69(75) 20.26 0.82(14) 1350 253 1/27
0.52(2)¢ 3.02(4) «0.29¢ 0.55(21)

3.20(1) 3.94(2) 0.32(9) 1 4.61(50)¢ 19.40 0.22(4)° 0174 418 3/27
1.36(1)¢ 0.27(13) 1.73(44)¢

2.22(3)¢ <0.05 1.50(39)

2 An uncertainty of +15% associated with the reaction modeling is estimated for o5, and is included in the uncertainty in c2sexp

(see text).
b el derived from Ey were used in the reaction calculations.

¢ Upper limit corresponding to the experimental resolution at the corresponding relative energy.

d Observed in coincidence with 16C(2{) de-excitation y rays.

¢ If the E;=1.36-MeV transition is a decay branch of the 3/2 level to 16C(21+), the total cross section to the 3/2] state is 6.34(67)

mb and C25%*P=0.31(6) (see text).

rical acceptance correction. The errors in E; and I" were dominated
by the statistical uncertainties.

Turning now to the spectroscopic factors, the single-neutron re-
moval cross section o_1, can be expressed in a factorized form
as [52],

AN ‘ .
a_m=2<ﬁ) C’S(J™, nejosy e, S5, (2)
nej

where n¢j refers to the quantum numbers of the removed neutron,
C2S the spectroscopic factor, osp the single-particle cross section,
[A/(A — 1]V the center-of-mass correction factor [53] with A the
mass number of the projectile and N the major oscillator quantum
number (N=2n+¢), and Sﬁff the effective single-neutron separation
energy given by the sum of S, of the projectile [S,(18C)=4.18(4)
MeV [49]] and Ey of the state in 17C*,

Shell-model spectroscopic factors (C2St™) and excitation ener-
gies (Ef(h) were computed using the NUSHELLX@MsU code [54] and
the YSOX interaction [38] in the p-sd model space (Table 1). No
explicit restriction in terms of the hw excitations was applied.
The shell-model spectroscopy for positive (negative) parity states
is compared with experimental data available for 7C in Fig. 2
(Fig. 3), where the calculations are supplemented by the results
obtained using the WBT [32], WBT* [29] and ab initio Coupled-
Cluster Effective Interaction (CCEI) [26] (for positive parity states
only) interactions. The calculations utilizing the WBT and WBT*
interactions were performed using the oxBAsH code [55] in the
s-p-sd-pf model space for Ohw (1hw) excitations for the positive
(negative) parity states.

The osp, was computed using Mompis [56]. The single-particle
wave function was calculated using a Wood-Saxon potential whose
geometry is constrained to Hartree-Fock (HF) results using the SkX
interaction [57] as described in Ref. [58]. The range parameter of
the nucleon-nucleon profile function [59] was fixed at zero for the
present energy of 245 MeV/nucleon [52]. The nucleon density dis-
tribution of the 7C core was estimated using a HF calculation us-
ing the SkX interaction [57]. The density distribution of the carbon
target was chosen to be of a Gaussian form with a point nucleon
rms radius of 2.32 fm. An overall uncertainty of +15% (included in
the uncertainties assigned to the C2S®®P in Table 1) was estimated
for osp, which arises from uncertainties in the size of the unbound
core (£10%) and in the reaction theory (£10%) [13,60]. The com-
puted o5, and associated C25®*P, deduced from o} using Eq. (2),
for the relevant states are tabulated in Table 1.

Longitudinal momentum distributions for the '7C* knock-
out residues populating the resonances observed at E;=1.91 and
3.20 MeV [Ex=2.65(2) and 3.94(2) MeV] were deduced, and the re-
sults are shown in Fig. 4. We note that for the other less strongly
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and YSOX [38] interactions are compared with those of previously observed levels
(REF) [4,17,27] and the present results (EXP). The excitation energies for theory are
measured with respect to the 3/2;r state. Neutron decays leading to bound states
in 16C are shown by arrows with the energy of the transition indicated in MeV.
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Fig. 3. Same as Fig. 2, but for negative parity states.

populated levels it was not possible to derive reliable results. In
order to construct the momentum distributions, an inclusive Eq
spectrum was created for each bin in longitudinal momentum and
was fit as described above. The error bars shown are statistical.
Theoretical momentum distributions for neutron stripping, which
is the dominant mechanism at the present beam energy, were cal-
culated using the MmombDIs code for removal of a valence neutron
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green solid and blue solid lines, respectively) include the experimental resolution.

with angular momentum of ¢=0, 1 and 2. In order to compare with
the observed distributions, the predictions were convoluted with
an experimental resolution of 31 MeV/c (sigma in the beam rest
frame). As may be seen in Fig. 4 both levels are clearly associated
with the removal of an ¢=1 neutron. As such, these are negative
parity states formed by a neutron hole in the p shell. Consider-
ing the hierarchy of the neutron pq,; and ps3,; orbits, the former
is closer to the Fermi level, and the J” assignments of 1/2] and
3/27 for the Ex=2.65 and 3.94-MeV levels, respectively, are in or-
der. These results are consistent with the g-delayed neutron-decay
experiment [5] which observed the states in question at Ex=2.71(2)
and 3.93(2) MeV and inferred the same assignments. As shown in
Fig. 3 and in Table 1, these conclusions are in very good agreement
with the shell-model calculations using the YSOX interaction. It is
worthwhile noting that the use of neutron knockout, as indicated
in the introduction, provided for more direct assignment. For ex-
ample, a 5/27 assignment (possible in the g-decay study) for the
3.93 MeV level, is impossible in the present study as there is no
occupancy of the ps,; neutron orbital in the 18C projectile.

The resonance at E;=0.77 MeV was not found to be associ-
ated with y-ray emission, and is thus located at Ex=1.51(3) MeV.
The YSOX interaction shell-model predictions place two positive
parity states, 5/25 and 7/2f (Fig. 2), above the single-neutron
emission threshold of 17C and below the '°C(2])+n threshold of
Ex=2.50 MeV. A ]”=7/2{r assignment has been reported for a level
at Ex=2.20 MeV observed in the (p, p’) reaction [17]. In addition,
direct single-neutron removal from !8C is not expected to popu-
late the 7/2?’ state. As such the Ex=151-MeV state we observe
here is very likely the 5/2;r level, which is predicted to lie at
E§h=1.60 MeV by the YSOX calculations (Table 1). We note that
an importance-truncated no-core shell-model (IT-NCSM) calcula-
tion incorporating the chiral nucleon-nucleon and three-nucleon
interactions predicts the 5/2;r state at 1.78 MeV when employing
the largest tractable basis size (Npax=6) [27]. In addition, the pre-
dicted energy difference between the 5/2T and 5/2;r levels of 1.27
MeV is compatible with the present observation of 1.18(3) MeV.

The E;=0.52-MeV resonance was observed in coincidence with
the 1°C(2]) de-excitation y ray and exhibits the lowest decay en-
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ergy of all the states observed here. Since the phase space for the
two-body decay is proportional to the square root of the decay
energy, such a small transition energy is very probably associated
with a state which has a unique decay path. Further the E.e spec-
trum obtained by gating on the ~2.3 MeV structure in the y-ray
spectrum, which corresponds to a multiplet of states at around
Ex=4.0 MeV in !6C, did not exhibit any enhanced strength around
E1=0.52 MeV [Fig. 1 (c) inset]. As such, the state in question is lo-
cated at Ex=3.02(4) MeV. Two of the YSOX interaction shell-model
levels - 3/25 and 9/2f - which are predicted to lie at E of
2.80 and 3.07 MeV, respectively, are possible candidates for this
state (Fig. 2). We note that a candidate for the 9/2?r level was
identified at 3.10(2) MeV in the three-neutron transfer reaction
14¢(12¢, 9C) [4]. The decay of the 3/27 level proceeds via s-wave
neutron emission, while that of 9/21+ via d-wave neutron emis-
sion. The former is expected to result in a very broad structure,
whilst the higher angular momentum of the latter would result
in a rather narrow peak, as observed here, and is thus favoured.
Such an assignment would imply, however, that the single-neutron
knockout from '8C populating this level proceeds via a multi-step
process. For example, in a first step the '8C(57) level at Ef'=7.68
MeV (YSOX) might be populated by inelastic scattering and sub-
sequently decay via s-wave neutron emission to the 7C(9/2])
state.

The remaining two peaks observed at E;=1.36 and 2.22 MeV
were populated with cross sections of the order of 1 mb, and both
were observed in coincidence with the de-excitation y ray from
16C(2}L). In order to explore possible J™ assignments and locate
the states in the energy level scheme of 17C the properties of the
single-neutron decay of low-lying shell-model (YSOX) levels have
been explored through calculations of the partial decay widths and
branching ratios. Although no definite conclusion could be reached,
in particular because of the increased level densities at higher Ey,
tentative suggestions for their possible placements are indicated
in Figs. 2 and 3. It may be noted that if, as shown in Fig. 3, the
Er=1.36-MeV resonance corresponds to a decay branch of the 3/2
state to 18C(2]), the total neutron removal cross section will be
ofﬁ(B/Z]—)=6.34(67) mb with a corresponding spectroscopic fac-
tor of C25%P=0.31(6).

Turning to the negative parity cross-shell states, Ueno et al. [5]
have argued that the lower than observed energies predicted by
the WBT shell-model interaction for the lowest-lying negative
parity 1/2; and 3/2; states in '7C (Fig. 3) can be remedied
by reducing by 30% the diagonal pairing terms of the sd-shell
MEs, Vj—o,7=1 [WBT(0.7V¢1)]. Here J and T refer to the angular
momentum and isospin, respectively, of the corresponding two-
particle state. Reduced effects of polarization of the core (carbon
isotopes having two less protons in the p shell than oxygen) are
the source of the diminished pairing terms in this model. This
approach is examined in the following by comparing the present
results and those for the neighbouring odd carbon isotopes, 1°-19C,
with prediction using other shell-model Hamiltonians.

Fig. 5 compares the energies with respect to the 1/2F (1°C),
3/27 (17C) and 1727 (1°C) states of the (a) 1/27 and (b) 3/2]
states in 1>1719C with shell-model calculations utilizing the
YSOX [38] (described earlier), WBT [32], WBT(0.7Vg1) [5] and
MK [62] interactions. A 0,2hw (1,3hw) basis was used for the
oxBAsH calculations of the positive (negative) parity states in 1>C.
Calculations with the MK interaction were performed in the p-sd
model space using the oxBASH code. As pointed out in Ref. [5],
the WBT energy for 1/27 in 17C is too low by ~1.5 MeV as com-
pared to experiment [ E,=2.65(2) MeV], while the energy calculated
using the WBT(0.7Vy) interaction is in much better agreement.
For the 1/2] level in '°C [Ex=2.89(10) MeV [7]], the WBT pre-
diction is again too low (E§h=0.64 MeV), while the WBT(0.7Vo1)
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Fig. 5. Energies with respect to the 1/2] (1°C), 3/2] (17C) and 1/2] (1°C) states
of (a) the 1/27 and (b) 3/2] states in '517:19C. The experimental energies (open
circles) are from the present work for '7C and Refs. [7,61] for '>19C. Shell-model
calculations utilizing the YSOX [38] (red solid lines), WBT [32] (blue solid lines),
WBT(0.7Vg1) [5] (blue dashed lines) and MK [62] (green solid lines) interactions
are shown for comparison (see text).

does not provide a better estimate either. This difference in the
effects of reducing the diagonal pairing terms of the WBT inter-
action on the calculated energies of the 1/2; states in '719C can
be understood as follows. The dominant neutron configurations for
the 3/2 ground state of 7C are v(ds/»)? (seniority v = 3) and
v(ds/2)?(s1/2)! [12,38] and for the 1/27 level v(p12)~"(sd)*. The
reduced pairing has little effect on the binding of the ground state,
while it makes the 1/2; state less bound, resulting in a higher
Ex. In '9C, the 1/27 ground state [8,10,12] and the 1/2] state
have primarily 1)(51/2)1(sd)4 and v(pl/z)‘l(scl)6 neutron configu-
rations, respectively. The reduced pairing makes both of the states
less bound, resulting in a limited increase (~0.11 MeV) in the cal-
culated E{* for the 1/2] state. It may be noted that while the
WABT interaction provides a very good prediction for the energy of
15¢(1/27), this agreement deteriorates for WBT(0.7V oy ).

The locations of the cross-shell states in '>17-19C are, as may
be seen in Fig. 5, best described by the YSOX interaction pre-
dictions. Three favourable features of YSOX are worth noting in
this context. First, the ((ds;2)?|V [(ds/2)%) j=0,7=1 pairing term has
already been reduced in the SDPF-M interaction [38], on which
the sd part of YSOX is based. Second, the T=0 tensor force in
the p-sd cross-shell part of YSOX, originating from the m + p
tensor force [37], is stronger than in the WBT interaction (see
Fig. 2 (a) of Ref. [38]): the monopole MEs (p1/2d5/2|V|p1/2d5/2)¥:0
((p3/2d5/2|V|p3/2d5/2)¥:0) are more attractive (repulsive) in YSOX.
In closed p-shell nuclei, the overall contribution from these two
terms is limited, while in open p-shell nuclei, their interplay
plays a key role. In the neutron-rich carbon isotopes of inter-
est here, the effect is mainly repulsive - the stronger repulsion
between the mps3;; and vds; orbits raises the vds,; orbit in
energy, resulting in higher Ey for the cross-shell states. Third,
the monopole MEs for the neutron-neutron (T = 1) central force,
(p1/2d52|V |p1/2ds/2)5_; and (p3/2ds)2|V |p3j2ds 2)$_;, are repul-
sive in WBT, while they are slightly attractive in YSOX (see Fig. 2
(b) of Ref. [38]). This has the following consequences when one
neutron in the vpy/; or vps,, orbit is removed. In the WBT de-
scription, the ds,; neutrons are subject to less repulsion from the
neutrons in the p orbits, resulting in smaller predicted E;h for the
hole states, while for the YSOX interaction the opposite occurs.
Note that in the neutron-rich carbon isotopes, the vsq,2 and vds;
orbits are essentially degenerated [29], which leads to extensive
configuration mixing owing to many-body correlations [23]. As the
vds,, orbit plays a major role in the sd-valence space, the above
argument will be valid for many of the excited states.
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The MK interaction [62] provides a moderately good description
of the cross-shell states (Fig. 5). This interaction shares a key char-
acter with YSOX in that it incorporates non-central components —
specifically the tensor force as fixed by the underlying NN inter-
action. This feature is believed to be primarily responsible for the
inversion of the neutron ds,; and sy, states in 15C [62]. It may
be noted that the MK interaction was developed to reproduce the
spectroscopic features of nuclei in the mass range A=11 to 16. As
shown here the extension to 7-19C suggests that it performs rea-
sonably well at somewhat higher mass number.

In terms of the positive parity states it may be seen (Fig. 2) that
both the WBT and YSOX interactions predict similar energies for
the 5/23, 7/2] and 9/2] states, which compare well with exper-
iment. On the other hand, the energies calculated using the WBT*
interaction for these states are lower by ~0.5 MeV. This is in con-
trast to the case of the 27 states in 16:18:20C [25,29], where WBT*
better describes their locations. A similar observation may be made
for 19C where the energy of the 5/27 state [Ex=1.46(10) MeV [17]]
is well accounted for by WBT (E§h=1.40 MeV), but not by WBT*
(E§h=1.08 MeV). Sieja et al. [24] have shown that the ZT energy in
16C could be satisfactorily reproduced within the shell model by
introducing an asymmetric core ('°He) and an effective interaction
which takes into account proton core polarization contributions up
to third order with the inclusion of folded diagrams. This demon-
strates that for asymmetric systems in which the valence spaces
of protons and neutrons span two different major shells, special
attention needs to be paid to the construction of the shell-model
MEs. It may also be noted that the CCEI results [26] provide a con-
sistent description of the energies for both the half-integer-spin
5/23 and 9/27 states in 17C (Fig. 2) and the integer-spin 27 states
in 18:20C (see Fig. 3 of Ref. [26]). In 19C the energy of the 5/23
state with respect to the 1 /21+ level (experimentally the ground
state) is also well reproduced by the CCEI calculations (Fig. 4 in
Ref. [7]).

In summary, the spectroscopy of neutron unbound states in '7C
has been investigated using single-neutron removal from 8C. Res-
onances that were determined to lie at Ex=2.65(2) and 3.94(2) MeV
were demonstrated to correspond to p-wave hole states with J7
of 1/27 and 3/27, respectively. Additionally, another resonance at
Ex=1.51(3) MeV has been provisionally assigned ]”=5/2;. Given
that this level can provide insight into the neutron-neutron inter-
action in proton-neutron asymmetric systems [29] a confirmation
of this assignment would be welcome. Comparison with the pre-
dictions provided by a range of shell-model interactions for levels
in 17C, as well as the neighbouring odd-A isotopes 1>-1°C, demon-
strated that the YSOX interaction provides the best agreement,
including for the cross-shell 1/2] and 3/27 states.
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