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The spectroscopy of 21O has been investigated using a radioactive 2°0 beam and the (d,p) reaction
in inverse kinematics. The ground and first excited states have been determined to be J™= 5/2%
and 1/2% respectively. Two neutron unbound states were observed at excitation energies of 4.77(10)
and 6.17(11) MeV. The spectroscopic factor deduced for the lower of these, interpreted as a 3/2"
level, reveals a relatively pure (60%) 0Ods/2 single-particle configuration, in good agreement with
shell-model calculations which predict 2°0 to be unbound. The large energy difference between
the 3/2" and 1/2% states is indicative of the emergence of the N=16 shell gap, which is estimated
to be 5.1(11) MeV. For the higher-lying resonance, which has a character consistent with a spin-
parity assignment of 3/2% or 7/27, a 71(22)% branching ratio to the first 2" state in 200 has been

observed.

PACS numbers: 21.10.Jx; 21.60.Cs; 24.50.4+g; 25.60.Je

The magic numbers that explain the structure of nu-
clei close to stability have their origin in the gaps created
by the single-particle eigenstates of the mean-field. The
structure of nuclei far from stability is now known to in
general differ, exhibiting an evolution of the shell closures
or even a reordering of the levels [1]. The single-particle
properties can be modified in light neutron-rich nuclei
by the combined action of the central component and the
tensor part of the effective nucleon-nucleon (NN) interac-
tion [2, 3]. Furthermore, near the drip line, other effects
become important including many-body correlations [4—
6], and the influence of the scattering to the continuum
[7-9].

The neutron-rich oxygen isotopes represent an intrigu-
ing region to study the interplay of such effects. The last
bound oxygen isotope is 22O, which reinforces N=16 as a
shell gap, but the addition of a single proton moves the
neutron-drip line for the fluorine isotopes to 3'F (N=22)
[10]. The N=16 gap is produced by an increase in the
spacing between the 1s; /5 and the Ods /2 neutron orbitals.
Precise knowledge of how the energy of these orbitals
evolve is crucial in order to predict the position of the
neutron-drip line and the properties of nuclei lying be-
yond it. The N=16 gap is predicted to open up at low Z
and to be clearly developed in the oxygen isotopes [11-
13]. This is evident in both the USD [11] and SDPF-

M [13] interactions, but the size of the gap is signifi-
cantly larger in the latter. The only experimental esti-
mates of this gap [36] are provided by: a measurement
in 220 using the 220(d,p) transfer reaction [14] (4.00(2)
MeV), which favours the USDA interaction (a modified
version of the USD interaction) [12], and a measurement
of the ground state in 2°O [15] (4.86(13) MeV), which
agrees with the USD calculations, which predict 260 to
be bound, in contradiction to experiment [16]. In fact,
the size of the N=16 gap depends relatively weakly on
the neutron number [11-13], so it is possible to gain more
in-depth information by investigating a more readily ac-
cessible nucleus such as 2'O. In addition, the N=14 gap
has previously been inferred from inelastic proton scat-
tering on 220 [17] to be 3.2(2) MeV, but also has had no
independent verification.

Here we have employed the d(?°O,p v) reaction as
a means to shed new light on the evolution of the
v0dsz /o strength and infer the size of the N=14 and 16
gaps. Multinucleon transfer [18] and in-beam ~-ray spec-
troscopy following fragmentation [19] provide evidence
for a low-lying 3/2% state (Ex= 2.13 MeV) in 2!O, but
this is expected to include significant core excitation
rather than a strong v0ds/, single-particle structure [18].
We report here on the observation of a higher-lying neu-
tron undbound 3/2% level that carries significant v0ds /2



strength. In addition, a second unbound level was ob-
served. Whilst a definitive spin-parity assignment could
not be made, the observation of neutron decay to the
first excited 27 state of 2°0 indicates a considerable core-
excited component.
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FIG. 1: (Color online) Upper panel: Excitation energy spec-
trum of the unbound states in 2O from 2°O+p coincidences,
including the contribution from direct break-up (see text).
Lower panel: Spectrum for 2°0O+p events in coincidence with
1684 keV de-excitation + rays from 2°0(2]). For comparison
the 4.77 and 6.17 resonances are shown after renormalisa-
tion. The inset shows the Doppler corrected v-ray spectrum
gated on 2°0 and requiring that a light particle be recorded
in TTARA.

The experiment was performed at the SPIRAL facil-
ity using a 10.5 AMeV 2°0 beam with an integrated in-
tensity of 1.65 x 107 particles and a typical rate of 10*
pps. The target was a 0.59 mg/cm? thick CDs foil. The
(d,p) reaction channel was selected using the identifica-
tion of the beam-like residue in the VAMOS spectrometer
and the kinematics of the proton, as measured using the
TIARA silicon array [20] from 36° to 169° in the lab-
oratory frame. The excitation energy in 2O and the
centre-of-mass (cm) scattering angle were obtained from
the measured energy and angle of the recoiling protons.
The bound first-excited state of 2! O was determined to lie
at 1.21(4) MeV. As in our earlier work [20, 21], the target
was also surrounded at 90° by 4 EXOGAM clover detec-
tors in a close packed geometry (photopeak efficiency,
including addback [20], of 10(1)% at 800 keV). The co-
incident gamma-rays indicated an excitation energy of
1.213(7) MeV. Both values compare well with the most

precise previous measurement of 1.218(4) MeV [19] (Ta-
ble I). A detailed description of the experimental setup
can be found in references [20-22].

The excitation energy spectrum deduced for
states lying above the neutron emission threshold
(S,=3.81(1) MeV [23]) in 2!O is shown in Fig. 1.
The solid line represents the sum of two resonances
(dashed lines) and a contribution from direct break-up
(*°0O+n+p). The resonance line-shape employed was a
Breit-Wigner convoluted with a Gaussian of fixed width
(FWHM,,,) that represented the experimental resolu-
tion arising from the beam characteristics (spot size and
energy spread), the energy and angular straggling in
the target, detector resolutions and kinematical effects.
The three-body contribution was obtained by uniformly
sampling the simulated phase-space of such a decay and
applying the same geometrical cuts as used to treat the
data. The normalisation was determined in the high
excitation energy region of the spectrum. A Monte-Carlo
simulation [20] based on Geant4 was employed to deter-
mine the experimental resolution. The simulation was
validated by comparison with the measured resolution of
the state at 1.21 MeV — FWHM,,,,=0.77(17) MeV and
FWHM;,,=0.75 MeV. The simulation was then used
to estimate the resolution at higher excitation energies.
The adjustment to the data yielded energies and widths
for the resonances of E,.s, = 0.96(10), I'y=0.46(20) and
Eres,=2.36(11), T'2=0.32(26) MeV. The corresponding
excitation energies are 4.77(10) and 6.17(11) MeV.

The lower panel of Fig.1 displays the excitation en-
ergy spectrum for 2°0O+p+~ triple coincidences for the
1.684 MeV photopeak events. It is clear, despite the
somewhat limited statistics, that part of the strength for
the neutron decay of the 6.17 MeV resonance proceeds to
the 1.684 MeV 271 first excited state of 2°0. Taking into
account the Lorentz boosted ~y-ray detection efficiency
(6.4%), the branching ratio for this decay path was de-
termined to be T'(27) /Ty = 0.71(22), where the uncer-
tainty is dominated by the statistics.

Elastic scattering was used to calibrate the product of
the beam current and the number of deuterons in the
target. Fig. 2 displays the angular distributions for
the protons leading to the bound and unbound states
in 2'O compared to reaction model calculations. The
theoretical cross sections were computed within the Adi-
abatic Distorted Wave Approximation (ADWA) using an
adiabatic potential for the d+2°0 entrance channel [24].
The Chapel-Hill parameterisation (CH89) [25] was used
to describe the nucleon-nucleus potentials for both the
entrance and outgoing channels. The calculations for
the unbound states were performed using the Vincent
and Fortune prescription [26] implemented in DWUCK4
[27]. The neutron single-particle form factors were ob-
tained using a Woods-Saxon potential with the depth
adjusted to reproduce the experimental binding energy
of each level. The results for the unbound states were
cross checked using bins to represent each resonance in
the continuum within the FRESCO code [28]. Consistent



TABLE I: The results from the present work for 2! O. The excitation energies and spin-parity assignments are compared with
those of earlier studies using multinucleon transfer [18], in-beam ~-ray spectroscopy following fragmentation [19] and neutron
knockout [30]. Tentative spin-parity assignments are noted within parentheses.

Ex(keV) Ey(keV) Ey(keV) ¢ J" gt T 28
present [18] [19]  present  present [18] [19] [30] present
0 0 0 2 5/2 (5/27) (5/2F) 5/2F 0.34 + 0.08
1213 £ 7 1330 £90 1218 £4 0 12t (1/2) (1/2%) - 0.77 + 0.19
4770 £ 100 - - 2 3/2% - - - 0.58 £ 0.14
6170 £ 110 - - 23 (3/27,7/27) - - - (0.30 £ 0.07, 0.20 % 0.05)

results for the angular distributions were obtained with
the two approaches. The uncertainties in the spectro-
scopic factors (C2S) arising from statistics, the normal-
isation and the minimisation procedure are some 15%.
The final uncertainties, including a reaction model con-
tribution estimated to be 20% [29], are 25%. Table I
summarises the present results and includes a compari-
son, where available, with earlier work.

The angular distribution for the transfer to the ground
state is well reproduced by an ¢ = 2 transfer, consistent
with the 5/2% assignment derived from neutron knockout
[30] and proposed by other studies [18, 19]. The differen-
tial cross sections for the 1.21 MeV state are only consis-
tent with an £ = 0 transfer, which permits a definite 1/27
assignment to this state. The spectroscopic factors were
obtained by minimising the x? for all the data points.
The spectroscopic factors for the ground and first ex-
cited states were determined to be 0.34(8) and 0.77(19),
respectively, in agreement with shell-model calculations
using the USDA, SDPF-M and WBP [31] (USD for the
sd-shell) interactions (Fig. 3). The 5/2% and 1/2" bound
states carry most of the available strength of the 0ds /o
and 1sy/5 orbitals, respectively, based on the vacancies
in 2°0. The 1s; /2 strength is smaller than unity owing
to this orbital being partially occupied in the projectile.
This is consistent with a complementary study we have
carried out of the 2°0(d,t)!?O reaction in which the low-
est 1/27 state in 120 was populated [22].

Turning to the unbound states, it may be noted that
the widths strongly suggest ¢ > 2 assignments, as the
single-particle widths for £ = 1 are very broad (eg. I's, ~
4 MeV at E,cs= 1 MeV). The angular distribution for
the resonant state at E,=4.77 MeV is best reproduced
by an ¢ = 2 transition, which would imply J"=(3/27,
5/27). As the v0ds/, strength was exhausted in the
ground state by sum rule considerations the state at 4.77
MeV is, therefore, assigned to be 3/2%. The correspond-
ing experimental spectroscopic factor of 0.58(14) is in
good agreement with the USDA value of 0.68 for the
3/2;r state, while, as shown in Fig. 3, the WBP interac-
tion predicts this state to carry a somewhat larger frac-
tion of the 0d3/y single-particle strength. The SDPF-M

interaction predicts the 3/2§ state to have a very low
spectroscopic factor and the strength is instead concen-

trated in the 3/2;.

For the second unbound state at 6.17 MeV, the angu-
lar distribution for ¢ = 2 gives the best fit to the data
but ¢ = 3 cannot be excluded, owing to a more lim-
ited angular range in the measurements [37]. The cor-
responding spectroscopic factors are 0.30(7) and 0.20(5),
respectively. From Fig. 3, the states expected to be
strongly populated in the (d,p) reaction can be identi-
fied. Leaving aside the 3/22" (3/237 state in SDPF-M)
identified with the 4.77 MeV state, the remaining candi-
dates are the other 3/2% states together with the 7/2~
states. The only states in Fig. 3 favouring decay to
200(27) turn out to be the 3/254 and the 7/2,~. For
the 3/25™, the three interactions predict values of 0.69,
0.74 and 0.76 for T'(2%)/Ttot, but the (d,p) spectroscopic
factor in each case is only 0.1 (Fig. 3). If it were as-
sumed that the state at 6.17 MeV has J™ = 3/27, then
the Ods/o strength would be split between the 4.77 and
6.17 MeV states in a manner that is not predicted by the
calculations. The other possibility is a 7/27 assigment,
with a wavefunction carrying a small part of the v0f7 /o
strength and dominated by core excitations coupled to
a vlpgz/p neutron. Ideally coupled channels calculations
should be carried out. Whilst beyond the scope of the
present work, exploratory calculations suggest that the
utility of any such effort would be limited owing to the
restricted angular range of the present data.

An estimate of the lower limit of the size of the N=16
shell gap in 2'O can be deduced from the difference in
excitation energies of the 1/27 (E,=1.21(1) MeV) and
the 3/2% (E,=4.77(10) MeV) states. The value here of
3.55(10) MeV is close to the estimate of 4.00(2) MeV in
20 deduced in the same manner [14]. The equivalent
value for 2°0 is 4.86(13) MeV [15]. Using the more com-
plete formalism of Ref. [33, 34], and incorporating the
corresponding uncertainties in E, and C29, the neutron
single-particle energies (¢) can be derived for 2°0. This
requires the C2S for neutron removal from 2°0, which
were obtained in parallel with the present measurement
through the d(?°0,t)'?0 reaction [35]. The results are
60d5/2 = —647(171) MGV, 6181/2 = —418(100) MeV
and €0ds;, = 0.95(36) MeV. The calculations assume
that all (d,t) and (d,p) strength has been measured ex-
perimentally for the Ods/; and 1s;/, orbitals. The value
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FIG. 2: (Color online) Differential cross sections for the states
populated in 2O compared to ADWA calculations. Only sta-
tistical uncertainties are included.

for €0dsz/, represents a lower limit. We note that the
corresponding shell gaps, vlsy/s — v0ds)o = 2.29(198)
MeV (N=14) and v0dgz/; — v1s;/o = 5.13(106) (N=16),
are consistent with the effective single-particle energies
of the USDA and B interactions [12].

In summary, the results for neutron transfer onto 200
populating states in 2'O have been presented. The first
excited state was assigned spin-parity 1/2% and the £ = 2
transfer to the ground state supports a 5/2% assignment.
The spectroscopic factors derived for both states are in
good agreement with the shell-model predictions. Two
neutron unbound states have also been observed at 4.77
and 6.17 MeV. The 4.77 MeV state is identified as 3/2%
and carries some 60% of the v0ds/, strength. The spec-
troscopic factor agrees with the USDA interaction calcu-

lations that correctly predict 260 to be unbound. The
N=16 shell gap was thus estimated to be 5.1(11) MeV,
somewhat larger than the lower limit of 3.55(10) MeV
derived from the energy difference between the 3/27 res-
onance and the 1/2% level. The state at 6.17 MeV, which
was observed to decay predominantly to 2°0(2]), corre-
sponds either to a large fraction of the missing v0d3 /o
strength or to an intruder v0f7 /5 state from the pf-shell.
The shell model is unable to provide an adequate expla-
nation for this level. This poses a challenge for it and
the interactions used to describe the evolution of nuclear
structure in this region. Ideally the issues discussed here
should be investigated using models that include explic-
itly the effects of the continuum. Finally, experimen-
tally, it has been shown that triple coincidence fragment-
particle-y measurements can be of utility in investigating
the structure of unbound states through their decay. This
suggests that future nucleon transfer experiments explor-
ing states in the continuum should incorporate highly
efficient y-ray arrays.
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FIG. 3: (Color online) Results from the present work for the states observed in 2O compared to shell model calculations. For
clarity only states of relevance to the present study are shown. The numbers on the left-hand side of levels correspond to the
spectroscopic factors. The experimental uncertainties are listed in Table I.
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