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Abstract
An excited state in the proton-rich unbound nucleus 20 was identified at 1.8(4) MeV via missing-
mass spectroscopy with the 14O(p,t) reaction at 51 AMeV. The spin-parity of the state was deter-
mined to be 0 or 2% by comparing the measured differential cross sections with distorted-wave
calculations. The lowered location of the excited state in 2O indicates the breakdown of the ma-
jor shell closure at Z = 8 near the proton drip line. This demonstrates the persistence of mirror

symmetry in the disappearance of the magic number 8 between 20O and its mirror partner '?Be.

PACS numbers: 25.40.Hs, 24.10.Eq, 21.10.Hw, 27.20.4n,
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Symmetry and its breaking have played an important role in physics. The CP violation in
particle physics led to the discovery of the third generation of quarks [1]; superconductivity
of solid states is a manifestation of the gauge symmetry breaking in the electron motion [2].

Mirror symmetry in atomic nuclei is a unique feature of the two-fermionic quantum
system comprised of protons and neutrons. Due to the charge invariance of the nuclear force,
‘mirror’ nuclei, a pair of nuclei where numbers of protons and neutrons are interchanged,
show a marked similarity in their level schemes. However, the presence of the strong Coulomb
field in the proton-rich mirror partner can degrade the symmetry, enhancing complex but
rich aspects of the finite system.

The increasing availability of radioactive ion (RI) beams opens new possibilities to test
mirror symmetry among nuclei with large isospin even beyond the drip lines. The isospin
degree of freedom of the nuclear shell structure makes a sharp contrast to other quantum
systems such as the quantum dots [3] and the metal clusters [4], where the electromagnetic or
spatial degree of freedom is employed in manipulating the shell structure. Recent experimen-
tal studies on exotic nuclei have shown that the conventional magic numbers disappear in the
neutron-rich regions at N = 8, 20 and 28 [5-11], and possibly in superheavy elements [12].
Theoretical works point to various underlying mechanisms in terms of the isospin-dependent
part of the nuclear effective interaction [13, 14], reduction of the spin-orbit potential [15],
coupling to the continuum [16], and deformation [17] or clustering [18, 19]. However, the
validity of the mirror symmetry of these effects at extreme conditions of isospin and binding
energies remains an open question, limiting predictions for very proton-rich nuclei. The
present Letter presents a study of shell quenching at Z = 8 in the proton-unbound nucleus
120. Mirror symmetry in the shell quenching phenomena between '20,4 and its mirror partner
12Beg is investigated experimentally from the low-lying excitation properties.

We studied the structure of 120 via missing-mass spectroscopy with the 1*O(p,t) reaction
at 51 AMeV. The systematics of the low-lying excited states in even-even nuclei provides
a sensitive probe for the evolution of the shell structure. In '?Be, the anomalously low
excitation energies of the 2% [5], 17 [6] and 0% [7] excited states, clearly indicate the reduced
shell gap at N = 8 between the p and sd shells. For 20, however, experimental difficulties
have hampered establishing the level scheme. Earlier studies with the '°O(«,*He) [20] and
2C(r*,m7) [21] reactions suggested excited states at 1.1 and 1.7 MeV, respectively, while

the low statistics and the lack of angular distribution data limited reliable identification.
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A more recent measurement of a neutron-stripping reaction with an RI-beam 30 [22] only
observed the ground state. The advantage of the present reaction is the sensitivity of the
angular distributions to the transferred angular momentum AL. An observation of the
characteristic distributions provides a firm confirmation of new states. Furthermore, the
(p,t) reaction predominantly transfers a spin-singlet pair and populates the states with the
spin-parity (J7) of AL(™" when the initial state has a J™ = 0.

In missing-mass studies with RI beams, measurements of the energies and angles of the
recoiling target-like particles are essential to identify excited states of interest and deter-
mine the scattering angles of the reaction. The recoiling ions generally have low energies,
placing a severe constraint on possible target thickness. However, the present “O(p,t)20
reaction, which has a highly negative @) value (—31.7 MeV), occurs with a strong reduction
of the momentum of the incoming beam (O) in producing the reaction product (*?0),
which gives, instead, a relatively large momentum for the light particle (¢) emitted in the
forward direction. This feature enables us to use a 1-mm-thick solid hydrogen target [23] to
increase the experimental yield. Together with the state-of-the-art particle detection system
MUST?2 [24], we realized a measurement of the (p,t) reaction, cross sections of which can be
as low as several tens of ub.

The experiment was performed at the GANIL facility. The secondary '*O beam at
51 AMeV was produced by fragmentation of %0 at 90 AMeV on a 920-mg/cm?-thick C
target located in the SISSI device [25]. The Alpha fragment separator, equipped with a
135-mg/cm?-thick Al degrader, was used to purify the fragments. The beam was delivered
to the hydrogen target located at the scattering chamber of the SPEG spectrometer [26].
The beam spot on the target (P,,) and incident angles (6;,) were monitored by two sets of
multiwire low pressure chambers, CATS [27], placed upstream of the target. The typical
ram.s. of P, (6;,) was 2 mm (2.5 mrad). The time of flight, obtained as the timing difference
between the radio frequency of the cyclotron and CATS, provided a clear identification of the
beam. The purity (intensity) of the **O beam was around 40% (6x10* pps). A measurement
was also performed with the degraded O beam at 39 AMeV to obtain reference data.

The energies and angles of the recoiling tritons were measured by an array of four MUST?2
telescopes [24] located 30 cm downstream of the target. Each telescope, with an active area
of 10x10 cm?, consisted of a 0.3-mm-thick double-sided Si strip detector (DSSD) and a 4-
cm-thick 16-fold CsI calorimeter, which provided energy-loss (AE) and residual-energy (E)
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FIG. 1: (Color online) (a) The 6, vs TKE plot for the **O(p,t) reaction. The solid and dotted lines
represent the kinematics of the reactions for the ground and first 2% states in %O, respectively.

(b) Excitation energy spectrum of 0.

measurements, respectively. The setup covered laboratory (center-of-mass) scattering angles
Oab (Oem) of 5°-30° (10°-160°). The acceptance of the array for the present reaction was
estimated by a Monte Carlo simulation using the GEANT4 code [28], which took into
account the detector geometry and the beam profile. The acceptance has a maximum value
of 60% at O, = 10°-20° (Oe, = 30°-130°), while it gradually decreases toward smaller or
larger angles. Particle identification of light particles was made by the AE-F method. The
total kinetic energy (TKE) was obtained as a sum of the energy information (AE+FE), for
which a correction was made based on the calculated energy loss in the target. The DSSD
was divided into 256 strips in both the z and y directions, providing position information
(Py,) on the array. The emission angle 6. of the recoiling particles was thus obtained by
combining the information on the beam (P,, and ¢;,) and P;,.

Excited states in the reaction products of interest were identified using a two dimensional
plot, 8, vs TKE, for the recoiling tritons. This is demonstrated in Fig. 1 (a) for the *O(p,t)
reaction. We applied a triple coincidence with the 0O beam, the recoiling tritons, and the
beam-like ejectiles of either O (for the bound states of 1*0O) or 13N (for the unbound states
of O above the proton separation energy S, of 4.63 MeV). The ejectiles were detected by
SPEG or a Si AE-E telescope provided by RIKEN, where the former was used to cover
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FIG. 2: (Color online) (a) The 6, vs TKE plot for the **O(p,t) reaction. The solid line represents
the kinematics of the reaction for the 120 ground state. (b) Excitation energy spectrum of 120. The
dashed line indicates the 19C+2p decay threshold (Sa,) at —1.78 MeV. The red-hatched histogram

shows the spectrum gated by 0., = 35 — 45°.

most forward angles up to 2°, while the latter complementarily covered larger angles from
2° to 5° [29]. In Fig. 1 (a), two loci, corresponding to the 0" ground state (0;) and the first
27 (2]) state at 6.59 MeV in O, are evident. The excitation energy spectrum is produced
based on relativistic kinematics and presented in Fig. 1 (b). In addition to the two major
peaks for the ground and 2] states, one can also observe a minor peak for the second 27
(23) state at 7.77 MeV, showing the sensitivity of the spectrum.

The 6, vs TKE plot and the excitation energy spectrum for 20 are shown in Figs. 2.
Since 120 is unbound for the *°C+2p decay, the data were obtained in coincidence with the
140 beam, the recoiling tritons, and the '°C ejectiles. The lower cross sections result in a
worse signal-to-noise ratio in Fig. 2 (a), while the energy spectrum clearly exhibits a peak
at 0 MeV (Fig. 2 (b)), which corresponds to the ground state of 120. One can see another
peak at around 2 MeV, indicating an excited state of 20. Besides, the spectrum exhibits a
broad bump centered at 5 MeV, possible origins of which are ascribed to a superposition of
resonances in 20 and background from other *O reactions into the t+p-+'°C channel.

A Gaussian fit to the spectrum in Fig. 2 (b) gives peak energies (E,) of 0.0(4) and

1.8(4) MeV for the ground and excited states of 120, respectively, where the errors are
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dominated by the systematic error of 0.3 MeV. We assumed a constant background, de-
termined from a fit to the data below 0 MeV. Peak widths were deduced to be 1.2(2) and
1.6(3) MeV FWHM for the ground and excited states, respectively. After deconvolution
with the experimental resolution, which was estimated to be 1.0(5) MeV based on the
160(p,t) data, we obtained natural decay widths of 0.6(5) and 1.2(6) MeV for the ground
and excited states, respectively. The former agrees with the previous values of 0.40(25) [20]
and 0.578(205) MeV [22], while they disagree with the theoretical predictions of less than
0.1 MeV [30, 31]. Note that the narrow width of the ground state ensures that the 1.8 MeV
peak has a different origin. An analysis with other background forms led to similar results
which vary within the errors.

Differential cross sections deduced for the observed reactions are shown in Figs. 3; vertical
bars represent statistical errors only. We estimate a systematic error of 25% which stems
from uncertainties in the acceptance simulation (15%) and target thickness (10%). The
data were obtained by analyzing the individual spectra gated by the each angular bin. An
example of the gated spectra for the “O(p,t) reaction is shown in Fig. 2 (b). The *O(p,t)
data at large angles of 6., > 50° can be smaller by about a factor of two with different choices
of the background form due to the limited statistics. The diffractive phase, characterized by
the location of the peaks and dips in the angular distribution, offers the most reliable means
of identifying AL. In Fig. 3 (a), the O(p,t) data represent characteristic phases depending
on J™. As for the 1*O(p,t) data (Fig. 3 (b)), the diffractive patterns, clearly observed for
the ground and 1.8 MeV states, provide convincing evidence for both states. It is further
notable that the pattern of the 1.8 MeV state is almost identical to that of the ground state.
This suggests AL = 0 for the 1.8 MeV data because the ground state of even-even 20
should have J™ = 0" to be populated by AL = 0.

To confirm the above discussion, we performed distorted-wave calculations with the code
FRESCO [32], assuming a two-neutron cluster transfer. Bound state form factors for the
two-neutron cluster were similar to those of Ref. [33]. We employed global optical-model
potential parameters for proton [34] and triton [35]; use of the recent GDP08 global potential
[36] in the exit channel led to qualitatively similar results. As shown in Fig. 3 (a), the
calculations for the %O(p,t) reaction well reproduce the diffractive phase of the data. In
Fig. 3 (b), we compare the 4O(p,t) data with calculations for AL = 0,1 and 2. The pattern

of the AL =1 calculation is clearly incompatible with either angular distribution. However,
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FIG. 3: (Color online) Differential cross sections of the reactions (a) 6O(p,t)'*O and (b)
40(p,t)*20. The experimental data are compared to the distorted-wave calculations for AL = 0

(full), 1 (dot-dashed) and 2 (dashed lines).

while the AL = 0 distributions most closely match the data for both states, AL = 2
cannot be completely ruled out. We therefore determine J7 of the newly-observed state at
1.8(4) MeV to be 0 or 27.

The evolution of the proton shell closure among neutron-deficient oxygen isotopes is
studied from the systematics of the excitation energies of the low-lying states. We first plot,
in Fig. 4, E, of the first 27 (2;7) and the second 0% (0o™) states in '»!%160 with Z = 8. In
140 and %0, both the 2,7 and 0, states are located at high excitation energies of about
6 MeV. This indicates significant effects due to the proton shell closure at Z = 8 as well
as the neutron major (sub) shell closure at N = 8 (N = 6) for 10 (1*O). In contrast, the
1.8 MeV state in 120 illustrates an abrupt lowering of E,, suggesting enhanced proton or
neutron excitations.

We then point out a notable similarity in the systematics between the isotopic chain with
Z = 8 from %0 to '?0, and the isotonic chain with N = 8 from '°O to ?Be as shown in
Fig. 4. In 2Be, the lowering of E, of the 2] and 05 states has indicated significant neutron
sd-shell intruder configurations [13]. Thus, the lowered excited state in 20 strongly suggests
that the Z = 8 proton shell closure is also diminishing in 0. Indeed, the E, of the state is
found to be even smaller than those of the first excited states in other N = 4 isotones ®Be

and 1°C (2] at E, ~3 MeV).
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FIG. 4: (Color online) Plot of E, of the 2,7 and 0," states in the Z = 8 1214160 isotopes and
N = 8 2Be and 'C isotones. The shell-model predictions with the SFO (red, thin lines) and
PSDMK?2 (blue, bold lines) interactions [13] are shown together. The present result is denoted by
the filled circle.

The observed breakdown of the proton shell closure in 20 implies that the underlying
mechanisms for the shell evolution prevail in the vicinity of the proton drip line. In the
shell model scheme, the advanced interaction with an enhanced proton-neutron monopole
interaction (referred as SFO [13]) has well described the neutron shell quenching in '?Be [13].
In neutron-rich nuclei around N = 8, the relative energy of the neutron 1p,,, orbital is
significantly changed by the presence or absence of protons in the 1ps, orbital, due to a
strong attractive force between the two orbitals. Extending the concept to the proton-rich
nuclei, one expects similar effects to persist in 0. Indeed, the structure change from **O to
120) is explained by the same shell-model calculations with the SFO interaction as applied
for 1?Be and "C [13], while the predictions of the PSDMK2 [13] interaction with a weaker
monopole term show a large deviation at 120 (Fig. 4). The large drop in E, at 20 can hardly
be explained by the Coulomb shift only, where typical downward shifts for excited states are
estimated to be 1 MeV or less [37]. The present observation thus suggests the important
role of the proton-neutron monopole interaction as an isospin symmetric mechanism for shell

evolution.
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Apart from the shell model, several cluster models successfully describe the ?Be struc-
ture [18, 19], proposing the manifestation of a molecular structure such as a+a+4n. In
Refs. [18, 19], the shell quenching is explained by a stabilization of the so-called ‘c-orbit’
type molecular structure, which is realized at an optimal a-a distance of around 3 fm. It
would be of great interest to investigate similar possibilities for 20 with the a+oa-+4p struc-
ture, since one can naively expect that the additional repulsive Coulomb force leads to a
rearrangement of the 2a configuration, and may degrade the stability of the cluster struc-
ture. The present results, however, clearly indicate mirror symmetry in the shell quenching,
and thus serve as a stringent test for the role of the g-orbit in the disappearance of the
magic numbers 8.

In summary, we have identified a low-lying excited state in 120 at 1.8(4) MeV using the
1O (p,t) reaction. The lowering of the excitation energy indicates the breakdown of the shell
closure at Z = 8. The mirror symmetry of the shell quenching phenomena in p-shell exotic
nuclei is demonstrated, calling for a general representation of the nuclear shell structure and
its evolution.

We thank the technical staff members of GANIL for their professional work. D.S. is

grateful to the Japan Society for the Promotion of Science for support.
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