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Experimental observations of the low-lying states in ?Be and their accurate modeling play an essential
role in understanding the disappearance of the N = 8 magic number. Long-standing experimental
ambiguities have been clarified using an one-neutron adding (d, p) reaction on ''Be using the ISOLDE
Solenoidal Spectrometer at CERN’s HIE-ISOLDE facility. The single-particle energies of 1s, /,, 0ds/,, and
Opy/, orbitals in 12Be have been determined from the extracted spectroscopic factors. A significant
reduction between the separation of 1s;/, and Op,/, orbitals is found in comparison with the carbon
isotones, highlighting the breakdown of the N = 8 shell. These observations serve as an important test of
different effects incorporated in theoretical models. It is found that two synergistic mechanisms, core
deformation and weak binding, are responsible for the N = 8 shell breaking and the exotic near-threshold
phenomena observed in ’Be, including the narrow unnatural-parity resonance 07 and the possible halolike
nature of the 07 isomer.
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However, in nuclei far from stability, a migration of magic
numbers has been revealed through the rearrangement
of single-particle orbitals [4,5]. Such shell evolution is
observed to be particularly dramatic in weakly bound light
nuclei, which behave as open quantum systems. This
dissolving of boundary leads to a series of novel phenom-
ena, including neutron halos [4], new magicity [5], and
clusters [6].

One textbook example is the one-neutron halo nucleus
1Be [7-10], whose ground state spin and parity (1/2%)
contradicts conventional shell-model predictions (expected
to be 1/27). This system exhibits one of the lowest neutron
separation energies (S, = 0.504 MeV) among weakly
bound nuclei, and has a dominant overlap with the '°Be
ground state indicated by the large neutron s/, spectro-
scopic factor [8]. Neighboring '’Be, though more bound
(S, = 3.16 MeV), also demonstrates the lightest island of
inversion through its low-lying excited states and enhanced
B(E2) value [11-16].

Intensive theoretical efforts have been made to under-
stand the origin of shell evolution. Specifically, it is
apparent that three-body forces establish new neutron
magic numbers 14 and 16 in oxygen [17], whereas defor-
mation impacts the N = 20 magic number in Z = 10-12
nuclei [18]. In heavier systems, the tensor force plays a
crucial role [19]. In addition, weak-binding effects can
significantly impact the ordering of single-particle orbitals
[20-22], motivating a great deal of theoretical activity
[23-25] over the last few decades. Nevertheless, the mecha-
nism for the vanishing of the N = 8 magic number in ''Be
and '’Be remains contentious and lacks a unified and
coherent interpretation, though various competing mecha-
nisms have been proposed, including vibration coupling,
core excitation, cluster structures, and pairing [26-30].

1Be and '”Be provide excellent cases for studying the
open quantum phenomena under the interplay of various
effects since they exhibit a multitude of exotic structure
phenomena, including weak-binding effects and thus having
dilute matter distributions (halos), deformation due to
molecularlike cluster structures [31], and the cross-shell
configuration mixing. Furthermore, the small number of
nucleons involved facilitates an in-depth theoretical study of
these effects with relatively simple assumptions. However,
despite numerous experimental efforts [11-15,32-39], the
structure of low-lying states in '”Be remains poorly under-
stood. For example, it is not clear how the 1s; /5, Op; ), and
Ods;, orbitals evolve in the region nearby and how the
above-mentioned phenomena affect them. In particular, there
is little consensus on the nature of the unbound states
[15,28,29,36,38—44]. A more complete description of 12Be
remains highly desirable to advance understanding of how
open quantum systems behave under various effects.

One-neutron transfer reactions serve as an insightful
experimental probe for shell evolution, where the differ-
ential cross sections with respect to angles reveal the

underlying single-particle structure and thus can directly
challenge the various assumptions incorporated in the
theoretical models. Over the past two decades, there have
been three measurements of the 'Be(d, p)!’Be reaction
[35-37], but each with its own limitations in terms of
resolution, statistics, or beam energy (too high or too low
for 1n-transfer reactions), leaving considerable uncertainties.

In this Letter, we report on a new measurement of the
"Be(d, p)'Be reaction at a beam energy of 9.78 MeV/u.
At this energy, the cross sections can be reliably understood
with theoretical models that assume a direct, single-step
mechanism for the transfer of a neutron. The superior
Q-value resolution obtained in this measurement has
enabled the first direct determination of the s-wave
spectroscopic factors of the isomeric 05 state, supporting
the hypothesis that this state has a two-neutron halo
structure. In addition, the excitation energies (to less than
10 keV uncertainty) and widths of the 07 and 2] resonances
have been determined for the first time. The single-particle
energies of the lsi/,, Op;j, and 0Ods;, orbitals were
inferred and show a similar trend to those in !'Be while
a sharp distinction to the C isotones. The specific synergy
between collectivity and continuum coupling is essential
for successfully describing the properties of ’Be and plays
a significant role in the breaking of the N = 8 shell closure.
It stands out as an example showing that the interplay
of internal structure and external coupling results in
dramatic reordering of quantum states (see Refs. [45,46]
for examples).

Experiment—The experiment was carried out at the HIE-
ISOLDE Linac beam facility at CERN utilizing the
ISOLDE Solenoidal Spectrometer (ISS). A beam of !'Be
at 9.78 MeV/u was delivered with an intensity of ~10°
particles per second onto a deuterated-polyethylene (CD,)
target of 120(8) pg/cm? thickness (with a hydrogen
content less than 10%). There was 3%?**Ne contamination
in the beam, which was separated from the ''Be in the
analysis (see below). Outgoing protons were transported
by the 2.0-T magnetic field of ISS, returning to the beam
axis and detected by the newly constructed ISS silicon
detector array. The ISS silicon array has a hexagonal cross
section and an overall length of 0.5 m. Each face of the
array features four double-sided silicon-strip detectors
(DSSSDs), each with 128 strips of 0.95-mm pitch on the
front and 11 strips of 2-mm pitch on the back. The positions
at which the protons return to the beam axis were
determined with these DSSSDs. This silicon array was
positioned upstream of the target, 90 mm from the target to
the edge of the nearest detector, corresponding to a c.m.
angular range of 12° <46, <40° for protons populating
low-lying states in '?Be. An annular silicon detector
positioned 153 mm downstream of the target (correspond-
ing to 6., ~20°) was used to monitor ions elastically
scattered from the target [47]. The absolute cross sections
were determined with about 15% uncertainty, normalized
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FIG. 1. Excitation spectrum of !Be populated via the
1Be(d, p)'?Be reaction. The spectrum represents protons col-
lected over —520 < z < =90 mm and gated on the Be recoils,
which corresponds to 8., ~ 12° — 40°. The peaks are labeled by
their excitation energies (in MeV) together with their spin-parity
assignments. The inset shows the details of the resonances with a
dominant one-neutron decay branch.

by the elastically scattered deuterons. A set of recoil detec-
tors, consisting of 65-pm (energy loss, AE) and 500-pm
(residual energy, F) thick quadrant silicon detectors, was
placed 610 mm downstream of the target. These recoil
detectors have an inner and outer radius of 9 mm and
45 mm, respectively, with > 70% acceptance for the recoils
of interest. This acceptance was determined and corrected by
a realistic simulation including the neutron decay process.
Using the particle identification in the recoil detectors, the
beam contamination and the decay branching ratios for the
unbound states were determined. Background from random
coincidences with protons was further eliminated using
timing coincidences between recoils and the silicon array.

Figure 1 shows the excitation energy spectrum of ’Be,
as populated in the '"Be(d, p) reaction, identified by the
timing coincidence between the recoil detectors and the
silicon array. A Q-value resolution of ~140 keV (full width
at half maximum) was achieved. Bound and unbound states
decaying through one- and two-neutron emissions were
identified with the coincidence of ?Be, !'Be, and '“Be,
respectively. The differential cross sections have been
determined for excited states up to E, =54 MeV at
approximately ~5° increments over the angular range
covered. The 6., angles were derived from the position
of the protons along the beam axis. The Q-value resolution
is just sufficient to separate the Zfr (2.109 MeV) and 05
(2.251 MeV) states [48], and their angular distributions
were resolved by fitting the doublet at each angular bin.
The uncertainties for the 2] and 05 states include both
fitting and statistical errors, while the uncertainties for other
states are purely statistical.

In Fig. 2, the experimental angular distributions are
compared to distorted-wave Born approximation (DWBA)
calculations performed using PTOLEMY [49] with global
optical parameters in Refs. [50,51]. They were derived
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FIG. 2. Differential cross sections of the 'Be(d, p)'?Be reac-
tion. Results of the DWBA calculations are compared to the data
with the excitation energies (in MeV), spin parities, and adopted
¢ values labeled. For some states without spin-parity assignment
before, £ = 0 (black dashed lines), £ = 1 (blue dotted-dashed
lines), £ = 2 (red solid lines), and Z = 3 (green dotted lines)
angular distributions are shown.

from systems close in mass and have been successfully
applied to light nuclei near this region [52,53]. Transitions
to the unbound states were calculated with DWUCK5 [54]
following the prescription of Ref. [55]. Four known bound
states in '’Be have been populated, including the ground
state, 2.11-,2.25-, and 2.72-MeV states, associated with the
angular momentum of # = 0, 2, 0, and 1, respectively.

A resonance at 3.182(7) MeV is just 12 keV above the
one-neutron separation energy (S, = 3.170 MeV). The
signature of this near-threshold resonance was observed
in Ref. [56]. However, the energy resolution of the previous
measurement did not allow for the explicit determination of
its excitation energy and width. In the present measure-
ment, it is determined to be at 3.182(7) MeV in excitation
energy, with a width of < 30 keV. The neutron decay
branching ratio is determined to be at least 98% based on
the ratio of ''Be and '’Be observed in the recoil detectors.
Over the past decades, prior to its observation, there has
been much theoretical speculation devoted to this near-
threshold 1p-14 0~ resonance [28,29,41-43]: it has now
been firmly determined as a new example of threshold
“aligned” states (see details in Refs. [56,57]).

Three additional resonances were observed above the
two-neutron emission threshold (S,, = 3.672 MeV),
located at 4.186(15), 4.59(2), and 4.99(5) MeV. It was
noted that all these resonances predominantly exhibit one-
neutron decay. The 4.186(15) MeV state was observed as
an Z = 1 angular momentum transition for the first time,
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TABLE L

Excitation energies E,, transferred orbital angular

momentum £, spin-parities J”, shell-model orbital n¢s, spectro-
scopic factors S, and widths T for the low-lying states in '’Be
observed in the present ''Be(d, p)'?Be reaction.

EMeV) ¢ U nts S T(MeV)
ground state 0 0" sy 0.3(3)

2.109 2 2+ 0ds > 0.45(4)

2251 0o of 1512 0.39(6)

2715 I 0p1) 0.72(6) ---
3.182(7) 1 0~ Opiy2 0.71(7) <0.03
4186(15 1 2° 0p3) 0.09(1) 0.13(4)
459(2) 2 2 Odsjp3,  0.04(1) 0.17(7)
4.99(5) ) (0?) (lsl/z) 0.7(2) 0.15(7)
5.30(5) (2, 3) (2%.37) (0ds)23/2.0f7)2)

with 27 being the tentative assignment. For the 4.59
(2) MeV state, there has been extensive discussion about
its spin parity [38,43], focusing primarily on 25 or 37. Its
angular distribution in this Letter is consistent with £ = 2,
leading to the assignment of 25. A recent '"Be(z, p)!“Be
measurement [58] indicated 37, suggesting the presence of
a doublet at ~4.6 MeV. The 4.99(5) MeV resonance is
tentatively assigned as the third 0T state, corroborated by
the recent '’Be(7, p)!'?Be measurement [58] and supported
by theory as discussed below.

The spectroscopic factors of these states were obtained
by normalization of the experimental differential cross
sections to the calculated ones and are shown in Table I
and in Fig. 3(a). The uncertainties of the absolute and
relative spectroscopic factors are estimated to be about
18%—-25% and 5%—10%, respectively, taking into account
the variation in the global optical model parameters and the
normalization uncertainty. The sum of the spectroscopic
factors for the ground state and isomeric 0; state is 0.69(9),
which is well below the expected sum of the 1s;/,
spectroscopic factors (3 Sy1/2 = 2.0), indicating missing
Lsy/, strength. Given the breakdown of the N = 8 shell
closure, a third O™ state is expected due to the configuration
mixing of two neutrons in the 1s;/,,, Op;/, and 0ds/,
orbitals [36,59]. The observed resonance at 4.99(5) MeV is
likely the third 0" state based on the angular distribution,
the result of Ref. [58], and these theoretical expectations.
The spectroscopic factor was estimated to be 0.7(2) and
results in a quenching factor of 0.7(2) [60] for the s/,
strength. The centroid of the ls;/,, strength was deter-
mined to be 3.15 MeV using the equation E . yoiq =
O-@I+1)Sy xE,/> (2] +1)S,;) [61]. For the
Op, orbital, the centroid was determined to be 2.85 MeV,
based on the spectroscopic factors of the 17 and 07 states.
The summed strength nearly exhausts the Op,/, strength,
with a quenching factor of 0.7(1). The centroid of the 0ds ,
orbital should be determined by a set of 2" and 3™ states.
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FIG. 3. Experimental spectroscopic factors of low-lying states
in 1”Be populated via the "Be(d, p)'’Be reaction (a), in com-
parison with the calculated results of the shell model (SM) with
the YSOX interaction (c), the GSM (d), and the GCC (b) ap-
proach. The red and black bars represent the spectroscopic factors
of the positive and negative-parity states, respectively. The single-
particle energies of the 1s, , (dark blue), Op, /, (green), and Ods >
(light blue) are plotted as vertical lines in each case. The hatched
bar indicates experimental limits on the location and strength of
the 3" state inferred in this Letter.

While the first two 2" states were observed, the 3% state is
likely to exist around 6 MeV according to most theoretical
models and previous experiments [36,62], which is outside
the range explored in this measurement. The lower limit of
the Ods,, strength in the 3* state was estimated using an
average quenching factor of 0.7, based on the strengths
of the 1s;/, and Op,/, orbitals. Thus, the single-particle
energy of the Ods;, orbital is estimated to be around
4.7-5.3 MeV. Conservatively speaking, these single-
particle energies determined from the centroids have
uncertainties of about +200-300 keV [20,22]. It is worth
noting that the discussion below is not impacted by the
relatively larger uncertainties of the absolute spectroscopic
factors.

Discussion—The spectroscopic factors have been com-
pared with the results of shell-model calculations using the
YSOX interaction [63] [Fig. 3(c)], which is optimized for
psd-shell nuclei and can reproduce the shell inversion in
"Be. However, the excitation energies of the excited states
are overestimated, particularly for the negative-parity
states. Moreover, in this calculation, the single-particle
energies of the Op, /, orbital derived from the centroids are
about 1.42 MeV higher than those of the 1s,/, orbital, yet
significantly lower than those of the 0ds/, orbital (around
5.3 MeV). Attempts to adjust the energy of the Op, /, orbital
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to match experimental single-particle energies fail to
reproduce the inversion order of the 1/2" and 1/2~ states
in ""Be. In addition, it substantially underestimates the
binding energy of '’Be. These discrepancies likely origi-
nate from the limited model space, which can not capture
deformation and weak-binding effects.

To incorporate the continuum coupling effect, calcula-
tions with the Gamow shell model (GSM) [24] and Gamow
coupled channel approach (GCC) [25] were performed.
The resulting spectroscopic factors and single-particle
energies are shown in Figs. 3(b) and 3(d), respectively.
The GSM calculation, which assumes ®He as a closed core
and uses a fitted interaction, overestimates the spectro-
scopic factor of the second OF state by a factor of 4,
resulting in a much lower ls;, orbital compared to the
Op1/, orbital. However, adjusting the 1s;/, orbital upward
inverted the level order of !'Be, similarly to the shell model.
This discrepancy suggests the necessity of core excitation
beyond a rigid ®He core.

The GCC approach offers an alternative approach by
integrating the deformation of the '“Be core and continuum
coupling effects [64]. This model yields the best agreement
with experimental data, both in terms of excitation energies
and spectroscopic factors. The GCC calculation shows that
the single-particle energy of the 1s;/, orbital is consid-
erably higher than those from the other two models, nearly
degenerate with the Op;,, orbital, which aligns more
closely with experimental data. This improvement likely
stems from the fact that the GCC model accounts for
continuum coupling effects and the proper treatment of the
deformed '°Be core [65]. Attempts to reduce core defor-
mation by adjusting the 2% energy fail to reproduce the
experimental result. Consequently, the low-lying states of
12Be reflect a deformed '’Be core coupled with two valence
neutrons with weak-binding effects, which are well repre-
sented in the calculations.

The deduced single-particle energies of the 1s,/, and the
Opy/, orbitals appear nearly degenerate and lie in close
proximity to S,, while the 0ds/, orbital resides approx-
imately 2 MeV higher (see Fig. 4). This energy hierarchy
mirrors the pattern observed in ''Be, suggesting evolu-
tionary continuity in single-particle structures across these
systems. The enlarged energy gap between ls;/, and the
0Ods;, orbital compared to the carbon isotopes is an
indication of the weak-binding effect—the rate at which
the 1s;/, orbital approaches the particle emission threshold
is considerably slower than that of the 0ds, orbital (which
has a £ =2 barrier to overcome), and thus its energy
becomes significantly lowered relative to the 0ds/, orbital
in '-12Be.

A striking reduction in the energy separation (Ay,)
between the Op, , and 1s, /, orbitals compared with carbon
isotones (Fig. 4) drives the intrusion of the N = 8 shell

1p.2Be
2+ BeA |
~ 0F ~ W s ,,0 14 i
> Asp 0 :0_‘-‘.1_/_2__{7_1/2 13C C
= S
w2 : ey i
K B N=81s, 12
® N=80p, ‘~‘__ASPN3 Me
4r A N=80ds, i
v N=Tls;,
® N=70p,, - &
0p112
-6 < N=70ds,
4 6

z

FIG. 4. Experimental binding energies of the neutron Ls;,,
0ds,, Op, orbitals of N =7, 8 Be and C isotopes (deduced
with present Letter and information from [48]). The single-
particle separation of ls;/,-0Ods;, and ls;;-Op;/, (with Ay,
values labeled) are labeled by black and red arrows, respectively.

closure. Analysis using a deformed Woods-Saxon potential
reveals that the energy separation between 1/2 and 1/27
Nilsson orbits reduces by over 3 MeV between C and Be,
driven in part by large deformation changes. In this model,
the 1/2; state evolves to carry a dominant fraction of the
Lsy/, strength as its binding energy approaches zero and
becomes almost degenerate with Op, ,, which reproduces
the observation in the present experiment. This interplay
between deformation and threshold proximity drives the
large A, reduction revealed in the present Letter, and is of
fundamental significance to the breakdown of N = 8 shell
closure as well as the formation of neutron halo in !'Be [66].

This shell breaking drives exotic phenomena near the
neutron-emission threshold of '”Be via continuum cou-
pling. Particularly noteworthy is the emergence of a narrow
0~ resonance just above threshold, corresponding to a
cross-shell 1p-1h excitation enhanced by the threshold
“alignment” effect [57]. Furthermore, our calculations
using the method from Ref. [67] reveal that the isomeric
0 state possesses an enlarged matter radius of 2.76 fm
compared to 2.59(6) fm of the ground state [68], suggesting
halo formation in the 05 state of '"Be. It stems from a
reduction in the d-wave component (57%p? and 16%s? is
dominant) combined with its proximity to the threshold.
This also agrees with the observation of Ref. [69] that an
appreciable weak-binding s or p component can result in
an obvious enhancement in the matter radius. A direct
measurement of 0] radius using an isomer beam is still
eagerly awaited.

In summary, the one-neutron adding reaction on 'Be has
been carried out to clarify the long-standing ambiguities in
!2Be. The single-particle energies of the Op; 5, 0ds ,, and
Lsy/, have been inferred and show dramatic evolution to
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the C isotones. By comparing the experimental result to the
theoretical calculation, it was found that accurate modeling
of "Be requires both continuum-coupling effects and
deformation, which drive the intrusion of the sd orbitals
into the p shell and the breakdown of N = 8. These effects
bring in rich exotic phenomena in the description of the
low-lying states of !’Be, including the possible two-neutron
halo structure in the isomeric 05 state and the cross-shell
1 p-1h narrow 0~ resonance near the threshold.
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