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Low-lying states in '’Be using one-neutron transfer reaction
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A new one-neutron adding reaction on !'Be was performed at 26.94 MeV. The elastic-scattering data was
measured simultaneously to determine the target component and optical potentials for the entrance channel. A
special isomer-tagging method was used to determine the cross sections for the 05 state. Based on the ratio of
the s-wave spectroscopic factors of the 0] and 07 states, along with the previously reported p-wave intensities,
the s- and d-wave components of these two states were obtained and compared with shell-model calculations
using various interactions. The result shows a dominant d-wave strength in the ground state of '°Be, and reveals
the dominance of sd- and sp-single-particle configurations in the 2t and 1~ state of '2Be, respectively. Together
with the configuration mixing analysis, the relative spectroscopic factors, which are shown to be less sensitive
to the different choice of optical potentials, provide important insights on the wave functions for the low-lying

states of '“Be.
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I. INTRODUCTION

In the well-established nuclear shell model, nucleons are
assumed to arrange themselves into the single-particle orbitals,
which group into shells according to the magic numbers. The
conventional shell model and magic numbers are obtained by
solving the Schrddinger equation in a mean-field potential.
In the light nuclei region, especially approaching the neutron
or proton drip line, many factors could contribute to the
change or disappearance of the conventional shells, such as
the monopole interaction between proton and neutron [1], the
weak binding of the nucleons approaching the drip line [2—4],
and the three-body force in nuclei [5]. As a well-recognized
example, the ground state (1/2%) and the first excited state
(1/27) of the halo nucleus ' Be are inverted with respect to the
predictions from the conventional independent particle shell
model. For its ground state (g.s.), numerous measurements
have demonstrated a dominant (60% ~ 80%) configuration
of "Be +n(2s1,2) [6,7]. The present work focuses on its
neighboring nucleus *Be at the neutron-rich side, whose
exotic structures were observed in various measurements.

The excitation energies of the ZT (2.107 MeV), O; (2.251
MeV), and 1] (2.710 MeV) states in 12Be are much lower than
other N = 8 nuclei, such as '*C and '°0, indicating the reduc-
tion of the N = 8 shell in '>Be. This gives rise to many exotic
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phenomena of the 12Be nucleus, such as the enhanced E 1 tran-
sition from the ground state (Of) to the 1] state [8], the large
quadruple transition strength from the 2 state to 0] g.s. [9,10],
and the strong sd-intruder configuration in the OT (g.s.) of ’Be.
Recent experimental work has extensively taken place, demon-
strating the intruder configuration in the 0} (g.s.) of '*Be, such
as the knockout reactions [11,12] and the charge-exchange re-
action [13]. The p-, s- and d-wave spectroscopic factors (SFs)
of the '?Be 0] ground state were investigated by the knockout
reactions [11,12]. After normalizing the sum of the SFs to
the occupation number, the result was compared to theoretical
calculations in the first row of Table I. The p-wave intensities
for the first two O states, which were obtained from the charge-
exchange reaction [13], are shown in the second row of Table I.

Many theoretical studies have been performed to explore
the configuration of the low-lying states in '’Be, including
the shell-model calculations by Barker [14] and Fortune et al.
[15], the three-body model predictions by Nunes et al. [16]
and Redondo et al. [17], the nuclear field theory approach by
Gori et al. [18], and the random-phase approximation (RPA)
[19]. The intensity of each component in the low-lying states
is summarized in the bottom panel of Table I. The individual
intensity of the two lowest 0T states varies largely from
case to case, especially for the OT (g.s.). The p-, s-, d-wave
components contribute uniformly in Baker’s wave function,
while Fortune’s and the three-body calculations predicted more
than 50% s-wave component. The three-body calculation with
the excitation of '’Be core and the nuclear field theory approach
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TABLE I Intensities of the s(«), d(8), and p(y) wave in the first
two 0T states of '”Be, from different measurements (top), together
with the results predicted by various theoretical calculations (bottom).

07 0y

a (%)  Bi(%)  yvi(%) (%) B%)  ya(%) Ref
334 38 294 [11,12]

24 4 5b 59 4 5b [13]
1947 57+7 39+£2 242 this work
33 29 38 67 10 23 [14]
53 15 32 25 7 68 [15,21]
31 42 27 [12,16]
67~76 10~13 13~19 15~23 6~8 71~78 [17]
23 48 29 [18]
25¢ 21¢ 54¢ 62¢ 0 38¢ [19]

#Using SFs of 0.42, 0.48, and 0.37 for s, d, and p components
[11,12,22], respectively, which are normalized to give the intensities
[21].

bp-wave intensities extracted from a charge-exchange experiment
[13].

‘From Tables II and III of Ref. [19].

supported relatively larger d-wave components, and the RPA
calculation suggested a dominant p-wave component. The
calculated ratio of different components depends sensitively
on the core-nucleon Hamiltonian and the nucleon-nucleon
residual interaction [20].

For the 27 state, the three-body calculation [17] suggested
82% sd-component. The RPA calculation [19] also supports a
predominant sd-single-particle configuration. However, both
calculations could not reproduce the excitation energy of the
2+ state and the excitation of '’Be core has to be included in the
calculation to obtain the proper excitation energies, as shown
in Ref. [16]. For the 1™ state, most calculations support the
dominance of the ps-single-particle configuration [16,17,19].

One neutron transfer reaction is a powerful and sensitive
tool to selectively populate the single-particle structure of
nuclei [23-25]. The "Be(d, p)'’Be transfer reactions were
previously studied at 5SA MeV [22] and 2.8A MeV [26].
However, in the former measurement, the O; state was not
resolved from the 2% state, and the events of 1~ state were
close to the threshold, resulting in larger uncertainty for the
SFs extraction. The latter measurement suffered from the
relatively low beam energy, and the cross sections at small
center-of-mass angles were not covered. As a result, it does
not allow a unique extraction of the SFs. Furthermore, without
a reasonable normalization of the experimental SFs, it is not
convenient to compare the SFs with theoretical calculations
or other measurements. The present measurement of the
"Be(d, p) at 26.9A MeV was specially designed to clarify
these ambiguities.

Following the previous letter [27], we present here the
details associated with the newly performed transfer reaction
experiment to investigate the configuration of the low-lying
states in '?Be. In addition to the first two O states, which are
the focus of the earlier work, the results for the 2+ and 1~ states
are reported here. Some £ = 2 and £ = O strengths in '>Be were

found to be missing, which are presumably in unbound states
and likely in a third unseen 0 state, respectively. Furthermore,
areasonably consistent shell-model description of the ' Be and
12Be is reported, although there are some remaining difficulties
in reproducing properties of the 1~ state. Especially, the
application of the isomer-tagging method and the sensitivity
of the relative spectroscopic factors using various optical
potentials were discussed in detail, as these are key factors
for the conclusions of the present work. After normalization,
the SFs of the low-lying states from the ''Be(d, p) reaction
at 26.9A MeV are reported and comparison are made with
different theoretical calculations. In Sec. II, details for the
experimental setup together with elastic-scattering and one-
neutron transfer cross sections are presented. In Sec. III, the
SF for each state in '>Be populated by the ''Be(d, p) transfer
reaction is extracted and comparisons are made with theoreti-
cal calculations. Detailed analysis and discussions associated
with the isomer-tagging method, quenching factors, relative
SFs, single-particle strength, and shell-model calculations are
presented here. A brief summary is given in the last section.

II. EXPERIMENT

The experiment was carried out at the exotic nuclei (EN)
beam line, RCNP (Research Center for Nuclear Physics),
Osaka University [28]. A 'Be secondary beam at 26.94
MeV was produced with an intensity of 10* particles per
second (pps) and a purity of about 95%. The secondary beam
carried a 5% contamination of °Li, which was identified by the
energy deposit and time-of-flight information from the beam
line plastic scintillator. The momentum spread was reduced
to around AP/P < 1% to limit the energy resolution. Two
parallel-plate avalanche counters (PPACs) placed upstream
of the target provided beam tracking information, with the
resolution of incident angles and hitting positions on the target
less than 0.3° and 2.0 mm, respectively. Elastic scattering
of '"Be from protons or deuterons was measured by using
a (CH,), (4.00 mg/cmz) or a (CD,), (4.00 mg/cmz) target,
respectively, with the C-target (12.58 mg/cm?) providing the
background subtraction [29,30]. The same (CD,), target was
used for the ''Be(d, p)'’Be reaction. All targets were tilted
15° to limit the energy loss of the recoiling light particles from
the elastic- or inelastic-scattering channels.

The setup of detectors in this experiment is schematically
shown in Fig. 1. A set of annular silicon detectors (ADSSD)
was installed at a distance of 135 mm upstream the target to
detect the protons from the !'Be(d, p)'?Be reaction, covering
laboratory angles of 165°—135° relative to the beam direction.
The ADSSD was composed of six sectors, each divided into
sixteen 6.4-mm-wide rings on one side and eight wedge-shaped
regions on the other side. The inner and outer radii are 32.5 mm
and 135 mm, respectively. Two charged particle telescopes,
TELEO and TELE1, were placed 200 and 170 mm from the
target to detect and distinguish the Be isotopes around 0° and
the scattered protons and deuterons, respectively. The on-axis
zero-degree telescope, TELEOQ, was consisted of a double-sided
silicon strip detector (DSSD) (1000 m) and two large surface
silicon detectors (SSDs) (1500 um). The TELE1 was placed
around 76° with respect to the beam direction, which was
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FIG. 1. Schematic sketch of the experimental setup for the present
measurement.

composed of a 300-um DSSD, a 1500-um SSD, and a layer
of four CsI(TI) crystals read out by photodiodes. Each DSSD
is divided into 32 strips on both sides and has an active area of
62.5 x 62.5 mm?. Taking into account the position resolution
resulting from the PPACs, the overall angular resolutions of
TELE1 and ADSSD were approximately 0.8° (FWHM) and
2.7° (FWHM), respectively. With the standard A E-E method,
the silicon detectors could discriminate the isotopes lighter
than carbon. A 1.0-MeV threshold was set for the scattered
protons and deuterons to cut down the noise. Six scintillation
counters surrounding the TELEOQ were used to detect the y rays
decaying from the isomeric state of ’Be stopped in the TELEO.

The experiment was performed in inverse kinematics,
in which discrimination of various reaction channels was
achieved by a coincidence between the targetlike particles
(protons or deuterons) and the projectilelike fragments (Be
isotopes). Data acquisition was performed using the software
package BABIRLDAQ [31].

A. Elastic scattering reaction

In order to obtain the optical potential (OP) parameters
for the entrance channel of the 'Be(d, p) reaction, and also
to deduce the proton component in the target, the elastic-
scattering data of ''"Be + p and ''"Be +d were collected
during the experiment. Only the elastic-scattering data are
shown here, and the data from breakup channels were detailed
in Refs. [29,30]. The elastic-scattering or breakup reaction
channels were separated by the coincidence of ''Be or !°Be
measured by the TELEO and light particles (protons and
deuterons) detected by the TELEL.

The present (CD,), target has larger thickness compared
with those used in the previous experiments [22,26], because
of the different beam energies. The areal density (thickness)
of the (CH,), or (CD,), target was determined by its weight
and size, with very high precision (about 0.25% uncertainty
depending on the applied apparatus). The (CD,), target is
usually contaminated by the (CH;), impurity. By using the
elastic scattering of !'Be on both the (CD,), and the (CH,),
targets and by detecting the well-identified recoil protons, the H
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FIG. 2. The elastic-scattering differential cross sections of (a)
"Be + p and (b) "Be +d at 26.9A4 MeV. The data points have
been divided by the Rutherford scattering cross sections. The black
dash-dotted line in (a) donates the calculation result using the CH89
potential, while the red solid line is the result after application of the
renormalization parameters (see details in the text). The red dashed
line in (b) represents the calculation using the optical model with the
DA1p potential.

component in the (CD,), target relative to that in the (CH,),
target was determined to be around 9.5%, by a precision of
0.6% (statistical error) [30]. In addition, a systematic error of
1.2% is estimated from the cuts applied in the data analysis
processes. The nonuniformity of the target thickness is about
1.25% (0.05 mg/cm? nonuniformity relative to 4.00 mg/cm?
total thickness). The overall uncertainty of the deuteron-target
thickness is about 2%.

The angular distributions of ''Be elastic scattering on
protons and deuterons (as a ratio to the Rutherford cross
sections) are presented in Figs. 2(a) and 2(b), respectively,
with each data point corresponding to a laboratory angular
width of 1.5°. Because most of the global OPs are mainly
extracted from the stable nuclei data, renormalization factors
for the real and imaginary central potentials are often required
when applied to the scattering of light exotic nuclei [32,33].
For the elastic scattering of ''Be on protons, OP parameters
were searched based on the CH89 [34] global OPs, and the
resulting renormalization factors for the real and imaginary
part are 0.78 and 1.02, respectively [29].
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FIG. 3. (a) The PID in coincidence with the protons detected by
the ADSSD. (b) Summed energy spectrum of the protons in ADSSD
and the corresponding Be isotopes in TELEQ. From high to low
energies, three peaks mostly correspond to the ’Be, !'Be, and '°Be
events in (a).

A new global deuteron potential, called DA1p [35], was
recently developed, based on the experimental data of deuteron
elastic scattering from 1 p-shell nuclei with incident energies
between 5.25 and 170 MeV. This global potential is employed
to calculate the elastic-scattering cross sections of ''Be on
deuterons, which gives a reasonably good description of
the present experimental cross sections in Fig. 2(b). Further
investigation of the 'Be + d elastic-scattering cross sections
including the core excitation in !'Be or using the four-body
model could be found in Refs. [30,36].

B. (d, p) transfer reaction

A particle identification (PID) spectrum, taken by the
TELEO and gated on the protons in the ADSSD, is shown
in Fig. 3(a). The beam particles and other background were
rejected by the timing coincidence between the protons and the
projectilelike Be isotopes. The background from the C target
has been subtracted. It is worth noting that there are no events
corresponding to '?Be generated in the carbon target run. '*Be
in the Fig. 3(a) must come from the (d, p) transfer reaction,
while 'Be and '°Be, with the much broader energy spread,
are most likely from one- or two-neutron decay following

the population of '>Be unbound states. This assumption was
checked by the spectrum displayed in Fig. 3(b). It shows the
sum of the proton energy in the ADSSD and the total energy
of Be isotopes in TELEO, which should be equal to the beam
energy if every fragment was detected. The events in the
three peaks correspond to the population of bound states in
12Be. unbound states decaying to UBe + 5 and “Be + 2n,
respectively. The energy difference between two adjacent
peaks is around 27 MeV, corresponding to the average energy
of one escaping neutron.

Gated on '“Be in Fig. 3(a), the kinematics of the protons
detected in the ADSSD are shown in Fig. 4(a) based on the
detected energies and angles. The excitation energy in '*Be
was deduced accordingly, as shown in Fig. 4(b). The events
corresponding to the 0] ground state are free from the detection
loss or background owing to the relatively higher proton
energies. Monte Carlo simulations give an energy resolution of
about 1.1 MeV (FWHM), in agreement with the width of the
0 (g.s.) peak in Fig. 4(b). A large broad peak was contributed
by the events belonging to the 2.107-, 2.251-, and 2.710-MeV
states in '?Be.

The isomer-tagging method was used to discriminate the
0;“ state. The OEL state is well-known as an isomeric state with
a lifetime of 331 + 12 ns [37] and an EO decay (via ete™ pair
creation) branching ratio of 83 4= 2% [38]. The '?Be ions in the
05 isomeric state were stopped in the TELEO and the 0.511-
MeV y rays from the et e~ annihilations were measured by the
six scintillation detectors surrounding the TELEO (see Fig. 1).
This kind of decay-tagging method has been successfully
applied in many particle-emission experiments [39-41]. The
12Be, protons and y rays triple-timing coincidence within 3 s
was required to obtain the events belonging to the decay from
the 05 state. The energy spectrum of the y ray within the triple
coincidence is presented in Fig. 4(c), where the significance of
the 0.511-MeV y-ray peak is clear. The time spectrum of these
0.511-MeV y ray was fitted by an exponential decay curve.
The extracted half-life time is 270 &£ 120 ns, in agreement
with the reported value [37]. The detection efficiency for the
0.511-MeV y rays, generated from the eTe™ annihilation,
was estimated to be 23 £ 1% using the GEANT4 code [42],
considering the realistic experimental setup.

The random or accidental coincident backgrounds were
checked carefully. First, we selected the IBe and protons
coincident event sample with the same number of events as for
12Be coincided with protons, and checked the simultaneously
observed 0.511-MeV y rays. For each of the possible event
samples (there are many more events for 'Be + p than for
2Be + p), we found only O or 1 event having the 0.511-
MeV y-ray coincidence, to be compared to 14 events for
the '>Be + p + y coincidence. In addition, the timing of the
former y ray (if any) appears always at 0 ns. The similar
check was also performed for other possible coincidences.
It is evident that the observed 0.511-MeV y rays within
the >Be 4+ p + y coincidence are truly from the '’Be + p
system. Second, we checked the empty-target or the carbon-
target runs and find no '*Be + p + y triple-coincidence events,
confirming the expected reaction channel as the source of those
observed triple-coincident events. The random coincident
events were excluded for this triple coincidence considering
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FIG. 4. (a) The measured proton energies versus the laboratory
angles, gated on the ’Be in the TELEO. The red solid lines illustrate
the calculated kinematics of the 'Be(d, p) transfer reaction to the
07 (g.s.) and the 2.251-MeV excited state. (b) The excitation energy
spectrum of '2Be deduced using the protons in (a). The dotted curve in
the inset shows the events in coincidence with the 0.511-MeV y rays
detected by the scintillation counters. (c) The y-ray energy spectrum
in coincidence with '*Be + p events within the 3 us time window.

the low coincident rate and the relatively narrow time
window.

Although the contaminations from the accidental coinci-
dence are negligible for the triple-coincidence events, the
2.107- and 2.710-MeV y rays decaying from the '*Be ex-
cited states may still feed into the triple-coincidence time
window and create possible background. These backgrounds
can be analyzed quantitatively. First, the branching ratio of the
0.144 + 2.107-MeV y rays decay is only 17%, compared with

83% for the eTe™ pair decay, out of the total decay from the
2.251-MeV (02L ) isomeric state [38]. That is why we do not see
the 2.107 MeV peak in Fig. 4(c) considering the total statistics.
Furthermore, based on the detailed Monte Carlo simulations
using the code GEANT4, the detection efficiency is 23 £ 1%
for the 0.511-MeV y rays produced and directly emitted from
the TELEO, but only about 0.2% for the 2.107-MeV vy rays,
which lead to emission of 0.511-MeV y rays via the pair
creations interactions with the detector material. Therefore,
this unfavorable indirect contribution to the 0.511-MeV y-
ray spectrum can be ignored. Other indirect sources might
be the prompt excitation and decay of the 2.710-MeV (17)
and 2.107-MeV (21) states in '?Be. However, since these y
rays are emitted from the target, not from the TELEOQ, their
indirect contribution to the 0.511-MeV y-ray spectrum is
further reduced to less than 0.1%, based on the simulation.
We also noticed that the 2.710-MeV (17) state has almost no
decay branching to the 2.251-MeV (07 ) isomeric state, due to
the energy dependence of the y-decay strength.

III. ANALYSIS OF THE EXPERIMENTAL RESULTS
A. Extraction of the SFs

Differential cross sections for the 'Be(d, p) reaction to
the ground state and excited states in '°Be at 26.9A4 MeV are
presented in Fig. 5. The events belonging to the ground state
(low-lying excited states) are selected by a cut from —1.0—
0.6 MeV (0.6-4.2 MeV) on the excitation energy spectrum
[Fig. 4(b)]. A gate between 0.4 and 0.6 MeV on the y-ray
energy spectrum [Fig. 4(c)] is applied to select the 0.511-MeV
y-ray decay from the isomeric 0;’ state. Especially, the events
belonging to the isomeric state are selected by applying the
coincidence between the proton, '?Be and y ray. The summed
cross sections of 21 and 1™ states are plotted in Fig. 5(c) with
those for the O;“ state subtracted. The error bars in Fig. 5 are
statistical only. The systematic error is estimated to be less
than ~10%, taking into consideration the uncertainties in the
detection efficiency determination (~5%), the (CD,), target
thickness (~2%), and the cuts on the PID spectrum (~4%)
and the excitation energy spectrum (~5%).

To extract the SFs, theoretical calculations were carried
out using the approach of finite-range adiabatic distorted
wave approximation (FR-ADWA), which includes explicitly
the coupling effect of deuterons breakup [6]. In the present
calculation using FRESCO [43], the p + n potential is given
by the Reid soft-core interaction [44]. The ''Be + n binding
potential is a Woods-Saxon form with a fixed radius and
diffuseness parameter of 1.25 fm and 0.65 fm, respectively. The
well depth of the binding potential was adjusted to reproduce
the correct excitation energies. The entrance channel OP is
obtained by folding the 'Be + p and !'Be + n potentials,
with the former extracted from the present elastic-scattering
data in Sec. II and the latter one from global potentials.
Two renormalization factors (.y = 0.78 and Ay = 1.02) were
applied on the global potentials (CH89) as stated above. The
exit channel OP is extracted from the data in Ref. [45].

The SFs of each state for the selected single-particle compo-
nent, was extracted from the present data. The calculated cross
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FIG. 5. Measured differential cross sections of the
UBe(d, p)?Be reaction at 26.94 MeV (solid dots), together
with the FR-ADWA calculations normalized using the SFs, for (a)
the ground state (OT), (b) the isomeric state (O;’ ), and (c) the summed
2% and 17 states. £ in each figure stands for the transferred orbital
angular momentum.

sections, multiplied by the corresponding SFs are shown in
Fig. 5. The s-wave single-particle components were selectively
populated in the or, 02+ states, whose SFs were determined
to be 0.207003 and 0.41701], respectively, as shown in
Figs. 5(a) and 5(b). Considering the ground state of ! ! Be being
1/2%, the single-particle components populated in the 2% or
1~ states should carry a very pure angular momentum of £ = 1
or £ = 2. Data in Fig. 5(c) for the mixed 2% and 1~ states
were fitted by the weighted sum of Si[''Be ®n(ldsp)] +
Sz[”Be®n(1p1/2)], where S| and S, are SFs for the d-
and p-wave neutrons in the low-lying 2* and 1~ states in
2Be, respectively. The red solid curve in Fig. 5(c) shows
the best fit with S1 = 0.26 £ 0.05 and S2 = 0.76 £ 0.17. All
the error bars here correspond to a 68.3% confidence level.
Fitted results of single d-wave with SF = 0.5 and p-wave
with SF = 1.4 are also represented by the dotted and dashed
curves in Fig. 5(c), respectively.

Compared with previous (d, p) transfer reactions [22,26],
without considering the normalization procedure, the SF of 2+
state from the present measurement seems to be compatible
with two out of four sets of results reported in Ref. [26]
for various selections of OPs, namely 0.30 &= 0.10 (set II),
and 0.40 = 0.10 (set III). Besides, the SF of 1~ state here
is in moderate agreement with the result of set IV. In order
to compare quantitatively the present SF results with those
from theoretical calculations and from other measurements, a
normalization is required [46].

B. Quenching factor

The experimentally observed SFs are often smaller than
the shell-model predictions, an effect being exhibited by a re-
duction or quenching factor. This quenching phenomenon was
firmly established from (e, ¢’ p) knockout reactions [47,48].
Using nuclear reactions, such as knockout or transfer reactions,
this quenching effect is also generally confirmed. Since the
individual §Fe, might be sensitive to the choice of OPs and
the practical experimental conditions, the sum rule method
was developed to define the relative SF using the quenching or
normalization factor [49]. By definition the quenching factor
in nucleon-transfer reaction is [46]

1 - add o rem
o), ) Lo
2j+1 opw / ; opw / ;

where the sum of the adding and removing relative cross
sections for a given £, j represents the total degeneracy of that
orbit. For instance, Ref. [46] reported a consistent quenching
factor of about 0.55 for a large number of nuclei, with a
root-mean-square spread of 0.10.

Once the sum rule (SR) was established, the individual
S Fexp can be normalized using the sum rule to give the intensity
(percentage) of each component, which can be reasonably
used to compare with the theoretical predictions. The SF
normalization procedure does not change the ratio between the
SFs. Furthermore, the ratio of these SFs is not very sensitive to
the different selection of the OPs [24,46] (see Sec. IIID). We
will use this ratio in the following discussions to deduce the
single-particle components.

Using the standard method proposed by Barker [14], the
wave functions of the two low-lying O states can be written as
0]y = ai|1s12/2) + b,~|0d52/2) +c,~|0pf/2)(i =1,2), with the
normalization relations al.2 + bi2 + cl.2 =o;+Bi+y;=1and
the orthogonal requirement a;a, + b1b; + cjc; = 0. From the
present measurement, we have «o;/ay = 0.20/0.41 = 0.49.
Using the previously measured 1p;,;-wave strengths in the
charge-exchange reaction, the extracted values are y; = 0.24
and y, = 0.59 within the p-sd model space. Combining
all these conditions, the intensities were deduced: o) =
0.19+£0.07, B = 0.57+0.07, y; =0.24£0.05, an =
0.39 £0.02, B, = 0.02 £ 0.02, y, = 0.59 £ 0.05 [27].

According to the experimental as well as the theoretical
definition of the intensity (/) [14], which is the SF divided by
the adopted sum rule and hence sums up to 100%, together with
the expression of Ref. [13], the quenching factor can easily be
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TABLE II. Extracted SFs of 0f and 05 states corresponding to
the calculations presented in Fig. 5 (Setl) and 6 (Set2—Set4).

Optical potential SF(0) SF(07) ratio

Setl '"Be + plocal, ''Be +n global  0.20 041 205
Set2  ''"Be + plocal, ''Be + n local 0.17 031 1.83
Set3 ''Be 4+ p global, ''Be 4+ 1 global  0.26 055 211

Set4 Be + p global (DWBA) 0.16 0.30 1.88
deduced:
SF,
Fp=—-0 @
12j+1)

Inourcase j = 1/2. Using the § Fp = 0.20 (or 0.41) obtained
from the present potential and the intensity oy = 0.19 (or oy =
0.39), the quenching factor F, can easily be deduced to be
0.53. This factor is quantitatively consistent with 0.55(0.10),
which was obtained from the global analysis [46] and has been
used to normalize the experimental SFs to compare with the
theoretical calculations.

C. Single-particle strengths

The SFs after application of the quenching factor are defined
as SF = SFep/F,. Using the SFs for the 2+ and 1~ state, their
corresponding strengths can be determined by

_2Jp+1

GS=——
2J; +1

SF, 3)
where J; = 1/2 and J; is the spin of the final states in '*Be
[24,46]. According to the sum rule [46,48], the £ =0, £ = 1,
and ¢ = 2 single-particle strength should summed up to be
the vacancies of the corresponding orbitals in ' Be, which are
~1 (251, orbital), ~2 (1py, orbital), and ~6 (1ds,, orbital),
respectively. For the 07, 17, and 27 states, their single-particle
strengths were determined to be 0.58 +0.15, 2.15 4 0.48,
and 1.23 4 0.23, respectively. It is obvious that the 1~ state
carries most of the single-particle strength while there is still
some ¢ = 2 strength missing, perhaps in some unbound states
above the neutron separation energies. The third 0* state was
predicted at about £, = 4.8, E, = 5.5, and E, = 8.5 MeV,
above 1n- and 2n-separation energies of '>Be, by Fortune [15],
Barker [14,21], and Smith [50] with shell-model calculations,
respectively, but was not observed in any experiment at or
around these excitation energies. According to the analysis
above, around a half of s-wave intensity was observed in
the first two O states, and the remaining half is expected in
the unbound O;“ state. In future study, further search for the
predicted 07 state is still anticipated.

D. Investigation using different OPs

We investigated the uncertainties of the SFs ratios caused
by the OP selections. In Fig. 6 and Table II are presented
the measured and the calculated cross sections, together with
the extracted SFs, for the two low-lying 0% states. Here we
used either the local or global potentials for both ' Be + n and
"Be + p systems. “Local” here means the application of the

1.5F SF=0.26 "Be+p ""Be+n Global
fffff SF=0.17 ""Be+p ""Be+n re-normalized
1.2L——SF=0.16 DWBA calculation |

do/dQ(mb/sr)

—————— SF= 0.55 ""Be+p ""Be+n Global (b)
08l SF=0.31 ""Be+p ""Be+n re-normalized i
—— SF=0.30 DWBA calculation
%
E— +
5 06— 02
(S
N
G 04
°
S
©
0.2

0 5 10 15 20
0 c.m(degree)

FIG. 6. The presently measured !'Be(d, p)'*Be differential cross
sections for the (a) first and (b) second O states together with
calculations using different OPs. The calculations using the local or
global potentials are fitted to the data to extract the respective SFs.
See text for more details.

renormalization factors to the depth of the global potentials,
in order to better reproduce the elastic-scattering data. Since
no data for '"Be + n scattering was available, we used the
same renormalization factors as ''Be + p for local !'Be + n
potential (see Sec. II). The DWBA calculations using global
DA1p optical model as the entrance channel OP are also
presented here for comparison. From Table II it can be seen
that, although the SFs may change about +21% for 0} state or
about +27% for 02+ state, the ratio of the SFs for the two states
varies only about +7%. We applied this ratio in the present
work due to its much better stability.

It should be noted that, for the halo nuclei, the application
of the renormalization factors to the global potentials has
been widely adopted [32]. Therefore, the systematic error
of the SFs associated with the OPs should be less than the
above-demonstrated deviation of the SFs associated with local
or global potentials. For the SFs of 2% and 1~, different
OPs as stated above have also been applied, resulting in
around 18% uncertainty. Noting that there is around 7%
uncertainty of the ratio «; /«y, there should also be a similar
uncertainty for the quenching factor. It is much smaller than
the uncertainties resulting from the statistics or the fitting
procedure.

E. Shell-model calculations

We have applied the shell-model calculations, with the latest
YSOX interaction [51,52], to reproduce the experimentally

014616-7



PHYSICAL REVIEW C 98, 014616 (2018)

J. CHEN et al.

S 4 (@)

[) 3 [ ] R

= _— e 1

=< 2r — ] o,

u g) [ Inverted Correct 17— 2*
Exp wbp Case1l Case2

Intensity (%)

0 o

1 2

FIG. 7. (a) The level schemes of the low-lying states in '?Be from
the experimental data and shell-model calculations with WBP [22] or
YSOX Hamiltonian. The individual s-, p-, and d-wave intensities for
the 0F and 0 states deduced from experiments (b) compared to those
calculated using YSOX interaction in Casel (c) and Case2 (d).

observed SFs. The calculated individual s-, d-, and p-wave
intensities for the low-lying bound states in '>Be, represented
by Casel, are compared to the ones from present measurement
in Fig. 7. Although Casel generally reproduced the individual
intensities, it predicted an inverted energy-level order for 2%
and O; states. Furthermore, the p-wave intensity is a little
higher than the experimental value [13], while the d wave is
lower than experiment. A decrease of 0.5 MeV for the d orbitin
the calculation would result in the correct level order, and also
a better reproduction of the p-wave intensities was achieved,
as displayed by Case2 in Fig. 7.

The SFs and configurations of the low-lying states of >Be
calculated using the YSOX interaction (Casel), and those
obtained after decreasing 0.5 MeV for the d orbital (Case2)
are shown in Table III. The experimental SFs were normalized
using the quenching factor (£, = 0.53). In the calculation,
the ground state is dominated by the intruder configuration
with two particles in the sd shell, whereas the 0;’ has a

much larger normal configuration (p shell), in agreement
with the experiments. The 1~ or 2% state is dominated by
the configuration with one or two particles in the sd shell,
respectively.

The calculated SFs and excitation energies (E,) of the
OT, 2+, and 0;’ states are in reasonable agreement with the
experimental results, but those for the 1~ state show some
deviations. Considering the ground state of ''Be dominated
by the s-wave component, the present SF of the 1= or
27" state represents the sd- or sp-single-particle strength in
the respective state. For the 27 state, the agreement of the
experimental and calculated values supports the dominance
of the sd-single-particle configuration in the calculation. The
experimental SF for the 17 state is higher than the calculated
one, indicating higher sp-single-particle strength than the
calculation. Generally, the YSOX interaction gives a very pure
sd configuration for 2% and around 82% sp-single-particle
configuration for 1~ state. Our result supports this single-
particle configuration.

The B(E2), B(E1) value, one- and two-neutron-separation
energy (S, and S,,) of '“Be, the S,, energy levels and
configurations of ''Be were also calculated using the YSOX
interaction, and the results are shown in Table IV. The inversion
of ground state and 1/2 first excited state in ''Be, as well as
the intensities of the main configuration in these two states
are reasonably reproduced. The calculated S, of '*Be is in
reasonable agreement with experimental value, while either
the S, of ''Be or the S», of >Be shows relatively larger
deviation, indicating that binding energy of 'Be might be
not well reproduced using this interaction. The B(E?2) value
(Ofr to 2%) is consistent with the experimental observation,
with the value for the transition from 02“ to 2% a little higher
than the experiment. Meanwhile, the B(E1) is very different
from the measured value, in addition to the deviation in the
SF and excitation energy of 1~ state from the experimental
values, as stated above. This indicates that the theoretical
model still demands further development to better describe
these experimentally observed qualities. It was found that
the application of Woods-Saxon potential increases largely
the calculated E'1 amplitude [a factor of 50 in B(E1) in some
cases] compared to the one with harmonic-oscillator basis,
possibly because of the larger extension of the radial wave
function [54].

TABLEIII. Experimental excitation energies and normalized SFs from present !!Be(d, p) reactions, in comparison to the calculated values,
together with the calculated 0—37w configurations of the low-lying states in '*Be. The 0, 1, 2, 3%iw represent the configurations where 0, 1, 2, 3
particles are excited to the sd-shell. Here Casel and Case2 stands for the calculation results using YSOX and modified YSOX interactions,

respectively. See text for more details.

I E, (exp) SF (exp) E, (theory) SF (theory) 0hw 2hw 1hw 3hw
07 (Casel) 0.00 0.38(8) 0.00 0.44 36% 64%
2% (Casel) 2.11 0.49(09) 2.594 041 5% 95%
05 (Casel) 2.24 0.77(21) 2.380 0.67 46% 54%
1~ (Casel) 2.71 1.43(32) 3.628 0.69 93% 7%
07 (Case2) 0.00 0.38(8) 0.00 0.42 30% 70%
2% (Case2) 2.11 0.49(9) 2.439 0.42 7% 93%
05 (Case2) 2.24 0.77(21) 2.639 0.59 50% 50%
1~ (Case2) 2.71 1.43(32) 3.868 0.69 94% 6%
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TABLEIV. Some physical observables of !!Be and !*Be from the experiments and from the present shell-model calculation using the YSOX
interaction in Casel. The effective charges is fixed to be e, = 1.26 and e, = 0.21 in the present calculation.

12Be | lBe
B(E2)* B(E2)® B(ET1) Sy Son | Sy Jr s intensity  E, of 1/27  p intensity
(e*fm*) (e*fm*) (e*fm?) MeV) (MeV) | (MeV) gs. g.s. (MeV) 1/2-
calculation 33.19 9.15 0.00097 273 2.14 —059 gs. 78% 0.90 86%
experiment 40+ 114+4 7.040.6 0.051+0.013 3.171 3.672 0.502 gs. 71% 0.32 62%
[9] [37] (8] [53] [53] [53] [53] (6] [53] [6]

2From 0] to 2+.
*From 0 to 2*.
*From 07 to 1-.

F. Discussion

In the present !'Be(d, p) transfer measurement, the single-
particle components of the ground state and the isomeric state
have been determined and the result shows a clear d-wave
predominance in the ground state of '?Be. This is a very
dramatic evolution of the intruder mechanism from !'Be,
whose ground state is dominated by the s-wave component.
The most recent knockout reaction performed on a proton
target also provided evidence for the dominance of the d-wave
component in the ground state of '?Be [55].

The parity inversion due to the lowering of the intruder
2512 orbital crossing the normal 1p,, orbital in ''Be leads
to the well-established one-neutron halo. The dominance of
the d-wave component in '?Be ground state is a possibly
result of stronger pairing interaction that favors neutrons in
higher ¢ orbital and hinders the halo formation [56]. From
the microscopic view, the lowering of 1ds,, orbital energy is
related to the deformation of the nuclei, as shown in the Nilsson
model. The enhanced collectivity of '*Be was indicated in
the electromagnetic quadruple transition measurement [9,10].
This deformation might be related to the well-established
a-cluster structures in the Be-isotope chain [57-61].

IV. SUMMARY

In summary, a new ''Be(d, p)'?Be one-neutron transfer
reaction was carried out in inverse kinematics at 26.9A4 MeV.
The experiment was specially designed to determine the
thickness of the (CD,),, target and to measure the cross sections
of the O; state. In order to obtain the (CH;), component in
the (CD,), target and also to extract the OPs for the entrance
channel, the elastic-scattering cross sections of lBe + p and
"Be + d were measured during the experiment. The possible
background in the isomer-tagging method, which was used to
determine the cross section of the O; state, was analyzed in
detail. The SFs of the low-lying states of '?Be were extracted
by comparing the experimental differential cross sections to
the calculations using the FR-ADWA approach. The ratio of
the SFs for the first two 0T states, along with the previously

determined p-wave components were used to determine the
single-particle components in the 0 and 0 states as well as
the quenching factor. The relative spectroscopic factors were
shown to be less sensitive to the different selection of optical
potentials, and its application with the configuration mixing
analysis provided important insights on the wave function of
the 0 and 0 states. After application of the quenching factors
on the experimental SFs, comparison was made directly with
various shell-model calculations using the recently developed
YSOX interaction. This interaction was found to reproduce
reasonably various characteristics in ''Be and '’Be, while
some improvement is still anticipated in the future. The d-wave
component was shown to be dominant in the ground state
of '?Be. The dramatic configuration change from ''Be (g.s.)
to '”Be (g.s.) might be attributed to the pairing interaction
of the valence neutrons and the enhanced collectivity in the
low-lying states of '?Be. The present SFs for the 2 and 1~ state
support dominance of sd- and sp-single-particle configuration,
respectively. There might be some missing £ =0 and ¢ = 2
strength in the unbound state of '?Be, expecting to be explored
by the future experiments.
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