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New investigation of low-lying states in 12Be via a 2H(13B, 3He) reaction

W. Liu,1 J. L. Lou ,1,* Y. L. Ye ,1 S. M. Wang,2,3 Z. W. Tan,1 Z. H. Li,1 Q. T. Li,1 H. Hua,1 X. F. Yang,1 J. Y. Xu,1

H. J. Ong,4,5,6,7 D. T. Tran,4,8 N. Aoi,4 E. Ideguchi,4 D. Y. Pang,9 C. X. Yuan,10 Y. Jiang,1 B. Yang,1 Y. Liu,1 J. G. Li,1

Z. Q. Chen,1 J. X. Han,1 S. W. Bai,1 G. Li,1 K. Ma,1 H. Y. Zhu,1 and B. L. Xia1

1School of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2Key Laboratory of Nuclear Physics and Ion-beam Application (MOE), Institute of Modern Physics,

Fudan University, Shanghai 200433, China
3Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China

4Research Centre for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan
5Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

6Joint Department for Nuclear Physics, Lanzhou University and Institute of Modern Physics,
Chinese Academy of Sciences, Lanzhou 730000, China

7School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 100049, China
8Institute of Physics, Vietnam Academy of Science and Technology, Hanoi 10000, Vietnam

9School of Physics, Beijing Key Laboratory of Advanced Nuclear Materials and Physics, Beihang University, Beijing 100191, China
10Sino-French Institute of Nuclear Engineering and Technology, Sun Yat-Sen University, Zhuhai 519082, China

(Received 14 December 2021; revised 23 February 2022; accepted 7 March 2022; published 21 March 2022)

We investigate the low-lying positive-parity states in 12Be, which are populated by the 2H(13B, 3He) reaction
via l = 1 proton transfer for the first time using a radioactive beam 13B at 23 MeV/nucleon. Spectroscopic factors
and excitation energies of these states are in reasonable agreement with the shell model predictions. Besides two
bound states, we observe a resonant state at Ex = 4.8 ± 0.1 MeV with an intrinsic width of 0.42 ± 0.28 MeV,
which predominately decays via one neutron to the bound states in 11Be. It most likely corresponds to the
En = 1.24 MeV state observed in the previous one-proton removal reaction. The spin-parity of 2+ is tentatively
assigned to this resonance according to the analysis of its angular distributions as well as the theoretical
calculations, including shell model and Gamow coupled-channel approach.
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I. INTRODUCTION

With the development of accelerator and nuclear detection
technologies, more and more unstable nuclei far from the
β-stability line were produced. For unstable nuclei, especially
those in the light-mass region, the rearrangement of some
orbitals often appears, leading to the reduction or disappear-
ance of N = 8 [1] shell gaps, as well as the appearance of
new magic numbers at N = 16 [2], 32 [3], 34 [4], and so
on. One of the most famous examples is the one-neutron (1n)
halo nucleus 11Be. The spin parities of its ground state (g.s.)
and the first excited states are 1/2+ and 1/2−, respectively,
indicating the intrusion of s orbital and the breakdown of the
magic number at N = 8 [5–9].

12Be, with one more neutron than 11Be, was also in-
tensively investigated by a variety of experiments, such as
the 10Be(t , p) reaction [10], the inelastic scattering of 12Be
[11], the 2H(11Be, p) reaction [12–16], the charge-exchange
reaction [17], and the 1n [18,19] or one-proton (1p) [20]
removal reactions and so on. The spin parities of the four
bound states at excitation energies of Ex = 0, 2.11, 2.25, and
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2.71 MeV have been firmly assigned to be 0+
1 , 2+

1 , 0+
2 , and

1−
1 , respectively. However, the experimental information of

the unbound states in 12Be is very scarce. Until now, only one
near-threshold state at Ex = 3.21 MeV and two states at Ex =
4.58 and 5.71 MeV were observed from the measurements
of 1n, two-neutrons (2n), and multiple-nucleons transfer reac-
tions [10,16,21,22]. Their spin parities were only tentatively
assigned to be 0−, 3−, and 4+, respectively [16,23,24]. The
energy level scheme of 12Be is summarized in Fig. 1.

Another resonant state of 12Be, decaying via 1n with an
energy of En = 1.24 ± 0.021 MeV and a width of 634 ± 60
keV, was observed from the 1p removal reaction of 13B [20].
However, the excitation energy and spin parity of this resonant
state was not finally determined. As shown in Fig. 1(c), it
would be 4.412 or 4.732 MeV when it decays to the g.s. or to
the first excited state of 11Be. The corresponding spin parity
would be most likely 2− or 2+ [20]. Recently, a resonance
with an excitation energy of Ex = 4.44 ± 0.15 MeV and a
width of 0 ≈ 0.43 MeV was observed in the 2H(11Be, p) re-
action [16]. The distorted wave Born approximation (DWBA)
analysis suggested that this state was composed of a 11Be core
in its g.s. and a neutron with the transfer angular momentum
l = 1. Its parity should be negative, and it might correspond to
the En = 1.24 MeV state [20]. However, based on shell model
calculations, Fortune pointed out that the En = 1.24 MeV
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FIG. 1. Energy level scheme of (a) 12Be, (b) 11Be, and (c) the
possible decay path of the En = 1.24 MeV state in 12Be, which was
observed from the 1p removal reaction [20]. The excitation energy of
the En = 1.24 MeV state was not determined. See text for the details.

state is unlikely to be a negative-parity state because the spec-
troscopic factor (SF) of an s-shell proton removed from 13B
is very small (SF ≈ 0.01) [24–26]. Even if the core excitation
components in both nuclei of 13B and 12Be were taken into
consideration, only the first (two/three) 0+ and 2+ states can
be populated by the 1p removal or transfer reactions [27]. At
the same time, Fortune encouraged a new investigation of the
2H(13B, 3He) reaction [27]. However, the calculated SFs [27]
are very different from the results anticipated by Macchiavelli
et al. with the rotational model [28] (see below). The uncertain
spin-parity assignment of this resonance, ambiguous decay
path, and different theoretical predictions stimulate a new
investigation of the 2H(13B, 3He) reaction.

In this paper, we report on the results of a new (d , 3He)
experiment performed with a radioactive beam of 13B at
23 MeV/nucleon in inverse kinematics. The experimental
setup is described in Sec. II. The experimental results of the
13B +d elastic scattering and the 2H(13B, 3He) reaction are
shown in Sec. III, followed by the corresponding theoretical
calculations in Sec. IV. A brief summary is given in the last
section.

II. EXPERIMENTAL SETUP

The experiment was carried out at the EN-course beam line
at Research Center for Nuclear Physics (RCNP), Osaka Uni-
versity [29,30]. A secondary beam at 23 MeV/nucleon with
a purity of 98 % and an intensity of ≈2.0 × 104 particles per
second was produced from a 60-MeV/nucleon 18O primary
beam impinging on a 3.8-mm-thick 9Be target, and purified
by the electromagnetic separator after punching through a
3.07-mm-thick aluminium degrader. The energy spread of the
secondary beam was �E/E � 1.5%.

Figure 2 shows the experimental setup. Two plastic scin-
tillation detectors, F2 PL and F3 PL, which provide both
the time-of-flight (TOF) and the energy losses (�E ) of the
fragments, were used to discriminate the secondary beam.
The incident angles and hit positions on the targets of the 13B
beam were determined by two position-sensitive parallel plate
avalanche chambers (PPACs) with resolutions less than 0.3◦
and 1.5 mm. The PPACs were installed upstream of a (CD2)n
target with a thickness of 3.98 mg/cm2, which was rotated

FIG. 2. Schematic view of the experimental setup.

20 ◦ relative to the beam direction to reduce the energy losses
in the target of the charged particles emitting to T2 and T1
(see Fig. 2). The experimental results with a (CH2)n target in
the same experiment have been published in Ref. [31].

As plotted in Fig. 2, four sets of charged particle telescopes
named T0, T1, T2, and TA were installed in a large scatter-
ing chamber to detect the projectilelike particles around the
beam direction, the targetlike charged particles, the deuterons
elastically scattered from 13B, and the protons from the
2H(13B, p) 14B reaction, respectively. T0, T1, and T2 were
all composed of a double-sided silicon strip (DSSD) detec-
tor, one or two large surface silicon detectors (SSD), and a
layer of 4-cm-thick CsI(Tl) crystals read out by photodiodes.
Both DSSD (32 × 32 strips) and SSD had an active area
of 64 × 64 mm2 . T0 centered at around the beam direction,
was made up of a 1000-μm-thick DSSD, two 1500-μm-thick
SSDs, and a layer of CsI(Tl) detectors. T1 and T2 consisting
of the same compositions, namely a 60-μm-thick DSSD, a
1500-μm-thick SSD and an array of CsI(Tl) crystals, were
installed at around 31 ◦ and 70 ◦ with respect to the beam line.
The distances between the center of target and the first layer
of T0, T1, and T2 were 200, 150, and 150 mm, respectively.
The angular and energy resolutions of T1 and T2 were 0.9 ◦
(FWHM) and less than 1% for α particles at 5.486 MeV,
respectively. TA, a set of the annular double-sided silicon
strip detector (ADSSD) composed of six sectors, was not
involved in this paper. Please see more details about TA in
Refs. [14,15].

III. EXPERIMENTAL RESULTS

A. Elastic scattering

The experiment was performed in inverse kinematics, and
different reaction channels were discriminated by the coinci-
dence detection of boron or beryllium isotopes in T0 and light
particles in other telescopes. As shown in Fig. 3, protons and
deuterons detected in the telescope T2 are clearly identified
by the standard �E -E method. The inset of Fig. 3 presents
the particle identification (PID) spectrum detected in T0 after
gated on the recoil deuterons detected in T2. Although 13B is
predominant, a small amount of 12B and a few 11B events are
also seen.

Figure 4 displays the bidimensional kinematic spectrum of
the recoil deuterons in coincidence with the boron isotopes.
The kinematic loci (red solid curve) well reproduce the elastic
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FIG. 3. Deuterons elastically scattered from 13B in the particle
identification (PID) spectrum measured by T2. The inset shows the
PID spectrum measured by T0, where the boron isotopes are shown
in coincidence with deuterons.

scattering data of 13B +d . Several low-lying states are ob-
served from the inelastic scattering of 13B +d . The excitation
energy spectrum deduced from the energies and angles of
the recoil deuterons detected in T2 is given in Fig. 5. The
elastic scattering peak centered at around 0 MeV is evidently
discriminated from other low-lying excited states.

The elastic scattering differential cross sections, as a ratio
to the Rutherford cross sections, are plotted in Fig. 6. The
count of the outgoing deuterons for each data point, which
corresponds to an angular range of 1.5 ◦ (2.0 ◦ at small angles)
in the laboratory frame, was obtained by fitting the excitation
energy spectrum shown in Fig. 5. The integrated resolution
of 990 keV (FWHM) is in good agreement with the simulated
result using GEANT4 package [32], which considers the energy
spread of the secondary beam (1.5%), the energy losses of
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FIG. 4. Bidimensional plot of energy vs angle in the laboratory
frame for the recoil deuterons in coincidence with the boron isotopes
at forward angles. The kinematic loci for the elastic scattering of
13B +d are shown as the red solid curve.

FIG. 5. Excitation energy spectrum of 13B reconstructed from
energies and angles of the scattered deuterons measured by T2.
The inset shows more details of the energy spectrum for inelastic
scattering.

outgoing deuterons and 13B in the target, as well as the energy
and angular resolutions of real experimental setup. For each
data point, the width of the Gaussian peak fixed at zero was
determined by the GEANT4 simulation. Only the amplitude
of Gaussian function was left as a free parameter for each
peak during the fitting procedure. The error bars are purely
statistical. The systematic error is less than 8%, considering
the uncertainties in the geometrical efficiency determination
(5%), the thickness of the target (2%), and the cuts on the PID
spectrum (5%) shown in Fig. 3.

The (CD2)n target is made from deuterated polyethylene,
which is usually contaminated by the hydrogen compo-
nents. Following the procedure described in Refs. [33,34], the

FIG. 6. Elastic scattering differential cross sections, relative to
the Rutherford cross sections. Two sets of global optical potentials
were employed for the theoretical calculations. See text for more
details.
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TABLE I. Parameters of the optical model potentials for the elastic scattering and 2H( 13B, 3He) 12Be reaction calculations.

VV rV aV WV rW aW WS rWS aWS Vs.o. rs.o. as.o. rC

Channel (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV · fm) (fm) (fm) (fm) (fm) (fm) (fm) χ2/n

13B +d (Daehnick) 76.766 1.170 0.788 2.741 1.325 0.655 11.467 1.325 0.655 2.994 1.070 0.660 1.300 5.08
13B +d (DA1p) 83.287 1.063 0.776 10.898 1.785 0.744 0.011 1.785 0.744 0.000 – – 1.300 7.09
12Be + 3He 114.214 1.090 0.815 3.316 1.256 0.840 23.052 1.256 0.840 0.000 – – 1.300

percentage of contaminated hydrogen component was deter-
mined to be 11.5 ± 0.3%. The error 0.3% was deduced from
the statistics of the numbers of the scattered light particle and
the incoming beam particles.

In the framework of optical model, two sets of global
optical potentials (OPs), Daehnick [35] and DA1p [36], were
applied to describe the elastic scattering data of 13B +d using
the code FRESCO [37]. To better describe the experimental
data, the best depths of the real (VV) and the imaginary part
(W V + W S) were searched with the χ2 minimization method.
The geometric parameters r and a were not varied and were
those of the global OPs. Both OPs can well reproduce the
current data, as shown in Fig. 6. The best optical potential
parameters and the corresponding χ2/n values are listed in
Table I.

B. 2H( 13B, 3He) 12Be transfer reaction

The analysis of differential cross sections of the
2H(13B, 3He) reaction is based on the coincidence of 3He
measured in T1 and beryllium isotopes detected in T0. The
1n (2n) separation threshold of 12Be is Sn = 3.1707 (S2n =
3.672) MeV. For the states with excitation energies above
theses thresholds, which are populated by the 2H(13B, 3He)
reaction would emit 1n or 2n, and 11Be or 10Be would be
detected in the telescope T0. Figure 7 exhibits the beryllium
isotopes detected by T0, with a gate of 3He measured in
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FIG. 7. PID spectrum of the beryllium isotopes detected by T0
in coincidence with the light charged particles measured in T1. The
inset shows the measured helium isotopes by T1.

T1. 10Be, 11Be, and 12Be are evidently observed. The helium
isotopes detected in T1 are shown in the inset of Fig. 7.

Figure 8 illustrates the energies vs angles for 3He measured
by T1 in coincidence with the beryllium isotopes emitting to
T0. The energy losses of 3He in the target were corrected in
Fig. 8, assuming a reaction point at the middle of the target.
The excitation energy spectrum of 12Be, as shown in Fig. 9,
was reconstructed from the energy and angle of 3He with
a gate of the beryllium isotopes. Three peaks are observed
in the region of Ex < 7 MeV. The first peak is around zero,
corresponding to the g.s. of 12Be. The second peak at around
Ex = 2.2 MeV should be a mixture of the 0+

2 (2.251 MeV) and
2+

1 (2.109 MeV) excited states. As stated above, the 2.71-MeV
state with a spin-parity of 1− is ruled out from the second peak
because the negative-parity states are unlikely to be populated
in the proton-removal or the proton-transfer reaction [26]. For
the third peak, the excitation energy at around Ex = 4.8 MeV
is above both 1n and 2n separation thresholds of 12Be. Most
events of this peak were observed from the coincidence of 3He
and 11Be rather than 10Be, demonstrating it predominantly
decays to the bound states of 11Be, referred to as the g.s. or
the first excited state at Ex = 320 keV. The relative branching
ratio of the 1n and 2n decay channels was determined to
be 84 ± 14% by calculating the ratio of the 3He counts in
coincidence with 11Be and 10Be ions. Note that the yield of
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FIG. 8. In coincidence with the beryllium isotopes, the energies
of 3He as a function of angles in the laboratory frame. The red lines
illustrate the calculated kinematics of the 2H( 13B, 3He) 12Be transfer
reaction to the states of interest in 12Be.
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FIG. 9. Excitation energy spectrum of 12Be reconstructed from
the energies and angles of 3He at 24-44◦. The blue dashed curves
show the fitted peaks for each state, and the red solid curve shows
the sum of blue dashed curves. The number of degrees of freedom
(ndf) corresponds to the number of data points used in the fit minus
the number of free parameters.

10Be includes possible contributions from directly populated
the resonances in 11Be that subsequently decay to 10Be via
emitting 1n. The decaying path predominated by 1n is similar
to the En = 1.24 MeV state [20].

As displayed in Fig. 9, the spectrum was fitted with three
peaks in the region of Ex < 7 MeV. In this experiment, both
the energy and the time information of each detector were
recorded. Time cut was used when we analyzed the excitation
energy spectrum from the coincidence events to reduce the
random coincidence events. The background contributions
from reactions with carbon in the physical target of (CD2)n

were verified to be negligible via the analysis of run files
using the carbon and empty targets. Thus, no background was
included in the fitting functions.

The Gaussian and Breit-Wigner functions [16,38] were
convoluted with the response function of the whole detection
system to fit the bound and unbound states in 12Be, respec-
tively. The response function of the present detection system
was simulated using GEANT4 package, taking into considera-
tion the energy spread of secondary beam (1.5%), the energy
losses of 3He in the target, the detection threshold and dead
areas of various detectors, the energy (including the noise of
detection system and the statistical fluctuation for different
deposited energy, which is characterized by Fano factor), and
angular resolution (0.9◦) of the real experimental setup. An
integrated energy resolution of 0.69–0.57 MeV (FWHM) was
obtained for the states in the excitation energy range of Ex =
0.0-6.0 MeV. For the two bound states, only the amplitudes
were left as free parameters while the peak positions were
fixed at 0 and 2.2 MeV and their widths were deduced from
the response function.

For the resonance, the Breit-Wigner function F (Er ) with
an energy-dependent width �(Er ) is defined as [16,38]:

F (Er ) = �(Er )

(Ex − E0)2 + �2(Er )/4
, (1)

where Er is the relative energy of the decay particles, E0

and Ex are the centroid energy and the excitation energy of
the resonant peak, respectively. Note that the resonant state
predominantly decays by 1n to the first excited state in 11Be
rather than 2n to 10Be. The relationship between Er and Ex

is Ex = Er + Sn + 0.32, where Sn = 3.1707 MeV is the 1n
separation energy of 12Be and 0.32 MeV is the excitation
energy of the first excited state in 11Be. The energy-dependent
width is defined as �(Er ) ≡ g

√
Er , where g is a free parameter

during the fitting procedure. Based on the χ2 minimization
method, the centroid and the intrinsic width of this resonant
state are fitted to be 4.8 ± 0.1 MeV and 0.42 ± 0.28 MeV,
respectively.

To obtain the differential cross sections, the excitation en-
ergy spectra were fitted every five degrees in the laboratory
frame. Differential cross sections for these three peaks are
shown in Fig. 10. The error bars are purely statistical. The
systematic error is less than 10 %, taking into consideration
the uncertainties in the geometrical efficiency determination
(5%), the thickness of the target (2%), and the cuts of 3He
(5%) and the boron isotopes (5%) on the PID spectra shown
in Fig. 7.

The DWBA calculations with different transferred orbital
angular momentum, namely l = 1 and l = 0, were performed
with the codes FRESCO [37] and TWOFNR [39] using the finite-
range transfer interactions. Normalized Daehnick potential
parameters deduced from the elastic scattering differential
cross sections were adopted for the entrance channel, con-
sidering the relatively smaller χ2/n value comparing with
the normalized DA1p potential. Systematic OP parameters
of GDP08 [40], which was developed by Pang et al. for the
A = 3 projectiles, were used for the exit channel. All the
optical potential parameters are listed in Table I. The depths of
binding potentials were adjusted to reproduce the 1p binding
energy of 13B. The other parameters were set to default values,
such as r = 1.25 fm, a = 0.65 fm. Comparing the experi-
mental differential cross sections to the DWBA calculations,
the experimental SFs were determined and summarized in
Table II. The uncertainties for the SFs correspond to a 68%
confidence level with χ2

min + 1. As listed in Table II, the dif-
ference between the SFs extracted from the results of FRESCO

(SFFRESCO) and TWOFNR (SFTWOFNR) is less than 15%. Note
that the calculated differential cross sections in Fig. 10 have
been averaged over an angular range corresponding to the
angular acceptance for each data point and been multiplied
by the corresponding experimental SFs.

For the bound excited states as displayed in Figs. 10(a)
and 10(b), the DWBA calculations with the l = 1 proton
transfer well describe the experimental angular distributions.
As an example, in Fig. 10(c), the DWBA calculation with the
transferred proton angular momentum l = 0 is illustrated as
the black dotted curve. The l = 0 curve could not give a good
reproduction of the angular distributions, and thus produces
a very large χ2 value (χ2 = 17.70). The l = 1 curves are
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TABLE II. Excitation energies and SFs for the low-lying states in 12Be. The experimental SFs are extracted from the present 2H(13B, 3He)
reaction and the corresponding uncertainties are from the fit to the differential cross sections for each state based on the χ2 minimization
method. Comparing with the experimental results, the shell model calculation results with the latest YSOX interaction [41], as well as the
results obtained by Fortune [27] and Macchiavelli et al. [28] are also given. The excitation energies and the intrinsic width of low-lying states
in 12Be predicted by the GCC approach [42] are comparably listed.

Expt. YSOX [41] Fortune [27] Macchiavelli et al. [28] GCC [42]

Jπ Ex (MeV) SFTWOFNR SFFRESCO Ex (MeV) SF Ex (MeV) SFa Ex (MeV) SF Ex (MeV) � (MeV)

0+
1 0.000 0.49(8) 0.43(7) 0.000 0.28 0.0 0.60 0.0 0.50 0.000

2+
1 2.109 0.60(11) 0.62(11) 2.446 0.28 2.11 0.36 2.11 0.50 2.33

0+
2 2.251 2.779 0.17 2.25 0.10 2.25 0.00 2.54

2+
2 4.8(1)b 1.49(20) 1.45(19) 5.078 1.74 ≈5 1.46 4.80 0.091

0+
3 5.565 0.01 4.8 small 4.84c 0.513

2− 5.152 [16] <0.01 5.120 [24] ≈ 0.01 [26] 4.515 0.814

aThe values were calculated from SF = SF1p × SF/SF1p, where SF/SF1p was given in Table 1 of Ref. [27], and SF1p was 0.7 and 2.5 for the
0+ and 2+ state, respectively [27].
bThe spin parity of this resonance is tentatively assigned in this work.
cThe excitation energy and intrinsic width of 0+

4 , while they are 3.57 and 0.046 MeV of 0+
3 .

(a)

(b)

(c)

FIG. 10. Differential cross sections of the 2H(13B, 3He) 12Be
transfer reaction to (a) the 0+

1 , (b) the mixed state of 0+
2 and 2+

1 , and
(c) the 4.8-MeV state in 12Be. The 0+

2 state can not be separated
from the 2+

1 state, so they were fitted as one peak in Fig. 9. The
excitation energies as well as the spin parities of each state in 12Be,
and the transferred orbital angular momentum l , which were used
in the calculations with the codes of FRESCO and TWOFNR, are
given in the figures. Note that the calculation results using the finite-
range transfer interactions have been averaged over an angular range
corresponding to the angular acceptance for each data point.

consistent with the differential cross sections of this reso-
nance, which is similar to the experimental result of the 1p
removal reaction [20].

IV. THEORETICAL CALCULATIONS

A. Shell model

Together with the experimental results, the calculated ex-
citation energies and SFs for the related states using various
theoretical models are summarized in Table II. The shell
model calculations with the YSOX interaction [41] were per-
formed in a full p-sd model space. The predictions from
Fortune using a simple shell model [27] and Macchiavelli
et al. with a rotational model [28] are also listed in Table II.

The sum of SFs for 1p transitions to all the excited states
below 5 MeV is equal to ≈2.5 according to our shell model
calculations as well as Fortune’s predictions. Therefore, in
order to directly compare with the theoretical calculations,
the SFexp was normalized to 2.5 and listed in Table II. Note
that the second peak in Fig. 9 should have two components
that can not be resolved due to the limited experimental res-
olution. Since the DWBA calculations give almost the same
cross sections for the 0+

2 and 2+
1 states, the SF in Table II

for this peak should correspond to the summation of the SFs
for these two excited states. All the calculations predicted a
relatively larger SF for the 2H(13B, 3He) reaction to the 2+

1
state than to the 0+

2 state. In addition, the SF of the 2+
2 state

is dramatically larger than that of the 0+
3 state. The excitation

energy and the very large SF for the resonant state observed
in this experiment are in good agreement with shell model
predictions for the second 2+ state. Therefore, the spin parity
of 2+ was tentatively assigned to this resonance.

B. Gamov coupled channel

The Gamow coupled-channel (GCC) approach was also
used to calculate the excitation energy, spin parity, intrinsic
width, and configurations of the low-lying states in 12Be. We
assumed 12Be as a deformed 10Be core plus two neutrons, and
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took into consideration the coupling to the continuum. The
interaction and model space in Refs. [16,42] were adopted.
The SFs were not calculated for the 2H(13B, 3He) reaction
because 13Bg.s. were not well described by GCC [31]. As listed
in Table II, the excitation energy of the newly observed reso-
nance at 4.8 MeV are in line with that of the 2+

2 and 0+
4 states

predicted at 4.80 and 4.84 MeV, respectively. Both of them are
candidates for this new resonance. For the 2+

2 state, the GCC
predicts that two valence neutrons populate p orbitals with
a predominant percent 44%(p1/2 p1/2) + 39%(p1/2 p3/2) but
populate the intruder sd orbitals with a very little probability.
It is similar to the wave function of 12Be used in shell model
to predict the SF of 2H(13B, 3He) [27], so are the 0+ states.
A large SF (1.46) for the 2+

2 state but a very small SF for the
0+ state are predicted by various shell model calculations (see
Table II). Considering larger experimental SFexp for this new
resonance, the 2+

2 is most probably.

C. Width of the resonance

For the 2+
2 state, the resonant width of 91 keV predicted by

GCC is in good agreement with that of ≈80 keV calculated by
Fortune using shell model [24]. However, they are both signif-
icantly smaller than the experimental ones observed from the
present experiment (0.42 ± 0.28 MeV) and the 1p removal
reaction (634 ± 60 keV) [20]. Three possible explanations
for the experimental width of the En = 1.24 MeV state were
suggested by Fortune: (i) mixed with other states; (ii) decay
to the g.s. and the first excited state in 11Be at the same time;
(iii) a possible enhancement factor of 1.6 in neutron decays
extracted from decay-in-flight experiments [25]. First of all,
the 0+

3 state at 5.565 MeV calculated from our shell model
calculations with YSOX interaction is evidently higher than
the experimental one. The 0+

3 (0+
4 ) state at Ex = 4.8 MeV

(4.84 MeV) predicted by Fortune’s shell model (GCC), which
has not been observed experimentally till now, has a very large
probability. Second, as listed in Table II, both shell model
and GCC calculations suggest that the excitation energy of
the 2− state is close to the 4.8-MeV resonance. The intrinsic
width of 0.814 MeV predicted by GCC has the same order of
magnitude as the experimental value of 0–0.43 MeV, demon-
strating that it probably corresponds to the 4.44-MeV state
observed in the 2H(11Beg.s., p) 12Be reaction [16]. However,
it is hard to populate either the 0+

3 /0+
4 or the 2− states in

the 1p removal/transfer reaction because all their SFs are
small (see Table II). Therefore, even if they were populated,
the probability would be very small. If the newly observed
4.8-MeV resonance was mixed with a small percent of them,
the width would be widened from 80–91 keV to several hun-
dreds keV but the peak position would not change largely.
More investigations of 1p removal/transfer reaction with bet-
ter detection resolution in the future are required to clarify
whether it is a single or a mixed resonance. The third possi-
bility is able to be easily ruled out because our experiment is
not a decay-in-flight experiment.

V. SUMMARY

The low-lying positive-parity states in 12Be were investi-
gated using the 2H(13B, 3He) reaction for the first time with
a radioactive beam 13B at 23 MeV/nucleon. Three peaks
were obviously populated with the transferred proton angu-
lar momentum l = 1. The SFs for these three peaks were
extracted, which are in reasonable agreement with the shell
model predictions. A resonant state at Ex = 4.8 ± 0.1 MeV
with a width of 0.42 ± 0.28 MeV was observed. It most likely
corresponds to the resonant state with a relative energy of
1.24 ± 0.021 MeV observed from the 1p removal reaction, ac-
cording to its excitation energy, the transferred orbital angular
momentum of l = 1, as well as its decay path predominated
by 1n. The excitation energy and the SF of this resonance are
consistent with predictions from shell model and Gamov cou-
pled channel. The spin parity of 2+ was tentatively assigned to
this resonance. However, its wider decay width requires more
investigations with better resolution in the future.
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