CHIN.PHYS.LETT. Vol.35, No.8(2018) 082501

A New Measurement of 'Be(p,d) Transfer Reaction *

Ying Jiang(##)!, Jian-Ling Lou(# &) **, Yan-Lin Ye(H#5#k)!, Dan-Yang Pang(FES+FH)?,

Jie Chen([%3#%)!, Zhi-Huan Li(ZE8)!, Yu-Cheng Ge(E i)', Qi-Te Li(Z=&74F)!, Jing Li(Z2=f)?!,
Wei Jiang(#4H)!, Ye-Lei Sun(#hH %), Hong-Liang Zang(Eit+%)!, Yun Zhang(7K 72)t, Wei Liu(XI]g)!,
Yi-Di Chen(Bff3k)t, Gen Li(ZEHR)!, N. Aoi®, E. Ideguchi®, H. J. Ong?, J. Lee3, Jin Wu(%&47)3,
Hong-Na Liu(X|£L4F)*, Chao Wen(3C#)?*, Y. Ayyad?, K. Hatanaka*, D. T. Tran?,

T. Yamamoto?, M. Tanaka*, T. Suzuki*, T. T. Nguyen*

LSchool of Physics and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871
2School of Physics and Nuclear Energy Engineering, Beijing Key Laboratory of Advanced Nuclear Materials and
Physics, Beihang University, Beijing 100191
3Research Centre for Nuclear Physics, Osaka university, Osaka 567-0047, Japan
4Institute of Physical and Chemical Research, Saitama 351-0198, Japan

(Received 2 May 2018)

A new 11Be(p,d) transfer reaction experiment is performed in inverse kinematics with a radioactive * Be beam at
26.9A MeV. Three low-lying states, namely the 0" ground state, the 2© state at E, = 3.37 MeV, and the multiplet
at around 6 MeV in '°Be, are populated by this one-neutron transfer reaction. These three states in '°Be are
clearly discriminated from the Q-value spectrum, which is rebuilt from energies and angles of the recoil deuterons
in coincidence with °Be. A spectroscopic factor for each state is extracted by comparing the experimental
differential cross sections to the theoretical calculation results using the finite range adiabatic distorted wave
approximation method with different global nucleon-nucleus potentials. It is found that the newly extracted
spectroscopic factors for the 07 and 2% states are consistent with the previous ones, but the factor for the

multiplet is smaller than the value in the reference, and the possible reason is discussed.

PACS: 25.60.Je, 25.70.—z, 24.10.Eq

Direct nuclear reaction is an important tool for
studying the structure of exotic nuclei.l' * For in-
stance, elastic scattering reflects the global interac-
tion (the so-called optical potential) between colliding
nuclei,l' 7 inelastic scattering allows us to extract the
nuclear deformation and excitation strengths,!®) and
one-nucleon transfer reaction is directly related to the
structure and shell occupation of the projectile and
target nuclei.’ ' Proton targeting is important in
direct nuclear reaction studies due to its structure-less
property and the dominance of nuclear rather than
Coulomb interaction.!'’]

Beryllium isotopes have rich cluster!~ 'l and ex-
otic single-particlel'"?°=27 structures. The latter
structure has been widely studied using the (d,p)
or (p,d) one neutron transfer reaction.['*-?! =21 11Be,
with a smaller single-neutron separation energy of
505keV, is a typical neutron-rich halo nucleus. The
spin parity of its ground state was found to be
1/2% P in contradiction to 1/2 predicted by the
traditional independent particle model. Several dif-
ferent 1°Be, s (d,p) transfer reactions were measured
to investigate a certain single-particle component in
each populated state of 'Be.””) A consistent s-
wave (p-wave) spectroscopic factor (SF) of 0.714+0.05
(0.62+0.04) for the 1/2% ground (1/2 excited) state
in ' Be, was extracted from four different °Be, s (d,p)

DOI: 10.1088/0256-307X/35,/8/082501

measurements.[*”] The 'Be, ¢ (p,d) reaction was usu-
ally applied to study the exotic structure of HBeg,S_,
which may have two configurations, namely (mBeg_S_
® 251/2) and (1°Beyr ® 1ds/5). For the former con-
figuration, the valence neutron surrounding the inert
core °Be populates the intruder s-orbit (s-wave com-
ponent) other than the normal p-shell. However, in
the latter case, “Be is excited to the 2% state at
E, = 3.37MeV and the valence neutron fills into the
intruder d-orbit (d-wave component). The s- and d-
wave components in the HBeg,S, were deduced to be
84% and 16%, respectively, from the (p,d) reaction
with an "'Be beam at 35.34 MeV.[*' 2! This conclu-
sion was lately confirmed by a measurement of parallel
momentum distribution of 1°Be fragments from a 1n
knockout reaction of "Beg .[**! Till now, very few
experiments were performed to investigate the mixed
configurations of nBeg,S,, further similar experiments
are still required. In this study, we report on a new
measurement of the 1Be(p,d) transfer reaction to the
bound low-lying states in '°Be with a radioactive !'Be
beam at 26.9A4 MeV.

A secondary beam of ''Be at 26.94 MeV was pro-
duced from a primary beam of '3C bombarding on
a 456-mg/cm? Be target at the exotic nuclear (EN)
beam line in the Research Center for Nuclear Physics
(RCNP), Osaka University.[*”) The beam intensity and
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purity of 'Be were up to 10* particles per second
(pps) and 95%, respectively. The energy spread of
the secondary beam was about 2.0%. Two parallel
plate avalanche counters (PPACs) with a tracking ef-
ficiency of about 90% were installed upstream of a
plastic scintillator, which provides energy loss (AFE)
and time-of-flight (TOF) information to identify the
incoming particles. A polythene (CHs), target with
a thickness of 4.040.05mg/cm? was used, while a
12.58+0.10 mg/cm? thick carbon target was employed
to subtract the background from carbon atoms in the
(CH,),, target. Data was also collected in an empty
target to measure the random or accidental coincident
events.

A schematic view of the experimental setup was
shown in Ref.[30]. A set of annular double-side sil-
icon strip detectors (ADSSD) and three sets of tele-
scopes (TELEO, TELE1, TELE2) were used to detect
the charged particles.l'"?"~%?] In this work, we con-
centrate on TELEO and TELE2, which were used to
detect °Be and d from the 'Be(p,d)'Be transfer re-
action, respectively. The telescope TELEO, comprised
of a double-sided silicon strip detector (DSSD) with a
thickness of 1000 pm and two large surface silicon de-
tectors (SSDs) with a thickness of 1500 pm, was cen-
tered at the beam line with a distance of 200 mm away
from the target!*’] and covered an angular scope of 0
10° in the laboratory frame. The TELE2, which was
placed 235 mm away from the target with a central
angle of 25° relative to the beam line, was composed
of a 65-pum-thick SSD, a 300-pm-thick DSSD, a 1500-
pm-thick SSD and a layer of four CsI(T1) crystals.
Each crystal has an active area of 4.0x4.0cm? and a
length of 4.1 cm. All the SSDs and DSSDs have an ac-
tive area of 62.5x62.5mm?. The width of each DSSD
strip is 2 mm, bringing in an angular resolution of less
than 0.6° for the detection of °Be and deuterons. The
energy resolution for all the silicon detectors was less
than 1% for the 5.486-MeV « particle.

To have a better discrimination of various reaction
channels, similar to the "Be+p and 'Be+d elastic
scattering channels,[’*?!] the (p,d) transfer reaction
was also performed in inverse kinematics, in which
the projectile-like fragments '°Be emitting at forward
angles were measured in coincidence with the recoil
deuterons. The Beryllium isotopes from different re-
action channels were measured by the TELEO, and
identified based on a basic AE-FE method. With the
coincidence of all particles detected by the TELE2,
the particle identification (PID) spectrum is shown in
Fig. 1(a) (black points). It is obvious that °Be is dis-
criminated clearly from 'Be and ?Be.

The event number of the recoil particles detected
by the TELE2 is found to be more sensitive to bound-
aries of the '°Be cut, especially the upper border
which separates 1°Be from 'Be. To reasonably select
the 19Be scope in the PID spectrum, a simulation was
performed with the Geantd package,[*”] considering

the realistic beam profile, the factual target thickness,
the energy threshold of 1 MeV, dead layers of the sili-
con strip detectors, energy loss in the target and detec-
tor material, and the actual geometry of the TELEQ
and TELE2. Assuming that 1°Be from the 'Be(p,d)
transfer reaction populates all its bound low-lying
states and the corresponding deuteron emits to its low-
energy branch, namely the high-cross-section part, the
0Be distributions in the AE-E spectra are shown
by red points in Fig.1(a). Apparently the °Be frag-
ments from the 'Be(p,d) reaction only populate the
high-energy portion, while the low-energy part may
come from some other reaction channels, such as the
deuteron high-energy branch of the 1*Be(p,d) reaction,
the elastic breakup of ''Be on the C- or H-component
in the (CHy),, target,!'”l or the interaction between
Be with the silicon detector in the TELE0.[Y To
reduce the effects of other reaction channels, a cut,
corresponding to the red frame in Fig.1(a), was ap-
plied for °Be. The simulated locations of °Be with
about 3% extension were adopted to determine the
boundaries of the °Be cut.
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Fig.1. (a) Particle identification (PID) spectrum taken
by the TELEO in coincidence with the recoil particles mea-
sured by the TELE2. (b) Energies of deuterons as a func-
tion of their angles in the lab frame. The red and black
scattering points stand for the simulated and experimental
data, respectively.

If the projectile ''Be is excited to resonant
states with excitation energies of 0.6-10 MeV, the en-
ergy scope of 1°Be that breakup from 'Be on the
C- or H-component in the (CHgz), target is 238-
290 MeV, which means that most °Be particles from
breakup reactions are mixed into the red-frame gate in
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Fig. 1(a). Thus it is difficult to distinguish the source
of 1°Be just based on the energy of '°Be. The breakup
on the C-component can be easily removed by sub-
tracting the C-target data normalized to the same in-
cident ''Be particle number, but the breakup on the
H-component, which was found to be un-negligible in
Ref. [30], is hardly to be excluded. It is necessary to
use kinematics of the recoil deuterons to further se-
lect events belonging to the 'Be(p,d) channel. In
Fig. 1(b), with coincidence of °Be gated by the red
frame in Fig. 1(a), the energies of the recoil deuteron
as a function of its angles were mapped out (large
black points). The energy losses in the (CHgy), tar-
get (50 pm thick) and in the thin silicon detector of
the TELE2, which were damaged after exposure to
a high-dose radiation, are hardly to be exactly mea-
sured. Therefore, only the energy measured in DSSD
of the TELE2 is shown in Fig. 1(b), which is slightly
lower than the calculated ones from kinematics for the
"Be(p,d) transfer reaction to the ground state, 2%
state and multiplet at around 6 MeV in '°Be, and fur-
ther causes the peak shift on the @-value spectrum.
The simulated ones measured by the DSSD were also
given as small red points in Fig.1(b). The band for
the ground state is obviously broader than others due
to the fact that the energy dispersion of the lower-
energy deuteron in the thick target (and also the dam-
aged SSD) is larger. This fact also leads to the effect
that each band is broader at smaller angles, where
deuterons have lower energies than those at larger an-
gles. Most experimental points lie on the simulated
bands, which manifests that these events are indeed
from the 'Be(p,d) transfer reaction.
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Fig.2. The Q-value spectrum for the 11 Be(p,d) transfer
reaction to the low-lying states in 19Be, deduced from the
energies and scattering angles of the recoil deuterons. The
upper (a) and lower (b) panels are the experimental and
the simulated one, respectively.

In coincidence with °Be, the Q-value spectrum,
rebuilt from the energies and angles of deuterons
within the simulated bands (Fig.1(b)), is displayed

in Fig.2(a). Three peaks, corresponding to the 0T
ground state, the 2% state at 3.37MeV and the mul-
tiplet at around 6 MeV of '°Be, are clearly separated.
The full width at half maximum (FWHM) of each
peak gradually increases with the rise of the @-value,
which could also be attributed to the larger energy-
losses dispersion in the target and the thin SSD of the
recoil deuterons with lower energies. The experimen-
tal @-value spectrum shows a good consistency with
the simulated one given in Fig. 2(b). The event num-
ber of each state in Fig.2(b) is meaningless because
this simulation does not consider the reaction cross
sections.

Differential cross sections (DCSs) for the ''Be
(p,d) °Be transfer reaction are presented in Fig. 3,
deduced from the recoil deuterons and gated on each
low-lying state of 19Be in the Q-value spectrum. The
ground state events are chosen by a cut from 3 to
10 MeV on the @Q-value spectrum (Fig.2(a)). A gate
between —1.5 and 3 MeV is used to select the 27 state,
and from —5 to —1.5MeV to opt for the multiple
states. The error bars in the figure are statistical
only. The systematic error is less than 10%, taking
into consideration of the uncertainties in the detec-
tion efficiency determination (5%), the (CHs),, target
thickness (1%), and the cuts on the PID spectrum
(2%) and on the Q-value spectrum (1%).
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Fig. 3. Differential cross sections for the ! Be(p,d) trans-
fer reaction to the 01 (a), 2% (b) states and multiplet at
around 6 MeV (c) in 19Be. The black point, and the solid
and dashed curves represent experimental data with an er-
ror bar, and the FR-ADWA calculations using the CH89
and KDO2 potentials, respectively.

The SFs were extracted for the low-lying states of
10Be using the finite range adiabatic distorted wave
approximation (FR-ADWA) method, which uses the
nucleon-nucleus potential, and also includes the cou-
pling effect of deuteron breakup.[?>**) This method
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can provide consistent SFs for 1°Be(d,p) reactions
at four different incident energies.””! The optical
model potentials (OMPs) of the entrance channel
were obtained from the best fit to the DCSs of the
HUBe+p elastic scattering measured in the present
experiment.[*"! Two renormalization factors for depths
of both real and imaginary parts of global nucleon-
nucleus potentials CH89[*! and KD02*°! were re-
quired to best reproduce the elastic scattering data
based on the minimum x2? method. For the exit
channel of °Be+d, the OMP was derived from fold-
ing the '°©Be+n and '°Be-+p potentials, which were
both deduced from the global nucleon-nucleus OMPs,
such as CH89 or KD02. A Reid soft-core interaction
was taken for the proton-neutron system.*”] For the
10Be-+n binding potential, a Woods—Saxon form with
fixed radius and diffuseness parameters of 1.25 fm and
0.65 fm, respectively, was used. The calculations were
performed with the computer code FRESCO.[**]
According to the y?-minimization method,*”! the
extracted SFs of S(0%) and S(2%) for [ =0 and [ = 2
transferring to the 07 and 2% states in °Be, respec-

tively, are listed in Table 1. The extracted S(0T) and
S(2%) values are 0.7340.12 and 0.23+0.08, respec-
tively, if the KDO02 potential was employed for both
entrance and exit channels. The S(0") = 0.82 £+ 0.15
and S(2%¥) = 0.26 & 0.09 when the CH89 poten-
tial was adopted. The error bars correspond to a
68% confidence level (2 + 1).I'"%l The obtained
S(0%) and S(27) with the error bars are in agreement
with those deduced from the previous '!'Beg s (p,d)
experiment using the adiabatic potentials P3 D3, and
also consistent with the values of 0.74 and 0.19 pre-
dicted from the shell model using the Warburton and
Brown interaction.”!! Within the error bar, the s-
wave SFs S(01) agree well with the average value of
0.71£0.05 deduced from four different measurements
of the “Be(d,p)''Be,. reaction.”] The calculated
DCSs multiplied by the corresponding SFs were shown
as curves in Fig.3, in comparison to the experimen-
tal data. The solid and dashed curves represent the
calculations using the CH89 and the KDO02 potentials,
respectively.

Table 1. Spectroscopic factors for the 'Be (p,d) reaction to the 01 ground state, the 21 excited state in 10Be, which were

extracted using the FR-ADWA method with different nucleon-nucleus potentials, compared to values from other experiments

and shell model (SM) calculations.

[21,25]

SF KDO02 CHS89 P3D3-SE;2TT SMPTT Averagel®]

26.94 (MeV) 26.9A (MeV)  35.34 (MéV) (d,p)
S(0F)  0.73£0.12  0.82+0.15 0.80% 0.74  0.71%£0.05
S(2+)  0.234£0.08  0.26+0.09 0.372 0.19

aNo error bar was given in Ref. [21], but the statistics error is estimated to be larger than 10% within a 68% confidence level.

Angular distributions for the 6 MeV multiplet are
well reproduced by calculations of [ = 1 transfer to
the 17 and 27 states at 5.96 and 6.26 MeV, without
consideration of a possible coupling of 11Beg_s_ to the
2% (5.958 MeV) and 07 (6.179 MeV) states, which were
unresolved in the multiplet. This consideration is sim-
ilar to Ref.[21]. The summations of these two SFs
are 0.74+0.18 with the KD02 potential and 0.884+0.21
using the CHS89 potential, which are both smaller
than 1.40 from a previous similar measurement us-
ing the optical potential combination of PsDs.[*!] The
error bars also correspond to a 68% confidence level
(x?+2.3) for two-dimension fits.!'":*’] Unlike in our
experiment where we apply the kinematics of recoil
deuterons with a coincidence of 1°Be to rebuild and
identify the bound low-lying states of 1°Be, the previ-
ous experiment in Ref. [21] only used the total energy
of 19Be measured by the magnetic spectrometer to dis-
criminate each populated state in '°Be. In this case,
10Be from some other reactions, such as ''Be elastic
breakup on the H-component of the (CH,), target,
and interactions of 'Be with zero-degree detectors,
were not ruled out in the extractions of the experimen-
tal DCSs, leading to slightly larger DCSs and larger
SFs. In fact, the summed SF of 1.40 is indeed larger

than the shell model prediction of 1.21.*'l In our ex-
periment, the gates are more strict. In addition to the
energies of °Be, the kinematics of recoil deuterons are
also applied to choose the ''Be(p,d) channel. There-
fore, the scattered points outside the simulated 6 MeV
band, see Fig. 1(b), which may come from other reac-
tions, were rejected, and the related DCSs are rela-
tively smaller. It is worth noting that, the energy of
deuterons from the 'Be(p,d) transfer reaction to the
multiplet in 1°Be is obviously higher than the detec-
tion threshold of silicon detector (~1MeV), thus in
principle, no events were cut by the threshold.

In summary, a new ‘'Be(p,d) transfer reaction to
the bound low-lying states in °Be has been measured
in inverse kinematics with a radioactive ''Be beam
at 26.9A4 MeV. Differential cross sections for this reac-
tion to the 07 ground state, the 2% excited state at
E, = 3.37TMeV, and the multiplet at around 6 MeV
in 1Be were measured with the coincidence of °Be
and deuterons, which were both chosen according to
the simulated results to exclude effects of other re-
action channels. The spectroscopic factor for each
state was extracted using the finite range adiabatic
distorted wave approximation (FR-ADWA) method.
It was found that the spectroscopic factors for the 0™
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and 27 states are consistent with the values in refer-
ences and from shell model calculations, but that for
the multiplet is smaller, which might be attributed to
more strict coincident restrictions to exclude effects of

other reaction channels.

More structure information

of 11Beg_s_ will be obtained from further shell model
calculations in the future.
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