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Elastic scattering and transfer cross sections for the "Be 4+ °Be system have been measured at Ej,, =
23.1 MeV using the "Be radioactive secondary beam produced at Radioactive Ion Beams in Brazil facility
at the University of Sdo Paulo. The elastic scattering has been measured by detecting the "Be scattered at
forward angles in the laboratory system. The transfer reaction *Be(’Be, Be)’Be was identified by detecting
the ?Be scattered at the same laboratory angles. The elastic angular distribution has been analyzed by optical
model calculations using a Woods-Saxon form factor whose parameters have been varied to best reproduce the
experimental data at forward angles. Coupled reaction channels calculations (CRC) have been performed to
describe the transfer, considering the coupling to the transfer channel and including contributions to the ground
state and to the first excited state of "Be(1/2—; 429 keV) in the final state. The spectroscopic amplitudes used in
the CRC calculation have been derived from shell-model calculations. Similar CRC calculations were applied to
existing *Be(p, 1)’ Be data to check the consistency of our results results for the ('Be, °Be) transfer reaction.

DOI: 10.1103/PhysRevC.99.064617

I. INTRODUCTION

Transfer reactions are a powerful tool to explore the
structure of the atomic nucleus. Nucleon transfer reaction
measurements combined with a full quantum description of
the reaction mechanism allow the determination of spectro-
scopic factors, which can be compared with those obtained
from nuclear model calculations providing a bridge between
direct reaction mechanism and nuclear structure. Two-nucleon
transfers, in particular, are of great interest since they provide
information about nucleon-nucleon correlations in nuclei [1].
The role of nucleon pairing has long been established in
nuclear physics primarily by the determination of the binding
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energies and the observation of their characteristic odd-even
staggering [2,3]. The pairing force effect in the dynamics
of a pair of nucleon transfers also has connection with im-
portant phenomena such as superfluidity [1] and in astro-
physics mainly concerning neutron stars. Transfers induced
by light particles such as (d,n), (d, p), (*He, d) and the
transfer (¢, p) and (p, t) reactions, among others, have been
used extensively in the past to determine spectroscopic factors
and to investigate the pairing force in nuclei [4-12]. Due to
safety reasons, the (¢, p) reactions have been substituted by
(80, '°0) reaction [13-24] with the same goal, to study the
effect of pairing correlations in transfer reactions.
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Recently, the availability of secondary beams of unsta-
ble light nuclei opened a large field of new possibilities to
study transfer reactions [25]. Unstable nuclei such as He,
8Li, "Li, "Be, ®B, and many others can now be used as
probes in collisions with stable targets. New phenomena
such as the neutron and proton halos have been observed
in some of these (so-called) exotic nuclei, which, in many
cases, present a pronounced clusterlike structure with very
small separation energies. As a result, processes such as
breakup or particle/cluster transfers can be greatly enhanced
in reactions involving these projectiles. Studies of neutron
transfers involving exotic nuclei have also proven beneficial
in the field of nuclear astrophysics. The synthesis of elements
in stars, such as the r and s processes, take place via a
sequence of neutron capture reactions and the presence of
neutron- and proton-rich nuclei in the primordial nucleosyn-
thesis scenario could open new paths to the overcome the
A =5, 8 gaps all the way through to the formation of heavy
elements.

The type of transfer reaction that draws a great interest is
the so-called elastic transfer process [13,18,26,27]. In general,
in the collision of two nuclei at low energies, elastic scatter-
ing and fusion are the dominating processes concerning the
magnitude of the cross sections. However, if the projectile and
target differ by only one valence particle or a cluster attached
to the same core, there is also the possibility of an exchange
of this valence particle between the two cores, giving rise
to an exchange of identity between projectile and target, and
leading to the same entrance channel. If the exit and entrance
channels are identical, the reaction Q value of this process is
zero, which, due to favorable matching conditions, enhances
the neutron transfer probability. In this kind of process, the
elastic and the transfer amplitudes are entangled, making it
difficult to separate the two processes. However, in some
cases, it is possible to separate the two processes experimen-
tally, by performing measurements at different angular ranges,
where each amplitude dominates. It has been demonstrated
that, when energies are not too low, the elastic scattering
dominates the forward angles whereas the transfer amplitude
dominates at backward angles [13,26,28].

In this paper, we present measurements of the 'Be 4 *Be
collision, with Ej,, = 23.1 MeV, at forward and backward
angles in the center of mass system. A rise of the cross
section at backward angles was observed indicating that the
elastic transfer process plays a role. We analyze the data
considering the effect of the transfer process on the elastic
scattering. A full coupled reaction channels (CRC) calculation
has been performed considering the coupling to the two-
neutron transfer channel. All the spectroscopic amplitudes of
the two-neutron cluster on the "Be core have been calculated
independently from the nuclear structure model and used in
the CRC calculation.

This paper is organized as follows. The experimental setup
is described in Sec. II. Section III is devoted to the com-
parison of theoretical results with the experimental angular
distributions. In Sec. IV we used the same methodology used
for the ("Be, °Be) reaction to calculate (p, ) reaction, and
compare with the data available in the literature. Finally, the
main conclusions are reported in Sec. V.
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FIG. 1. RIBRAS scheme.

II. EXPERIMENTAL SETUP AND RESULTS

The measurements have been performed in the Radioac-
tive Ion Beams in Brazil (RIBRAS) facility [29,30] at the
University of Sdo Paulo. Figure 1 shows the diagram of the
RIBRAS system. It consists of two superconducting solenoids
and a sequence of three scattering chambers: (i) primary
chamber where the radioactive "Be beam was produced; (ii)
secondary chamber located after the first solenoid, and (iii)
tertiary chamber mounted after the second solenoid. The
present experiment was performed in the secondary chamber
using only the first solenoid as selector.

The 30 MeV SLi** primary beam was provided by the
8-UD Pelletron accelerator with an intensity of 200-300 nAe.
The "Be secondary beam was produced by the proton transfer
reaction 'Li(°Li, "Be) (Q = —4.37 MeV) using a LiF primary
target of thickness 454 pg/cm?. The primary beam was
suppressed by a Faraday Cup placed at zero degrees just after
the primary target. The Faraday cup current is measured and
integrated to provide a measurement of the total number of
primary beam particles incident during the run. The secondary
"Be beam is selected by the first solenoid (in the angular range
2°-6°) and focused in the second scattering chamber. During
the experiment, the intensity of the "Be secondary beam was
of the order of 5 x 10* pps. Two secondary targets were
mounted in the secondary chamber, a °Be (1.92 mg/cm?) and
a ' Au (4.6 mg/cm?). The '°7 Au target was used to normalize
the cross sections since the 'Be + '°7Au scattering is pure
Rutherford in the energy and angular range of this experi-
ment. Two Silicon Surface Barriers telescopes [AE (25 pum)—
E(1000 um)] with an opening of 20 msr solid angle were
mounted in the rotating plate to perform the measurements
in the angular range from 15°-48° in the laboratory. The
AE-E telescopes provided a good mass (A) and charge (Z)
identification allowing to separate the ’Be particles from other
contaminants present in the secondary beam (see Fig. 2). An
energy calibration was done using a >*! Am « source, and the
residual energy £ was summed to AE to obtain the total
energy.

Figure 2 shows a AE-E spectrum of the secondary beam
scattered at 15° in the gold target. We clearly identify the peak
corresponding to the 'Be secondary beam scattered in the gold
target, well separated from the contaminants. Usual contami-
nants are the energy degraded °Li particles coming from the
primary beam and light particles (o, protons, deuterons, and
tritons) produced in reactions in the primary target. In the
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FIG. 2. AE-Ey, spectrum obtained at 6),, = 15° with gold target.

lithium line we observe a low-energy peak of ’Li particles
coming from the primary target and well separated from the
®Li, showing our good mass resolution. In the berillium line
we observe two less intense peaks, one at higher energies
corresponding to ’Be particles coming from the F(°Li, "Be)
reaction and another at very low energies, near to the AE
threshold. All the intense peaks observed in Fig. 2 correspond
to particles produced in the primary target, which are coming
in the cocktail beam. Due to the low energies, the Coulomb
barrier practically prevents nuclear reactions in the gold target.

In Fig. 3, we observe the same spectrum but scattered in
the “Be target. Again, the resolution was largely sufficient to
identify the "Be peak as well as all the other contaminants as
in the case of the gold target. We note that there are many more
as and light particles than in the gold target spectrum, due to
nuclear reactions between the secondary beam particles and
the Be target, as the energy of the secondary beam is several
times above the Be Coulomb barrier.

Above the "Be line, one can observe a group of particles in
the *Be line. The energies of these particles match the energy
expected for the recoil °Be from the *Be("Be, °Be) reaction
and mainly, these particles are not seen in the gold target
spectrum, showing that they are not coming with secondary
beam but are produced in the secondary target. As the *Be
recoil particles, detected at forward angles (in the labora-
tory), provide information of the "Be + °Be cross sections
at backward angles in the center of mass system one is able

9Be(7Be,9Be)7Be
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FIG. 3. AE-Eyy spectrum obtained at 6},, = 15° with beryllium
target.
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FIG. 4. Energy spectrum obtained at 8j,, = 15° with beryllium
target.

to simultaneously obtain both cross sections at forward and
backwards angles in the center of mass system.

A total energy spectrum of the Beryllium line is presented
in Fig. 4. The energy resolution of the "Be beam (Epw gy ~
0.9 MeV) is not sufficient to separate the contribution of
the low-lying "Beoas excited state and this effect will be
properly treated in the analysis presented in the next sections.
The energy resolution of the secondary beam is determined
by two effects: the energy straggling in the primary target
(~340 keV) and the kinematic broadening due to the angular
acceptance of the solenoid (2 < 6 < 6° ). The energy strag-
gling is caused by the differential energy loss of the secondary
particles when the production reaction occurs either in the
beginning or in the end of the secondary target foil. The
contribution of the primary beam to the final energy resolution
is negligible.

To monitor the "Be production rate during the experiment
and obtain the absolute cross sections, we performed runs
with a "7 Au target just before and after each *Be run. The
"Be + ?Be elastic cross section was then determined using the
expression below:

NCBe JBe NbAu A/[Au
NLAu JAu Nbl?e NtBe ’

O7Be+9Be = O7Be+197Au (H
where N, is the count number recorded at the interest peak,
N, is the target thickness (in atoms/cm?), J is the Jacobian
of the transformation from the laboratory to center-of-mass
frame, and le“ /N;36 is the ratio of the number of "Be particles
incident in the Au and Be targets. This was taken as the ratio
of the primary beam Faraday Cup integrator, assuming that the
"Be production is proportional to the primary beam intensity.
The resulting angular distribution, including both forward and
backward angles, is shown in Fig. 8 and the errors are purely
statistical.

III. THEORETICAL ANALYSIS

A. Brief theoretical description

The theoretical analysis of the "Be(°Be, "Be)’Be reaction
was done by the coupled reaction channels (CRC) method.
The coupling scheme considered in the calculations is shown
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FIG. 5. Coupling schemes considered in the two-neutron transfer
calculation.

in Fig. 5. All calculations were performed using the FRESCO
[31] code. The Sdo Paulo double folding potential [32] was
used in both real and imaginary parts of the optical poten-
tials of the entrance and outgoing partitions. In the entrance
partition, a strength factor 0.6 was used for both real and
imaginary parts. The use of this factor is justified as taking
into account the missing couplings to dissipative processes
[33], as well as, for the coupling to the continuum states that
were not explicitly included in the coupling scheme [34]. In
this last work, Sakuragi et al. showed that to fit the elastic
scattering angular distributions of the °Li + 28Si system, using
double folding potentials for both real and imaginary parts,
the strength coefficient of each part has to be set equal to
0.6. These results have been obtained from other systems
involving other weakly bound systems (see Refs. [35,36]
and references therein). Nevertheless, when verifying the
sensitivity of our results regarding changes of these strength
coefficients between 0.5 and 0.7 only showed a slight change
of less than 5%.

Besides that, Fernandez-Garcia et al. [37], has shown the
relevance of the couplings with the continuum states in the
entrance partition as well as the relevance of the transfer
for the continuum states in the final partition to describe
the elastic scattering angular distribution in the ''Li + 2%8Pb
reaction, where the weakly bound nucleus is considered as
projectile. By comparing the theoretical energy distribution of
the outgoing °Li fragments with the experimental data in that
reaction, the authors show that at forward angles the direct
breakup is the most relevant process when compared with the
one- and two-neutron transfer mechanisms, while the transfer
become the most important process at backward angles and
when the bombarding energy increases. This suggests that
special attention should be given to the role of the couplings
with the continuum states when weakly bound nuclei are
involved in the reaction. The couplings with the continuum
states have also shown to be relevant to describe the elastic
scattering of the Borromean nucleus He on the different
targets [38].

In the outgoing partition, the real and imaginary parts
of the potential were multiplied by strength coefficients

N = 1.0 and N; = 0.78 respectively, as no couplings were
explicitly considered [39,40]. The reduced electric transition
probabilities for the collective excitation of the "Be nucleus
were obtained from Ref. [41]. They were used to derive the
coupling matrix elements between projectile bound states.
The transition form factors for collective excitations were
considered as the derivative of the real part of the optical
potential, as per usual. The full complex remnant couplings,
prior representation of the optical potentials and nonorthog-
onality corrections were adopted to coupling the two mass
partitions although it is important to note that, for the elastic-
transfer case, the overlaps in the initial and final states are the
same, which makes prior and post representations exactly the
same, simplifying the description.

Single-particle wave functions were generated by using a
Woods-Saxon potential, and the two-neutron wave functions
were built by coupling two single-particle wave functions, as
follows:

¢1(&c, 11, 12)
=Y A 616 © [$16,5, (0) ® Py (0] ], (@)

Isj

where ¢4, j,(r1) and ¢y, ;,(r2) are the single-particle wave
functions, which are coupled to give the two-neutron wave
function and then coupled to the core wave function, ¢;,, to
obtain the wave function of the nucleus composed by core
plus two valence neutrons. A{:}I, represents the spectroscopic
amplitude corresponding to the two-neutron valence config-
uration. In (2) I;, s;, j; stand for the orbital, spin and total
angular momentum, while /. and I for the spin of the core
and the total spin of the nucleus.

The two-neutron transfer reaction can be analyzed in two
different ways, with a direct (simultaneous) or two-step mech-
anisms. The former is related to the two neutrons simultane-
ously transferred and to carry out the transfer calculations, the
cluster and independent coordinates (IC) models can be used
[13-24]. The latter, which is also called sequential transfer,
corresponds to the two neutrons transferred in sequence pass-
ing through an intermediate partition. In fact, to consider a
full quantum treatment of the two-nucleon transfer process
both mechanisms should be considered together in the same
calculation because they could produce interference with each
other. However, in order to probe the single- or two-particle
nature of the final states populated by the two transferred
nucleons, it is important to take into account separately each
mechanism.

In the two-neutron sequential transfer calculation, to fit
the experimental one-neutron binding energies the depth of
the Woods-Saxon potential was varied. On the other hand,
as a common procedure in the independent coordinates two-
neutron direct transfer [42], the bound-state potential for each
valence single particle is adjusted to reproduce the half of the
two-neutron binding energy.

The radius concerning the distance from the core ("Be)
to the single valence neutrons was considered as the same
one connecting the core to the center-of-mass of the two
valence neutrons in which it has been calculated by using

R = ro(A} +AY?) (rg = 1.25 fm), where the mass of the
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FIG. 6. Comparison of theoretical CRC predictions for the an-
gular distribution of the direct and sequential transfer using the Sdo
Paulo potential as an optical potential in both partitions, with the
experimental data.

two neutrons was taken into account. From this procedure,
the r.m.s radius equal to 3.44 fm was obtained for the single
neutron outside the core. This value is in agreement with the
r.m.s radius (3.53 fm) for the valence neutron in °Be nucleus
obtained by Rocca and Iachello [43]. In this work, the authors
described the structure of the °B and °Be nuclei using the
cluster shell model [44]. Alternatively, one could use only
the mass of the core to define the radius of the potential that
binds each neutron. In this case, a reduced radius of 1.98 fm
is necessary to obtain the same r.m.s radius of the *Be in its
ground state. It is important to mention that the same radius
was used to bind the neutrons in the direct and sequential
transfer mechanisms.

In this work, as it will be shown in Fig. 6, the direct mech-
anism is dominant, and it is about one order of magnitude
higher than the sequential mechanism. In that figure, the angu-
lar distributions concerning the direct and direct+sequential
transfers are almost indistinguishable. The coupling scheme
considered in the sequential calculation is shown in Fig. 7 and
the spectroscopic amplitudes used in this calculation can be
observed in Table I.

In the independent coordinates model, the single-particle
states of the two neutrons outside of the core are used to
build the two-neutron wave functions with their respective
spectroscopic amplitudes. Then, a coordinate transformation
is performed from the relative movement of each neutron to
the core into the coordinate of their center-of-mass related
to the core and their relative motion coordinate. This picture
allows us to analyze the importance of intrinsic states of the
system formed by the two neutrons.

To perform CRC calculation microscopically, it is nec-
essary to calculate the spectroscopic amplitudes concerning
the projectile and target overlaps. In the present case, these
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FIG. 7. Coupling schemes considered in the sequential transfer
calculation.

spectroscopic amplitudes were obtained by performing shell-
model calculations using the NUSHELLX code [45]. To obtain
one- and two-neutron spectroscopic information related to
the projectile and target overlaps, the structure model psdpn,
which takes the p and sd shells as valence subspace for
both protons and neutrons and the effective phenomenological
psdmod interaction [46], were considered. In principle, to
describe the low-lying states of the -*Be nuclei with negative
parity the p shell might be enough as the most significant
contribution comes from the orbits inside this shell, as can
be observed from Table II, where the spectroscopic ampli-
tudes for the projectile and the target overlaps are shown.
On the other hand, the °Be nucleus has a positive parity
low-lying state that can only be described if the model space
is increased. For this reason, the psdmod interaction was
considered to describe the structures of the ”'3*Be isotopes.
In Table III, the theoretical spectra obtained using the
NUSHELLX code are compared with the experimental values
[47] for all the nuclei involved in the reaction. In Table IV the

TABLE 1. Spectroscopic amplitudes used in the CRC calcula-
tions for the sequential transfer reactions, where j, j, are the spins of
the neutron orbitals for the sequential transfer.

Initial State Jij2 Final State Spect. Ampl.
"Be,.(3/27) (1p32) ¥Be,, (07) —1.202
"Begas(1/27) (p1y2) 8Beg4s.(0+) —0.686
"Be,,.(3/27) (Ipiy2) $Bes 3(21) 0.571
Ap3p2) 0.771
"Begas(1/27) (Ips32) Beso3(27) —0.655
Be,,.(0%) (1p3)2) "Be,,.(3/27) —0.743
Bes03(2%) (Ipi2) "Be,,.(3/27) 0.173
(Ips32) —0.866
¥Be,,.(07) (2512) 9Be, ¢5(1/2%) —0.694
Beso3(2%) (1d3/2) Beygs(1/27) —0.107
(1ds) 0.667
Beso3(2%) Ap12) 'Ber43(5/27) —0.342
(Ip32) 0.954

064617-5



U. UMBELINO et al.

PHYSICAL REVIEW C 99, 064617 (2019)

TABLE II. Spectroscopic amplitudes used in the CRC calcula-

tions for two-neutron transfer reactions, where j, j, are the spins of
the neutron orbitals for two-neutron transfer, and Jj, is the angular

momentum of the two-neutron system.

Initial State Jij2 Ji»  Final State  Spect. Ampl.
(1p3p)? 0.267
(1[)1/2)2 0.174
7Beg,&(?a/Z’) (1d5/2)2 0.0 gBeg,S,(S/Z’) 0.014
(1d3/2)2 0.010
(2S1/2 )2 0.004
(1[)3/2)2 —1.259
(1P3/21P1/2) —0.035
(1d5/2)2 0.001
"Be,,.(3/27)  (ldspldspn) 2.0 "Be,, (3/27) —0.005
(]d5/2251/z) —0.006
(1d3/2)2 —0.004
(1d3/2251/2) —0.011
(1p3/21d5/2) 0.163
(1])3/2 1 d3/2) —0.066
"Be,, (3/27)  (Ip3p2si0) 1.0 "Bejgg(1/27) 0.549
(1p1/21d3/2) 0.063
(1p122s12) 0.058
(1p3/21d5/2) 0.536
(1p3/21d3/2) 0.031
"Beg, (3/27)  (Ip3p2sip) 2.0 "Bejgg(1/27) 0.719
(1p1/21d3/2) —0.403
(Ip1/22s1)2) —0.033
(Ip3jalpip) —0.352
"Bey, (3/27)  (ldspldspn) 1.0 °Beyas(5/27) —0.004
(1d3/2251/2) —0.010
(1[73/2)2 —-0.292
(1P3/21P1/2) —0.620
(1(15/2)2 0.026
"Be,,(3/27)  (ldspldsp) 2.0 "Beyss(5/27) —0.026
(]d5/22S1/2) 0.015
(1d3/2)2 0.010
(1d3/2251/2) 0.013
(1p3j21piy2) 0.331
"Beoa(1/27)  (Ipipldsp) 1.0 Beg, (3/27) 0.001
(ld3/22S1/2) 0.002
(1p3/2)2 0216
(Ip3p2lpiy) 0.382
(lds/z)2 —0.009
"Began. (1/27) (Idspp1ds0) 2.0 gBeg.S.(3/27) 0.006
(1d5/2251/2) —0.003
(1d3/2)2 0.002
(1d3/2251/2) —0.004
"Bega.(1/27) (1psppldspn) 0.0 "Be;gs(1/27) —0.092
(1[71/2251/2) 0.210
(1p3/21d5/2) 0.442
(1p3/21d3/2) 0.040
"Begar (1/27)  (1p3p2s1) 1.0 “Bejgs(1/2%) —0.044
(1[)1/21(,13/2) 0.005
(1[)]/22S|/2) 0.361

TABLE II. (Continued.)

Initial State Jij2 Ji»  Final State  Spect. Ampl.
(1p3p)’ —0.805
(1p3jalpiy2) —0.058
(1dsp)? 0.009
"Began.(1/27) (1dsjp1d3) 2.0 "Bey43(5/27) 0.003
(1dsj22s1/2) 0.007
(1d3)? —0.002
(1d32251/2) —0.001

theoretical magnetic and electric multipole reduced transition
probabilities are compared with experimental data [47], upon
availability. The theoretical multipole magnetic and electric
moments are also shown in this table. Despite the fact that
the *Be nucleus has a known cluster structure, in which its
properties have been reproduced by considering the o 4+ o +
n configuration [48-50], from these two tables, it is observed
that a reasonably good agreement between the theory and the
experiment was achieved, allowing the same confidence re-
garding the structural characteristics derived for these nuclei.
In principle, to calculate the angular distribution for the
"Be(°Be, "Begs)’Beys system, which involves identical initial
and final partitions, we should carry out the coherent sum of

TABLE III. Comparison between theoretical and experimental
spectra of the *Be isotopes.

"Be
Exp. Theo.
E (MeV) I E (MeV) I |AE| (MeV)
0.0 3/2° 0.0 3/2° 0
0.429 1/2~ 0.964 1/2~ 0.54
4.571 7/2° 4.803 7/2° 0.23
6.730 5/2° 6.489 5/2° 0.24
7.211 5/2~ 7.729 5/2~ 0.52
8Be
Exp. Theo.
E (MeV) I E (MeV) I |AE| (MeV)
0.0 ot 0.0 ot 0
3.030 2t 3.527 2+ 0.50
11.350 4+ 11.001 4+ 0.35
°Be
Exp. Theo.
E (MeV) I E (MeV) I |AE| (MeV)
0.0 3/2° 0.0 3/2° 0
1.684 1/2* 1.845 1/2* 0.16
2.429 5/2° 2.843 5/2° 0.41
2.780 1/2- 3.514 1/2- 0.73
3.050 5/2* 2.353 5/2* 0.70
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TABLE IV. Comparison between theoretical and experimental
multipole magnetic and electric reduced transition amplitudes be-
tween different states and magnetic and electric multipole moments
of the "%°Be isotopes.

"Be
I Exp. Theo.
O(efm?) 3/2[ —4.88
W(uN) 3/2] —1.348
E (MeV) Ir — I}T Exp.(W.u.) Theo.(W.u.)
1727 — 3/27 2.07 £ 0.27 5.711
B(M1) 5/27 = 3/27 0.001
5/27 = 7/27 5.258
1727 — 3/27 20.220
7/27 = 3/27 9.344
B(E2) 5/2] = 1/2¢ 6.290
5/27 = 3/2; 2.242
5/27 = 7/27 2.992
8Be
I Exp. Theo.
O(efm?) 21 —7.820
W(uN) 2] 1.015
E (MeV) IF — I}T Exp.(W.u.) Theo.(W.u.)
B(E2) 2F = of 13.620
47 — 2f 11.800
°Be
I Exp. Theo.
O(efm?) 3/2[ 53403 4.870
W(uN) 3/2] —1.178 —1.176
E (MeV) Ir — I}T Exp.(W.u.) Theo.(W.u.)
B(M1) 5/27 = 3/27 0.30 £ 0.03 0.853
1/27 = 3/27 3.571
5/27 = 3/27 244+ 1.8 24.220
B(E2) 1727 — 3/27 0.021
1/27 — 5/27 5.330

the elastic scattering and elastic transfer amplitudes as they
are indistinguishable from one another. On the other hand,
in some works involving reactions with identical initial and
final partitions, the experimental data at backward angles has
been associated with the transfer channel at forward angles,
and the theoretical results could successfully be reproduced
[13,51]. Indeed, it is possible to predict the angular range in
which the interference effect among the elastic scattering and
elastic transfer processes is relevant [13,28,52]. In Fig. 8(a),
the elastic scattering () and elastic transfer (w-0) angular
distributions results are shown. From these results, one can
say that the data corresponding to the backward angles are
dominated by the forward angle transfer and, as a conse-
quence, these data could be described by considering only
the contribution of the transfer amplitude, i.e., without taking
into account the interference effects. On the other hand, in
the angular range around 80° < 6 < 120°, the interference
would be important and should be taken into account in the
calculations. In Fig. 8(b), two results are shown. The solid

10° . . —T3
(a) 3

2
10°E 4
o 7
10 =
10°g ,Tfﬁ £
sl - ]
% 10 'g_ Jp— _EI
510'25—/]_/ | | 1;
G S B B B B N
o F =
E @ data - clastic (b) .
5 B data - transfer T
10 3 elastic E
F - - - elastic transfer ]
. B incoherent sum .
10 £ — - coherent sum =

0
107 3
-1 | _
e, 0 F

40 80 120
0.m (deg)

FIG. 8. CRC predictions for the angular distribution of the elastic
scattering and elastic transfer processes, using the Sdo Paulo poten-
tial in both partitions, compared to the experimental data.

—
o)
S

black line is related to the sum of the elastic and transfer
angular distributions without considering the interference ef-
fect, and the dashed-dot pink line is related to their coherent
sum. Despite the slightly small differences in the angular
distributions around the range of 80° < 6 < 120°, the results
are reasonably compatible outside this range. It is possible
to extend this analysis for the 7Beo,43(9Begs, 7Beo.43)9Begs
channel and to show that the most significant contribution to
the angular distribution at backward angles comes from the
inelastic transfer channel.

In particular, once the "Bey.s state cannot be resolved
from the ground state because of the experimental energy
resolution, it is important to assess the effect of the inelastic
transfer at backward angles compared to the elastic transfer. If
the orders of magnitude of both elastic and inelastic transfer
are comparable, the measured angular distribution should be
compared to the incoherent sum of the theoretical elastic and
inelastic transfers as, in this case, the two channels are not
identical.
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FIG. 9. Comparison of theoretical cross sections for different
reaction channels, with the experimental transfer data.

In Fig. 9, a comparison between the experimental data,
corresponding to the transfer channel, and the CRC results us-
ing independent coordinates model is shown. The solid curve
includes a sum of all the possible contributions. As already
mentioned, the data at backward angles mostly correspond to
the forward angles transfer channel, and, therefore, this sum
includes the transfer cross section where both residual nuclei,
"Be and the ejectile °Be, remain in the ground state plus
the inelastic transfer cross section, where the residual nuclei
"Be remains in the first excited 1/2 state (0.43 MeV) and
the ejectile *Be in the ground state. To verify the magnitude
of the elastic and inelastic scattering in this energy range,
where the transfer data were measured, the contribution of
each specific channel (elastic, inelastic, elastic transfer, and
inelastic transfer) is also shown in Fig. 9. One can notice that
the elastic and inelastic transfer angular distribution has the
most important contributions to describe the correct order of
magnitude of the experimental data.

B. CRC results using Woods-Saxon potentials:
Comparison with DWBA results

An optical model (or one-channel, or potential scattering)
analysis of the experimental elastic scattering angular distri-
bution was also performed. The calculations were performed
using the computer code FRESCO. We used Woods-Saxon form
factors for both real and imaginary parts of the optical poten-
tial and varied all the six parameters (depths, reduced radii,
and diffusenesses) to best reproduce the forward angle angular
distribution. The derived parameters are shown in Table V,
and the resulting fit is compared with the experimental data in
Fig. 10. One sees that the data at forward angles (elastic) are
very well reproduced. However, the optical model (OM) cross
section at backward angles (not shown here) underestimates
the data by at least three orders of magnitude and the OM

TABLE V. Woods-Saxon parameters obtained by fitting the elas-
tic scattering angular distribution.

V (MeV) x*/N

1.045) 0.4

ro-(fm) ap(fm) W (MeV) rp(fm)  ap;(fm)

52(5) 1.11(7) 0.64(5) 12(2) 1.29(7)

alone is not able to reproduce the observed cross section at
backward angles.

To have a better insight in the influence of different optical
potentials in the CRC results, we performed calculations with
Woods-Saxon optical potential in the entrance and outgoing
partitions, and compare with the results of the previous section
using the Sao Paulo potential. The results are compared with
the experimental data in Fig. 11 in the whole angle interval.
One sees that although the WS potential reproduces very well
the forward angles (elastic), it underestimates the backward
angles cross section by almost one order of magnitude, even
when the transfer is taken into account. The SPP, on the
other hand, is not so good at forward angles but can account
quite well for the cross section observed at backward angles
(transfer).

As we have obtained a Woods-Saxon potential that de-
scribes the elastic scattering at forward angles, one should
check the applicability of the distorted wave Born approxi-
mation (DWBA) to describe the experimental data. Besides,
we can also analyze the effect caused by the potential choice
and structural characteristics of the involved nuclei obtained
from the shell-model calculations.

To do this, we removed the coupling with the inelastic
state in entrance partition and performed DWBA calculation
considering Sdo Paulo and Woods-Saxon potential. We used
the spectroscopic amplitudes from Table II. The results are
shown in Fig. 12 where only the elastic scattering and elastic
transfer are taken into account. In Fig. 12(a), one can observe a

10° ¢ -
10°¢ 3
E10'- .
G E .
E L B
_8 | —
0% 3

E @ data - elastic E
10— OM =

| ‘ ‘ |

20 40 60 80
Bc.m. (deg)

FIG. 10. Optical model fit of the elastic scattering angular distri-
bution using Woods-Saxon form factors.
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FIG. 11. Comparison between the experimental data and the the-
oretical results for elastic+transfer, by performing CRC calculations
with different optical potentials.

better agreement between theoretical results and experimental
data when the Sdo Paulo potential is regarded, although the
elastic scattering is not perfectly described. In principle, if the
couplings with inelastic states are weak and the spectroscopic
amplitudes related to projectile and target overlaps represent
their correct structures, the DWBA approach should work,
as soon as the elastic scattering is reasonably well described
by the optical potential. Conversely, when one observes the
Fig. 12(a), one realizes that the transfer data are not well
described by considering Woods-Saxon potential in both
ingoing and outgoing partitions even reproducing quite well
the elastic scattering.

As a next step, we repeated our calculations with Woods-
Saxon potential, changing the spectroscopic amplitudes to
reproduce the data and then compare the derived amplitudes
with the ones obtained from microscopic calculations. For the
(7Begs(3/2‘)|9Begs(3/2‘)) overlap, the more relevant struc-
ture contribution comes when the two neutrons are coupled
to give Jj; = 0 or Ji; = 2 (see Table II). However, it is more
likely to find the two neutrons transferred with Ji, = 2 than
with Jj; =0, as it is shown in Fig. 12(b). In this figure,
the dashed red curve is the result considering that the two
transferred neutrons may be coupled to give Jj; = 0 or Jj, =
2 (DWBA-1),i.e.,

("Begs(3/27)"Begs(3/27))
= [—1.259|(1p3/2)*) =2 — 0.035|(1p321p1/2)) 1,=2)]
+1[0.267|(1p32)* ) spm0 + 0.174[(1p12)5 o] (3)

with amplitudes given in Table II. The dash-dot-dot-dot cyan
line represents the results when just Jj; = 2 is considered
(DWBA-2), while the dashed-dashed-dot black line represents
the results when only the other (J;» = 0) component is taken

10 @ DWBA-SPP -
Fle- - - - DWBA-WS
102 3 \i‘ ® data- elastic 3
oW B data- transfer
1L %
100 &
- iy
100? 4’\ EEEE/‘—:
= nll R
Z 107 ¢ P e
E 2L ;
o 10
= i t = i - f
O 3F . mee----- DWBA-1
=10 ® DWBA-2 3

2 N DWBA-3
10 DWBA-4 =

1F ® data- elastic
10 E data- transfer E
10°f
10"t - ;

-

o F ‘Y7 N '\ |
107} N e
10_ I ] \ ] ] ]

40 80 120 160
O.m. (deg)

FIG. 12. Comparison of various DWBA results with the experi-
mental data (see text for details).

into account (DWBA-3). Moreover, the most important com-
ponent of the two-particle wave function is that when both
neutrons are in 1pj3/; orbit to give Jj» = 2. For this reason, the
spectroscopic amplitude of this component of the total wave
function was varied to fit the data. The value found was 79%
higher than that one derived from the shell-model calculation
(DWBA-4), which represents a considerable disagreement
between the amplitudes derived from the microscopic calcu-
lation and the DWBA approach.

The full dark-brown curve represents the result concerning
the transfer cross section obtained by fitting the spectroscopic
amplitude of the (1p3, )?> two-neutron wave function compo-
nent coupled to give Jj, = 2 with amplitudes SA = —2.259.
The results of our DWBA calculations show that one has to
be very careful deriving spectroscopic information from the
fit of experimental data of transfer reaction trough DWBA
calculations, especially in the case of two-neutron transfer
reaction, where different configurations can influence in the
total wave function of the state.
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C. Angular smoothing

Due to the large angular acceptance of the detectors
(£3 degy,,), beam spot size (*4-5 mm FWHM) and angular
divergence of the secondary beam (1.5 < 0 < 4.5°), it is
necessary to take into account the effect of the angular resolu-
tion in the theoretical angular distributions before comparison
with the experimental data. This was done by calculating the
folding of the angular distributions weighted by a normal
distribution, around the central scattering angle and a width
equal to the angular resolution of the experiment (see Eq. (4)
of Ref. [53]). The angular resolution was determined by a
Monte Carlo simulation of the scattering process taking into
account the spot size and the angular divergence of the sec-
ondary beam, the acceptance of the detectors and the angular
straggling in the target.

do 0'+A0 do
-— = —  G(0,0', A0)d0, 4
d 2 conv ,/(;/_Ag d 2 cale ( ) ( )

where G(0, ', AQ) is the Gaussian distribution centered in 6’
and A@ is the standard deviation (angular acceptance). The
results are illustrated in Fig. 13 where one can notice that
the effect of the angular resolution is to smoothly reduce the
amplitude of the oscillations of the angular distribution.

IV. °Be(p, t)’Be REACTION

In the past, (p, 1), (p, d), (d, t) transfer and other reactions
have been extensively studied by considering °Be as target
nucleus to describe the elastic and inelastic scattering [54,55]
as well as one-neutron [55-57] and two-neutron transfer [58]
reactions. In particular, the (p, #) two-neutron transfer reaction
was essential to probe the pairing correlation in transfer
reactions.

In this section, we have selected the 9Be(p, 1)"Be reaction
for which there are excitation functions in the energy range
from 14-23 MeV and p + °Be elastic scattering angular dis-
tributions available to verify if the general features observed
in this reaction are the same ones found by using 'Be as
projectile. The details of the experimental procedure are given
in Ref. [58].

The microscopic spectroscopic amplitudes corresponding
to the couplings scheme for the target overlaps are the same of
those used in the calculations of the previous section. On the
other hand, it was considered the amplitude equal 1.0 for the
(d|p) and (t|p) overlaps wave functions, while for the (¢|d)
overlap the amplitude 1.22 [59] was used.

We carried out the two-neutron transfer calculations con-
sidering the Sdo Paulo potential in the real part of the opti-
cal potential in the initial partition with strength coefficient
N, = 1.28. On the other hand, a Woods-Saxon potential was
used in the imaginary part of the optical potential of this
partition with geometric parameters V,, = 11.10 MeV, r,, =
1.06 fm and a,, = 0.84 fm. The spin-orbital interaction was
also included with the following parameters V,, = 7.20 MeV,
rso = 1.30 fm, and ay, = 0.70 fm. Using this optical potential
in the entrance partition, it was possible to reproduce the
elastic scattering for the p + °Be at 14.0, 15.0, and 21.35 MeV
as one can observe in Fig. 14. For the outgoing partitions,

10° 3 T T T T T T T
C @® data - elastic (a)
B data - transfer

102 & with smoothing i

i — - — without smoothing
10' F E
10

ol

A - - - — with smoothing (b)
without smoothing

do/dQ (mb/sr)

—_
S
S
|

10' £

10"

40 80 120 160
0...(deg)

FIG. 13. Angular smoothing with (a) Woods-Saxon and (b) Sdo
Paulo potential in both partitions, respectively, using the CRC
method.

the Sdo Paulo potential was used in the real and imaginary
parts with coefficient strength N, = 1.0 and N; = 0.78. In
Fig. 15, the results obtained for the two-neutron transfer cross
sections in the energy interval from 14-23 MeV are shown in
comparison with the experimental data. The integrated cross
sections corresponding to the 7 + 7Begs channel (curves Seq-1
and IC-1), and the sum of both ¢ + 7Begs and r + 7Beol429
channels (curves Seq-2 and IC-2) were plotted in order to
determine the effect of the "Beg s state on the theoretical
results. One observes that the effect of the inelastic transfer
(t + "Beg az9) is not so large.

The theoretical calculations concerning the two neutrons
simultaneously transferred reproduce quite well the experi-
mental data. Conversely, the results for the sequential process
are lower than the measured cross sections by about one
order of magnitude. These results are in agreement with those
obtained in the previous subsections where it was shown
that there is an indication that the two-neutron transfer in
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FIG. 14. Angular distribution for the p 4+ °Be elastic scattering
at 14, 15, and 21.35 MeV incident energy.

the reaction (°Be, "Be) are most likely to occur by a direct
transfer process with both neutrons correlated. It is worth
to mention that to consider two neutrons outside the core
in transfer process with spectroscopic amplitudes derived by
shell-model calculation, which appropriately describes the
structures information of the nuclei involved in the reaction,
has successfully described the angular distribution for the
two-neutron transfer for many systems [13-21]. This indicate
the feasibility of the method. On the other hand, as the cluster
o + o + n configuration of °Be target has not been considered
in our structure calculations, our results are not completely
exact in the absolute values, as the spectroscopic amplitudes
of the ("Be|’Be) overlap might be overestimated. As in our
structure calculations the *He has been chosen as a core,
this means that one should take one neutron from the other

[ T T T T T T T T T T T ]
10' £ 3

0
i
g i ]
g L 4
b _1 | |
10 — Seq-47
L IC-1 ]
r IC-2 1
107 F 3
i | L | L | L | L | L | ]

14 16 18 20 22 24
Er(MeV)

FIG. 15. Excitation function of the gBe(p, t)"Be reaction in an
incident energy range from 14-23 MeV.

a cluster (if the o 4+ « + n configuration is considered as
predominant) to transfer two neutrons. But the situation is the
same for both sequential and direct transfer. This allows us
to be confident, at least qualitatively, on our conclusion about
the predominance of the direct (paired) two-neutron transfer
reaction in these cases. The fact that we did not included the
cluster structure of °Be isotope could be the reason why we
slightly over predicted the transfer cross section in Fig. 6.

Another important point is the relevance of the 8Be; 3(2%)
state in the intermediate partition to describe the data by
considering the sequential transfer. In Fig. 15, the Seq-1 and
Seq-2 curves correspond to the results considering only the
ground state of the *Be in the intermediate partition while the
Seqg-3 and Seq-4 take into account both ground and 3.03(2%)
excited state. It is clear the relevance of this intermediate
8Bes 3 (27) state once the cross sections increased almost one
order of magnitude when it was considered. Although this was
not explicitly shown in the case of the ('Be, °Be) reaction, the
inclusion of the ®Be; g3(27) intermediate resonance was not
so relevant for the sequential transfer in this last case.

V. CONCLUSIONS

Elastic scattering and the transfer reaction for the "Be +
°Be system have been measured at Ej,, = 23.1 MeV. The "Be
secondary beam has been produced in the RIBRAS facility
at the University of Sao Paulo. The transfer reaction has
been identified by detecting the °Be at forward angles, which
corresponds to the "Be scattered at backward angles. The
observed cross sections for “Be were orders of magnitude
larger than realistic optical model predictions indicating that
processes other than pure elastic scattering are taking place
at backward angles. The obvious candidate is the pickup from
the target *Be to the projectile 'Be. This transfer process leads
to the same masses of the entrance channel and is called elastic
transfer. Due to our limited experimental energy resolution,
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the inelastic scattering and the transfer to the low-lying ex-
cited state in "Be(1 /27;0.43 MeV) were also considered.

The transfer reactions have been analyzed in the con-
text of the CRC method using the independent coordinates
scheme. The spectroscopic amplitudes for each two-particle
wave function component were microscopically calculated in
the shell-model framework. Moreover, these structural cal-
culations were able to describe reasonably well the known
low-lying states, electric and magnetic quadrupole moment
experimental data, as well as, B(E2) and B(M1) reduced
transition probabilities for some transitions, giving confidence
in our spectroscopic amplitudes. Nevertheless, our structure
calculations did not account at all for the o 4+ o + n configu-
ration of the *Be isotope. To include all these configurations
in the same structure calculations is not an easy task at the
moment.

It was shown that the magnitude of the backward angular
distribution can be quite well reproduced considering the
effect of the elastic transfer process. The effect of the elastic
scattering and the inelastic excitations seem to be of minor
importance at backward angles although the coupling with
the inelastic excitation of the first excited state of the 'Be is
important. The angular distribution was quite well described
considering that both nucleons are simultaneously transferred,
which suggests that the pairing correlation mentioned before
is relevant for this process. The sequential transfer was consid-
ered and its effect is negligible in the whole angular range. As
the & clusters configuration of *Be isotope was not considered,
our results are approximate. Nevertheless, both direct and
sequential transfers are expected to be affected in the same
way by the missing cluster configurations, that, on the other
hand, maybe the reason of the slight overestimation of the
transfer data.

The same features have been observed in transfer calcu-
lations in the °Be(p, t)’Be reaction, in which an available
excitation function was quite well reproduced by considering
the case where both valence neutrons are simultaneously
transferred. Theoretical structure calculations also show that
the two neutrons are preferably transferred to the 7Begs(3 /27)
state coupled to the Jj, = 2 total angular momentum of the
two-neutron to generate the 9Begs(3/2_) state. Moreover,
in this transition, it is more likely to find both neutrons in

the 1p3,, orbit. The use of the same target overlaps to the
elastic-transfer (°Be, 'Be) and 9Be(p, )'Be reactions gave
confidence in our form factors. In addition, it is to be noted
that in the elastic-transfer case the analysis is simpler than in
the (p, t) reaction, since the initial and final states are the same
and the remnant terms are null.

Furthermore, we show that the choice a suitable optical
potential is vital to describe both elastic and transfer channels
studied in this work. Indeed, the CRC calculation has given
good results for backward angles by using the double folding
Sao Paulo potential in both ingoing and outgoing partitions.
This choice makes the results utterly microscopic since the
Sao Paulo potential is a parameter-free interaction, although
the results at forward angles were not so good. The reason
of this disagreement may be originated by the fact that we
are taking into account the effect of breakup channels of both
79Be nuclei by an effective imaginary potential (equal to the
real part of the Sdo Paulo potential with a strength factor
N; = 0.6 in the entrance partition). Better results might be
obtained if the breakup and the transfer channels would be
considered in the same calculation, which would be extremely
complicated in the present case in which the projectile breaks
into two fragments and the target in three.

On the other hand, when a Woods-Saxon optical potential,
which describes quite well the elastic scattering at forward
angles was used in both partitions (instead of the double fold-
ing Sao Paulo potential), the transfer angular distribution was
not well reproduced by the theoretical calculation as the result
using the Sdo Paulo potential. At backward angles, the differ-
ence between the theoretical and experimental angular distri-
butions was less than one order of magnitude. With the aim to
reproduce both elastic scattering and transfer angular distribu-
tions, the spectroscopic amplitudes of the most relevant wave
function component should be increased by about 80%, and
this might not reveal the actual structure of the nuclei.
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