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Abstract: To obtain the neutron spectroscopic amplitudes for *°~%0 Zr overlaps, experimental data of elastic scatter-
ing with small experimental errors and precise optical potentials were analyzed. In this study, the elastic scattering
angular distributions of '>13C + 4Zr (4 = 90, 91, 92, 94, 96) were measured using the high-precision Q3D magnetic
spectrometer in the Tandem accelerator. The Sdo Paulo potential was used for the optical potential. The optical mod-
el and coupled channel calculations were compared with the experimental data. The theoretical results were found to
be very close to the experimental data. In addition, the possible effects of the couplings to the inelastic channels of the
AZr targets and '>13C projectiles on the elastic scattering were studied. It was observed that the couplings to the in-
elastic channels of the '>13C projectiles could improve the agreement with the experimental data, while the inelastic
couplings to the target states are of minor importance. The effect of the one-neutron stripping in the '3C+A4Zr elastic
scattering was also studied. The one-neutron stripping channel in '3C + 4Zr was found to be not relevant and did not
affect the elastic scattering angular distributions. Our results also show that in the reactions with the considered zir-
conium isotopes, the presence of the extra neutron in '3C does not influence the reaction mechanism, which is gov-

erned by the collective excitation of the '2C core.
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1 Introduction

The accurate description of the elastic scattering is
sensitive to the structure of the nuclei involved as well as
to the nuclear potential [1-4]. In this way, the elastic scat-
tering process comprises an essential part of the overall
understanding of heavy-ion reaction dynamics that de-
pend on the structure of the colliding nuclei. Therefore,
the elastic scattering of the heavy-ion system is of pro-
nounced importance as it provides information about the
interaction potential, and measures the reflection of the
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flux as it reaches the region of the interaction. It is often
described by optical model calculations with an optical
model potential (OMP) having some adjustable paramet-
ers. Most reaction theories require the knowledge of the
OMP derived from the elastic scattering angular distribu-
tion of the colliding nuclei involved or from more funda-
mental criteria, like double folding potentials.

The OMP can be used to estimate the cross sections
of nuclear reactions; not only elastic scattering but also
the other nuclear reactions such as breakup, transfer, and
fusion, etc [5-7]. The interaction potential consists of
nuclear and Coulomb potentials. The imaginary part of

* Supported by National Natural Science Foundation of China (U1832130, 11975040 and 11475013) and National Key R&D Program of China (2017YFF0106501).
Brazilian financial support from CNPq, CAPES and FAPERJ and from INCT-FNA (Instituto Nacional de Ciéncia e Tecnologia- Fisica Nuclear e Aplicagdes)

(464898/2014-5)
1) E-mail: zgl@buaa.edu.cn

©2020 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

104003-1



Chinese Physics C  Vol. 44, No. 10 (2020) 104003

the nuclear potential represents the absorption from the
elastic channel to other reaction channels, such as inelast-
ic scattering, re-arrangement reactions, breakup channels
(when weakly bound nuclei are involved), etc. The Cou-
lomb potential between projectile and target nuclei is well
known. The nuclear potential is often parameterized
based on the optical potential. The potential parameters,
which are related to the nuclear structure, can be extrac-
ted by fitting the elastic scattering angular distributions.
Many kinds of studies have focused on the optical poten-
tial in heavy-ion physics for many years [8-17]. However,
large ambiguities always existed for the optical potential
parameters. Many studies devoted to deriving optical po-
tentials have been performed in recent years, and several
achievements were realized. Chamon et al. derived a
global description of the nucleus-nucleus interactions
within the double-folding model named the Sdo Paulo po-
tential (SPP), which can be successfully used for stable
and unstable nuclei [18]. Xu er al. proposed a global
single folding potential based on the elastic scattering an-
gular distributions of ®’Li on target nuclei with masses
larger than 40 for energies ranging from 5 to 40 MeV/u
[19]. Wang et al. obtained an energy independent Woods-
Saxon potential at energies much higher than the Cou-
lomb barrier [20]. Gan et al. selected several elastic scat-
tering angular distributions of '>C from target nuclei of
A>39 to extract the Woods-Saxon potential parameters
[21]. The derived potential was able to reproduce many
elastic scattering angular distributions induced not only
by '>C but also by other projectiles. In our work, we con-
sidered the double folding Sdo Paulo potential [18],
which has an energy dependence, as the nuclear potential.

In collisions of typical strongly bound nuclei besides
the elastic scattering, other relevant reaction channels,
such as the inelastic scattering of projectile and target
nuclei, are also accompanied. Therefore, the analysis of
the elastic scattering, together with other relevant reac-
tion channels, can be treated in the coupled channel (CC)
method. The CC method is the most powerful tool to
study multichannel scattering [22]. In this paper, the CC
method is used to analyze the elastic scattering of >13C
on zirconium isotopes.

For stable Zr isotopes, the neutron numbers are at or
close to the magic number of 50. Their neutron capture
cross sections are relatively low [23, 24] and very scarce.
In nuclear astrophysics, Zr isotopes occupy the intersec-
tion of the weak and main s-process, and the neutron cap-
ture reactions by Zr isotopes are particularly significant
[25]. For this reason, researches focused on them have at-
tracted great attention. The valuable information about
the astrophysical medium, including the neutron flux
density and temperature, can be extracted from the
abundances of the Zr isotopes. Therefore, the neutron
capture reaction rates of Zr isotopes should be determ-

ined with high accuracy. For example, in 3°Zr(n,y)*Zr,
the direct neutron capture reaction rate contributes about
13% of the total reaction rate, which is much larger than
the required accuracy of 5%. For the 3Zr(n,y) Zr reac-
tion rates, an accuracy of 3%-5% is required [25]. From
the evaluated data of the National Nuclear Data Center,
the direct neutron capture reaction rate contributes about
10% to the total reaction rates. For this reason, it is mean-
ingful to accurately study the direct components of neut-
ron capture reaction with various experiments. The spec-
troscopic factor can be used to estimate the direct com-
ponent of the (n,y) cross section. The values of the spec-
troscopic factor can be obtained by comparing the experi-
mental cross sections with the predicted ones from reac-
tion models. Experimental measurements of the neutron
spectroscopic factors about Zr isotopes have been done
for several decades [26-28]. However, the published
spectroscopic factors have large differences with one an-
other, especially for ®°Zr. The published neutron spectro-
scopic factors vary from 3.4-10.0 for *°Zr. Such a large
difference may cause more than 20% uncertainty to the
total reaction rate of 8°Zr(n,y)*°Zr. The main shortcom-
ing of the previous studies is the large experimental er-
rors [29, 30] and the neglect of the influence of optical
potentials, which gives large uncertainties to the spectro-
scopic factors. To improve these defects, a more accurate
experiment should be carried out. In this study, '>13C +
AZr reaction systems were selected since '2C is a typical
stable nucleus, and the '>C heavy-ion beam can be easily
obtained and tuned with the accelerator. For the '3C
beam, it is used to extract the optical potentials of exit
channels for the one-neutron transfer reaction of '>C + Zr
isotopes. For Zr isotopes, some unstable isotopes such as
897y ([1/2 =33 d), B7Zr ([1/2 =1.5 x10° y), and ¥ Zr (tl/z
=64.0 d) exist. These Zr isotopes are not available as re-
action targets. Thus, in the experiment using '3C +
909294967 reactions can be complemented with 3C +
89.93.957r to extract the OMP of the exit channels.

This paper is organized as follows. In Sec. 2, we de-
scribe the experimental apparatus. In Sec. 3, we compare
the experimental angular distributions with OMP and CC
calculations. In Sec. 4, we study the influence of one-
neutron stripping on the '3 C+%0:91.929496 7 gystems on the
elastic scattering. The conclusions are presented in Sec. 5.

2 The experimental method

The experiment was performed at the HI-13 Tandem
accelerator at the China Institute of Atomic Energy (CI-
AE), Beijing, with the Q3D magnetic spectrometer. The
Q3D magnetic spectrometer has a high-energy resolution
of approximately 0.02%, and the angular distributions of
elastic scattering can be measured with high precision.
The beams of '2C at 66.0 MeV and '3C at 64.0 MeV
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from the accelerator impinged on the carbon-supported
zirconium enriched isotope targets of °091.92949 70,
The abundance of Zr isotopes in °021.9294%7r0, is
shown in Table 1. The thicknesses of the 90-91.92.9496 7+,
targets were (32.9 = 2.5), (27.3 = 1.6), (30.0 + 2.2),
(41.0 = 2.9), (34.4 + 2.3) ug/cm?, respectively, which
were calibrated by normalizing the elastic scattering cross
sections at forward angles to Rutherford's scattering cross

Table 1. Isotopic compositions of targets (%).

target names N07r N7y 927r 94 Zr 967y

0710, 99.4 3.24 0.97 0.7 7.19

91 Zr0, 0.3 94.59 0.51 0.2 1.46

92710, 0.2 1.63 98.06 04 231

94 Zr0, 0.1 0.46 0.41 98.6 0.89

% Zr0, 0.04 0.08 0.05 0.1 85.15
sections.

The experimental setup is shown in Fig. 1. The dia-
meter of the target chamber was 479 mm. To provide a
better angular resolution, a collimator with a diameter of
5 mm was put at the entrance (located at the diaphragm
position of Fig. 1) of the Q3D magnetic spectrometer to
certify the angular resolution of differential cross section
better than 0.4°. Accordingly, the solid angle acceptance
of the Q3D magnetic spectrometer was set to be 0.34 +
0.01 msr for excellent angular resolution. The targets
were placed at the the center of the target chamber up-
stream of the Q3D magnetic spectrometer. A movable
Faraday cup was placed behind the target to monitor the
beam intensity, which was used for the absolute normal-
ization of the reaction cross sections. A AE-E detector
telescopic system was set at approximately 23° down-
stream of the reaction targets for the cross-check of the
beam intensity. The reaction products were separated by
Q3D and then measured by a 50 mm x 50 mm two-di-
mensional position-sensitive silicon detector (PSSD) at
the focal plane. The PSSD consists of 16 strips at the ho-
rizontal and perpendicular directions, respectively. The

PSSD
Mobile platform /\

Beam

Diaphragm

Fig. 1. Experimental setup.

width of each strip is 3 mm. In this experiment, we only
focus on the horizontal position and do not consider the
vertical position. The high momentum resolution of Q3D
(the momentum dispersion is 0.025 mm/% at the final fo-
cal plane) and the position-energy information from
PSSD enables us to identify the specific ions from other
reaction channels since the horizontal position of PSSD
reflects the radius/momentum of deflected ions in the
magnetic spectrometer. i.e. the magnetic rigidity.

The typical two-dimensional spectrum of kinetic en-
ergy versus the horizontal position for the %6Zr
(12C,12C)% Zr reaction at 26° is shown in Fig. 2(a). It can
be seen that the object ions (the >C in this case) from the
reactions can be clearly identified via the energy and pos-
ition information. Thus, the number of object ions can be
counted accurately through the position spectrum of ob-
ject ions, as shown in Fig. 2(b). In Fig. 2(b), the width of
the spectrum is determined by the set momentum range of
Q3D. The position width is mainly related to three para-
meters: the energy spread of scattered ions, the character-
istics of the magnetic spectrometer, and the position res-
olution of the PSSD. In the whole experiment, these three
parameters were almost kept unchanged. Therefore, the
position width was practically not changed. Through ro-
tating the Q3D magnetic spectrometer, the angular distri-
butions of elastic scattering of '>!13C+Zr were measured
in the range of 0° - 60°. The ratios of the experimentally
obtained differential elastic scattering cross sections to
Rutherford's differential cross sections with the change of

80 T T T T T
(a) e
R
60 1
>
L
% 40
= QGZr(12c 12C)962r
2 Elab=66 MeV 6 _,=26°
250 + + t t t
(b)

200 | .
=150 | 4
=
=]

Q
100 | .
50 [ .
0 A A

30 20 10 0 0 20 30
Horizon Position (mm)
Fig. 2. (a) The two-dimensional spectrum of kinetic energy
versus the horizontal position and (b) the horizontal posi-
tion spectrum of object ions for *°Zr(12C,12C)% Zr at 26°.
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Fig. 4. (color online) Elastic scattering cross sections for the

13C+AZr reactions at 64 MeV.

angles are shown in Figs. 3 and 4 by circles for the reac-
tions induced by '>C and '3C, respectively. The experi-
mental errors mainly stem from the statistical error (3%)
and the uncertainty of the target thickness (5%).

3 Optical model and coupled channel calcula-
tions

Different kinds of calculations can be performed to
derive the elastic scattering angular distributions, depend-
ing on the goal of these calculations and the nuclei in-
volved in the collision. Among these calculations, we em-
ployed the OMP calculation, usually devoted to determ-
ine the energy dependence of the optical potential and to
derive the reaction cross sections, and the coupled chan-
nel calculations. The previous method is commonly ap-
plied to study the effect of channel couplings on elastic
scattering, fusion, etc. Both methods solve a Shrodinger
equation or the system of equations with specific bound-

ary conditions that allow determining different observ-
ables. To describe the system of colliding nuclei, one
must postulate a Hamiltonian that includes an optical po-
tential (or potentials in the case of nuclei with cluster or
halo structures that have low break up thresholds). The
Sao Paulo potential (SPP) [18], which is a double folding
potential with systematics for the matter density of the in-
teracting nuclei, has been commonly used for the optical
potential. As we are using the SPP in this work, some
brief details about this potential will be given below.

The nuclear interaction part of the double folding po-
tential is given by the following expression:

VE(R) = Vp fpl(rl )P2(r)0(R—ry+ry)dridra, (1)

where Vo = — 456 MeV fm? and p;(r;) (i = 1— projectile
and 2-target, respectively) is the matter densities. In the
zero-range approach, where the range of the effective
nucleon-nucleon interaction is negligible in comparison
with the diffuseness of the nuclear densities, the usual
M3Y [31] nucleon-nucleon interaction becomes Vjyé
(R—-ry+ry), where r; is the coordinates of the nucleons
inside the nuclei, and R is the vector joining the center of
mass of the two interacting nuclei. The SPP accounts for
the Pauli non-locality, which arises from quantum ex-
change effects; its local equivalent form is given by the
following expression:

VSPP(E.R) = VE(R)e /), ®)

where VE(R) is the double-folding potential of Eq. (1), ¢
stands for the speed of light, and v is the local projectile-
target relative velocity obtained from

2
V(R,E) = ; [E - Vc(R) - ViE(R, E)], 3)

where, V¢ is the Coulomb potential. Many studies using
the SPP as the optical potential to derive the elastic scat-
tering to study its energy dependence and to calculate dir-
ect reaction cross sections have been reported (see for ex-
amples Refs. [4, 22, 32-37]).

To describe the scattering cross sections for the
2C+A4Zr at 66 MeV and 3C+AZr at 64 MeV with A =
90,91,92,94 and 96, we first performed optical model
calculations considering only the ground state of each
nucleus. The double-folding SPP was used in the optical
potential in both the real and imaginary parts [U = (Ng+
iN))Vspp] with Ngp =1.0 and N;=0.78. These strength
factors for the real and imaginary parts were adopted be-
cause we are not considering any coupling to the ground
states. Many systems have had the elastic cross section
well described by this value of the strength coefficients in
a wide energy interval by means of optical model calcula-
tions [38]. The conclusion achieved in the mentioned pa-
per was that these systematics are valid when there is no
strong coupling of any relevant channel to the elastic
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scattering.

Optical model calculations are important for under-
standing whenever there are strong couplings to the elast-
ic scattering. Thus, to highlight dynamic effects such as
strong couplings or static effects like cluster structures,
we used the SPP at energies close to the barrier since this
potential (in principle) does not take these effects into ac-
count in its systematics. Therefore, if the results do not
describe the elastic experimental data, this means there
are some relevant dynamic or static effects not included
in the one-channel or optical model calculation. On the
contrary, if the one-channel calculation describes the
elastic scattering angular distributions, there are no im-
portant couplings to the elastic channel left out in the cal-
culation, or there are polarizations of different signs that
cancel each other. In Figs. 3 and 4, the comparison
between the optical model calculations and the experi-
mental data for '213C+90.91929496 7 elastic scattering is
shown. One can see that the theoretical results have good
agreement with the experimental data. However, when
the projectile is '2C (see Fig. 3), the theoretical results are
slightly above the experimental data, which means there
are some couplings with the elastic channels not included
in the calculations. For the projectile 3C (see Fig. 4), the
results are slightly below the data when the target is °! Zr.

To explain this small difference between the experi-
mental data and the theoretical elastic scattering, we per-
formed CC calculations, including the inelastic states of
the projectile and target, using the FRESCO code [39]. In
Table 2, the states included in the coupling scheme are
shown. To describe the transitions between the target and
projectile states, a model-independent procedure to ac-
count for the Coulomb and nuclear deformations was
used, and the electromagnetic transition B(E2) for °!Zr
and B(E1) for 3C were taken from Ref. [40]. The quad-
rupole (B,) and octupole (B3) deformation parameters to
couple 3C states were assumed to be equal to the ones
reported for '>C in Refs. [41] and [42], respectively. For
the 90929497 jsotopes, a vibrational model was used,
and the deformation parameters B, and B; were also
taken from Refs. [41] and [42]. The values of deforma-
tion parameters are shown in Table 3. The Coulomb and
nuclear deformations were considered to have the same
values, as long as no statistic effect in matter distribu-
tions was expected for these nuclei. The transition form-
factors were taken as derivatives of the monopole term,
following the usual convention.

The deformation parameters are related to the re-
duced electromagnetic transition probabilities by

4 VBEALT—>T)

A= 3R SO+ < IRAOTK > @)
where Z is the nuclear charge, R = roA'/3, 4 is the mass
number, and ry = 1.06 fm is the reduced radius. A stands
for the multipolarity of the transition. / and I’ are the

Table 2.  Projectile and target states considered in the coupling
scheme.
nucleus JT energy/MeV
12c 0+ 0.0
2% 4.440
B¢ 1/2- 0.0
12+ 3.089
3/2~ 3.684
5/2* 3.854
NZr 0* 0.0
2% 2.186
NZzr 52% 0.0
12+ 1.205
5/2* 1.466
7/2* 1.882
32+ 2.042
9/2* 2.131
27r 0* 0.0
2* 0.934
0+ 1.383
4* 1.495
2+ 1.847
97y 0+ 0.0
2+ 0.919
0* 1.300
4+ 1.450
2% 1.671
96 7; 0+ 00
2+ 1.750

spins of initial and final states, respectively, and K is their
projection in the quantization axis. For the real part of the
optical potential, the SPP was used along with a short-
range potential in the imaginary part, which had the
Woods-Saxon [43] form with W =50 MeV, r; = 1.06 fm,
and a; = 0.2 fm for the depth, reduced radius, and diffuse-
ness, respectively. This short-range potential is important
for accounting for the absorption of flux due to fusion be-
cause this process cannot be explicitly included in the cal-
culations.

The comparisons between the CC calculations and the
experimental data for the '>?C+4Zr systems are shown in
Fig. 5. In this figure, the solid blue line stands for no
coupling calculation, in which only the ground state of
each nucleus is considered. The dashed green line repres-
ents the results when only couplings to the inelastic states
of the projectile were considered. In the calculations, rep-
resented by the dashed dot red curve, we included only

104003-5



Chinese Physics C  Vol. 44, No. 10 (2020) 104003

Table 3. Deformation parameters and reduced electromagnetic trans-
ition probabilities considered in the CC calculations [40-42].
nucleus B B3
2c 0.582 —
e 0.582 0.44
NZr 0.0894 —
97t 0.1027 0.18
4 Zr 0.090 _
90 Zr 0.080 027
nucleus I'—>1 B(E1) /w.u
B¢ 1/2+ - 1/2- 0.039 (4)
B(E2) /w.u.
7. 1/2+ > 5/2+ 15 (4)
5/2+ - 5/2+ 10.7 (10)
7/2+ —>5/2+ 7.7 (13)
3/2+ > 5/2+ 59 (6)
9/2+ - 5/2+ 4.2(6)

RO+ r

- o data

2C+"Zr

10" f— mo coupling
- - - only inel.2C
[— - only inel. Zr

IZC+‘J]ZI. 12C+94Zr

daMdop .
=
1

Wl i 20 40 60
] B¢.m (deg)
w'E 12(:+9ﬁzr E
we oL 3
0 20 40 60
Ol‘..lll,({leg}
Fig. 5. (color online) Comparison between CC calculations

and elastic scattering data for '2C+AZr reactions at 66 MeV.

the inelastic states of the target in the coupling scheme.
The dotted line is the full CC calculation, in which all
couplings with inelastic states of the projectile and target
were considered.

One can note that the couplings with the inelastic

states of the target (AZr - dashed red dot curve) do not
have a significant influence on the elastic cross section.
The coupling with the first excited state of '>C or the full
CC calculation has led to the results that slightly overes-
timate the angular distributions at backward angles.
Similar CC calculations were performed for the reac-
tions induced by 3C (see Fig. 6). Similar to the '>C case,
a good agreement of angular distributions is observed
when the couplings to inelastic states of the projectile

BCHZr
o data

no coupling
F only inel.*C
[—-— only inel. Zr

+ BCHY%Yr

13(:+927‘r 13C+94Z]-

WE  1BOqsszy

107 3 | . 1 ‘i‘ =
0 20 40 60
B m (deg)
Fig. 6. (color online) Comparison between CC calculations

and elastic scattering data for '3 C+AZr reactions at 64 MeV.

were included in the calculations (dashed green line).
Nevertheless, the full CC calculation underestimates
the angular distribution from approximately 55° for most
of the systems. This might be an indication that there
could be missing couplings, like the one-neutron transfer.

4 Coupled reaction channel calculations

To determine whether there were some missing coup-
lings left out in the CC calculations, we performed finite-
range Coupled Reaction Channel (CRC) calculations for
the one-neutron transfer for some reactions involving the
3C+AZr systems that have positive Qyaue (see Table 4).
For the optical potential in the entrance partitions, the
same potentials used in the CC calculations were used in
the real and imaginary parts. In the final partitions, the
SPP was used in both real and imaginary parts. Again, the
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Table 4.  Q,aume for the one-neutron stripping transfer reaction for the
13C+A4Zr systems.

reaction Ovalue/MeV
90 7;(13C,12C)% 7¢ 248
91 7;(13C,120)%2 7¢ 3 688
27¢(13¢,120)B zr 1.788
% 7r(13C,12C)% 7¢ 1516
9% 7;(13C,12C)% 7¢ 0.629

imaginary part was multiplied for a coefficient Ny =0.78
because no couplings were considered. The single-
particle wave functions were obtained using Woods-Sax-
on potentials with diffuseness and a reduced radius equal
to 0.65 and 1.25 fm, respectively, for the target and pro-
jectile. The depths of the Woods-Saxon potentials were
varied to fit the experimental one-neutron binding energy.

Shell-model calculations were performed to derive
the spectroscopic amplitudes for the projectile and target
overlaps, using the NuShellX code [44]. For the pro-
jectile overlaps, the psdpn model space and the psdmod
effective phenomenological interaction [45] were used.
This model space assumes the *He as a closed core with
1pss2, 1pij2, ldsp, ldsp, and 2s;,, orbitals as valence
orbitals for protons and neutrons. For most of the target
overlaps, the glekpn model space and effective phe-
nomenological interaction of the same name [46] were
used. This model space uses 17,2, 1f5/2, 2p3/2, 2p1/2, and
lgg;» as valence orbitals for protons and 1go,2, 1g7/2,
2ds;, 2d3:,and 354, for neutrons. Owing to our compu-
tational limitations to perform shell-model calculations
using that large valence space, it was necessary to intro-
duce some constraints to generate the spectroscopic amp-
litude. For this, the 3¢Sr nucleus was considered to be a
closed core, and the number of protons in the higher
2pi» and 1gg,, orbitals was reduced. For neutrons, the
2ds;, and 3sy,, orbitals were also restricted. For the
96977y nuclei, this model space and interaction was not
able to describe their structure characteristics (eigenval-
ues, spins, and parities). Thus, it was necessary to use the
glepn [46] model space and interaction. This model space
uses 2p3/2, lfs/z, 2p1/2, lgg/z, 3S1/2, 2d5/2 and 2d3/2 as
valence orbitals for protons and 2ps3,2, 1f5,2,2p1/2, 1g9/2,
3512, 2ds/2, and 2d3), for neutrons. The same closed core
(3Sr) considered in the previous calculations was used
here, and the number of protons in the higher 1g9,» orbit-
als was reduced and 2ds;, and 2d3,, were closed for pro-
tons. The overlap schemes for the projectile and target are
shown in Figs. 7 and 8, respectively. The spectroscopic
amplitudes for the projectile and target overlaps are giv-
en in Tables 5, 6, 7, 8, 9, and 10.

From Fig. 9, one notes that the one-neutron transfer
(solid purple curve) has a small influence when com-
pared to CC results for the elastic scattering angular dis-
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Fig. 7.

Projectile overlaps
3.854(5/2*)
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(color online) Coupling scheme for projectile over-

laps used in the calculations. The double side arrows mean

all the possible couplings between states.
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T 1847 (2%) _1.671(2%)
1.495 (4%) 0.9498 (9/2*) 1.469 (4
1.383 (07) 0.947 (1/2%) 1.300 (07)
034 (2°) 0.267 (3/2%) ooy [N\ 0.954 (1/27)
{gs(0) g.s (52 Jason 9.5 (52
922I’ 93Zr 942r QSZr
2.131 (9/2%) 2.131 (9/2%)
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Fig. 8.  (color online) Coupling scheme for target overlaps

used in the calculations. The double sided arrows indicate

all the possible couplings between states.

Table 5.

Spectroscopic amplitudes used in the CRC calculations for

the one-neutron transfer using the psdpn model space with the

psdmod effective phenomenological interaction for projectile over-

laps. nlj are the principal quantum number, orbital, and total angu-

lar momentum of the neutron state, respectively.

initial state final state nlj spect. ampl.

Be. 2 12Cq.5(0%) 1piy ~0.8009

. 120y 430(2%) 1p3) 0.9946

12¢C,4(0) 25172 0.8983

135 005(1/2* ld3p —0.0385
3.008(1/27) 20, 41302 o

512 0.3118

12€,.4(0%) 1p32 -0.3617

13.Cs680(3/27) 1pi2 -0.8194
o 12C443002%) 1d

312 0.5415

12C,.5(0M) 1ds 0.9108

i . 25172 0.1130

°C3.854(5/27)
12Cy430(2%) lds/ —0.0586
1ds)> 0.1965
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Table 6. Spectroscopic amplitudes used in the CRC calculations for
the one-neutron transfer using the glekpn model space and effective
phenomenological interaction for <90Zr|91Zr> ovelaps. nlj are the
principal quantum number, orbital, and total angular momentum of

the neutron state, respectively.

Table 7.  Spectroscopic amplitudes used in the CRC calculations for
the one-neutron transfer using the glekpn model space and effective
phenomenological interaction for <9'Zr|92Zr> overlaps. nlj are the
principal quantum number, orbital, and total angular momentum of

the neutron state, respectively.

initial state final state nlj spect. ampl. initial state final state nlj spect. ampl.
N Zrgs(5/2%) 2dsy2 ~0.9872 27y 5(0%) 2ds;2 13174
1 Zr1205(1/2%) 3s12 -0.9158 35172 0.1597
2d
% ) 1 Zr1466(5/2%) 2ds2 0.0407 72 0.0580
Zrg 5(0%) 91 + 2d
85 912r1'882(7/2+) 1g7/2 0.1135 ngAs(S/z ) 5/2 1.3631
1872
N Zry042(3/2%) 232 0.9650 . 00227
8972 —0.0564
91 Zrp.131(9/2%) 1gop2 0.0007
5 9271 353(0%) 2ds2 0.1529
e ~0-0095 2d32 ~0.1639
2d372 0.0141 2 Zr0.934(2") 2455 0'1639
N7ty (5/2%) 2ds 2 00761 2040 1g1 00210
172 0.0107 Loy 0.0171
1892 0.0101 35172 ~0.0381
N Zr205(1/2%) o 0.0850 232 -0.0030
o 2ds2 0.7814 927r1 847(2%) 2ds2 0.1627
35172 0.0021 1g772 ~0.0269
2d3p2 0.0545 18972 ~0.0016
o1 Zr1466(5/27) 2ds) -0.5699 P Zrg.s(07) 35172 —0.3706
2d
1 3/2 -0.0728
87/2 0.0564 92 7r0.934(2%) 2d5)»
07Zr2.186(2%) 192 0.0017 o 3 ~0.1586
Zr;383(07) 5172 0.2814
e 00583 7 261205(1/2%) lg12 0.0248
o 2ds)2 0.9029 927r) 495(4%) '
Zrig32(7/2%) | 18972 ~0.0245
8712 0.0618
0 N 2d3p2 0.0383
1goy2 0.0012 Zry347(2%) 2ds)5 0.0083
3s ’
12 0.1176 9271, 5. (0%) 2ds, 0.0893
2ds)2 0.0549 3
NZr2042(3/2%) ’ 5172 0.022
2dsp2 0.1420 2312 ~0.0038
Ley2 0.0521 92 7r0934(2") 2ds2 0.0204
2ds2 ~0.7541 1872 0.0122
91 Z12131(9/2%) Lg712 ~0.0536 18972 0.00004
lgoy2 ~0.0007 927r1383(0%) 2dsp2 -1.2431
et A 13 12(9\A+1 : 91 . 2d312 —0.0101
tributions for 4Zr('°C,'*C)**' Zr systems (with 4 = 90, Zrg 5(5/2%) 2ds)2
91, 92, 94, 96). The two curves, which correspond to CC 92711 495(4") ) 0.0625
and CRC calculations, cannot be clearly distinguished. 8172 ~0.0050
From the present CC and CRC calculations analysis, 1892 0.0009
one can conclude that, indeed, the couplings to direct re- 35172 ~0.0651
action channels are weak. This is the reason why the 2d3) 20,0236
[U = (1.0+0.781)Vspp] works well in potential scattering. 271, 547(2%) 2ds), —0.8603
In addition, it is evident that the optical potential used in lg72 0.0649
these calculations is appropriate for describing the elastic g ’
9/2 0.0290

cross section.

Spectroscopic factors for the <9°Zr|912r>, <9IZr|9ZZr>
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Table 7-continued from previous page

Table 8.

Spectroscopic amplitudes used in the CRC calculations for

the one-neutron transfer using the glekpn model space and effective

initial state final state nlj spect. ampl. L . 02103 .
phenomenological interaction for < Zr| *Zr) overlaps. nlj are the
P2 Zrg.5.(0%) 18772 0.0354 principal quantum number, orbital, and total angular momentum of
2d3 0.0185 the neutron state, respectively.
2ds)» ~0.1247 initial state final state nlj spect. ampl.
927r0.934(2*) . 93 4
lg72 0.0060 Zrg.s.(5/2%) 2ds)2 0.8177
B7r, 3/2* 2d3p2
1g0/2 0.0029 271, (0%) N 0.266(3/ +) X 0.0522
o 2 Zro947(1/2%) 5172 0.7849
Zr1353(0%) le2 00762 BZroow©/2) 18 ~0.0014
35172 0.0175 35172 0.0234
2d3p2 _
o1 + 2d3) _ 0.0806
Zr1902(7/2") / 0.0165 9B 7100 (5/2%) 25 ~0.8425
9271} 495(4%) 2ds2 0.0170 172 00138
1712 —0.0005 lgop ~0.0291
18972 0.0036 3512 ~0.2468
2d - 27 2+ 93 Zrg.266(3/2%) s 00387
32 0.0013 10.934(2") 0.266 2ds, 14069
e o2 2ds 0.7293 ;5/2 0.0025
1.847 3/2 .
1g7/2 —00082 93 ZI'()_947(1 /2+) 2d 00795
120 . 5/2 —0.1150
0.017 2ds) 07792
92 Zrg.5.(0%) 23 ~0.2628 93Z10.949(9/2*) lg72 0.0012
35112 0.0755 lgor2 -0.0297
BZr,5(5/2* 2ds)»
2d3)2 00748 o 5.5/ +) iy / 0.0554
92710.934(2%) o 9271, 354(0) Zro266(3/27) 32 —0.0080
512 0.0543 1.384 93 Zr0.047(1/2%) 3512 -0.4118
1872 ~0.0327 93Zr0.949(9/2%) Lgoy2 -0.0013
2d
927r,.383(0%) 2d32 0.0025 2d3/2 —-0.0127
2 2d 9Bz (52 5/2 -1.1493
Zr042(3/2%) 52 —0.1652 85 lg7p2 -0.0118
2711 405(4") 1g712 0.0117 1gop ~0.0244
18972 0.0186 2dsp2 ~0.8747
3 93 Zr0266(3/2") 1872 ~0.0251
8172 _
/ 0.0625 0 N lgga -0.0730
2d Zry 495(4™) 1
32 0.0106 03 8172 —-0.0369
2Zr1847(2%) S Zro.o47(1/27%) 190
2ds ) —0.0201 / —0.0150
L 35172 0.0866
0.0162 2d32 0.1659
92 Zrg5.(0) 1go/2 ~0.0360 93 Zr0.940(9/2%) 2ds) 1.4825
2ds2 0.0720 18772 0.0301
' 18972 ~0.0232
927r 2+ 1g7,2 _ .
0.934(27) 0.0046 351/ 0.0039
Lgoja ~0.0006 2d3p2 0.0135
9221—"383(0*) 1g9/2 0.0547 9SngAsA(5/2+) 2d5/2 —-0.1143
351 lg772 0.0003
~0.0210 1g0/2 00031
91715 131(9/2%) 2d3p2 —0.0037 3512 ~0.0059
9 2d3p2 _
Zr1‘495 (4*) 2d5/2 —0.0681 92 Zr1,347(2+) 93 Zr0A266(3/2+) 2d5/2 0.0140
1g7/2 ~0.0014 | 0.1175
. 81/2 -0.0018
89/2 0.0038 . 2d32 0.0740
r0.947(1/27) 24
2ds > —0.4477 52 —0.0573
2dsp ~0.0568
27Zr1.847(2%) lg7/2 ’
0.0251 93Zr0.949(9/2%) 1g72 ~0.0053
1892 —0.0097 1g9/2 —0.0065
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Table 9. Spectroscopic amplitudes used in the CRC calculations for

the one-neutron transfer using the glekpn model space and effective

phenomenological interaction for (94Zr|95Zr> overlaps. nlj are the

principal quantum number, orbital, and total angular momentum of

the neutron state, respectively.

initial state final state nlj spect. ampl.
o N PZrg(5/2%) 2dsp2 ~0.4773
Zrgs.(07)

“ 9 Zrggsa(1/2%) 35172 0.8236
35172 ~0.1345
2312 0.0302
9571y 5.(5/24) 2dsp 1.1630
94 Zro919(2") 172 0.0213
1gop2 0.0322
2312 -0.0708

93 Zro954(1/2%) 2ds)2
~0.1705
o 9 Zrys.(5/2) 2ds)2 0.2090

Zr1.300(0) 05 . 3

Zro.954(1/27) 172 —-0.3599
2372 ~0.0806
2ds)2 ~1.5742

9 Zrg5.(5/2%) PR
~0.0095

9 Zr1 469(4")

1gop2 ~0.0181
lg7/2 0.0329

95 Zrg.954(1/2%) Lgopn
0.0183
35172 0.0242
2372 0.0050
0 Zr.5.(5/2%) 2dsp> ~0.2516
M Zry 6712 1872 ~0.0034
18972 ~0.0041
2372 -0.0228

93 Zro954(1/2%) 2ds)2
: -0.2061

Table 10.  Spectroscopic amplitudes used in the CRC calculations for

the one-neutron transfer using the glepn model space and effective

phenomenological interaction for (96Zr|97Zr> overlaps. nlj are the

principal quantum number, orbital, and total angular momentum of

the neutron state, respectively.

initial state final state nlj spect. ampl.
%75 (0 91 Zrg.5.(1/2%) 3512 0.8918
Tg.s.
“ 97r1103(3/2) 2d372 0.9583
I Zrg.5.(1/2%) 25> 0157
1.0769
35172 ~0.0826
% Zry.750(2*) 9 Zr1.103(3/2") 2d312 -0.0726
2ds)> 0.0338
2372 0.0.0155
97 Zr1264(7/27) 2ds s
-0.0356
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Fig. 9. (color online) Comparison of CC and CRC calcula-
tions with the experimental elastic scattering angular distri-
butions for the 3 C+AZr system, for 4 = 90, 91, 92, 94, 96.

and <9ZZrI93Zr> overlaps were obtained in previous works
[27, 47-50] by means of distorted wave Born approxima-
tion (DWBA) calculations. In Tables 11, 12, and 13 the
SFs of these works and from shell-model calculations
(present work) are compared. It is clear that the SFs for
the ground to ground (elastic transfer) transitions agree
quite well with each other. For the ( *2Zr [*3Zr ) overlaps,
the SFs are very close for all the overlaps considered in
Ref. [50] (see Table 12). In general, the SFs obtained in
this study are in agreement with those previously pub-
lished.

The main difference is that the spectroscopic amp-
litudes obtained in this study are derived from shell-mod-
el calculations and applied to heavy-ion interactions,
where the high orders of the interactions and the trans-
itions from excited states of the projectile or the target
might be relevant [34, 51]. These kinds of effects can be
masked by the overestimation of the spectroscopic amp-
litudes from the DWBA fits to the transfer cross sections
(this seems not be the case for the present reactions. See
discussion below).

In Fig. 10, the results for 13C + 2091927y elastic scat-
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Table 11.
<9°Zr|9]Zr> overlaps obtained by shell-model calculations and from

Comparison between one-neutron spectroscopic factors for

(d,p) transfer reaction [27, 47, 48]. nlj are the principal quantum

number, orbital, and total angular momentum of the neutron state,

respectively.
SF
transitions nlj
present work Ref. [27] Ref. [47] Ref. [48]
OZty P Zrgs)  2ds) 0.97 0.75 1.04 0.95
Zrgs ' Zr1205) 3512 0.84 0.66 093 0.66

(VZrgs "' Zt1a66) 2ds;;  0.001 0028 003  0.024
OZrg s ' Zriss) 1grn 0.013 0082 0.8 0.13

OZtg s ' Zroon) 2y 093 056  0.63 0.55

Table 12.
<922r|912r> overlaps obtained by shell-model calculations and from

Comparison between one-neutron spectroscopic factors for

(p,d) transfer reaction [27, 49]. nlj are the principal quantum num-
ber, orbital, and total angular momentum of the neutron state, re-

spectively.
SF
transitions nlj
present work Ref. [27] Ref. [49]
Zry ' Zrgs)  2dsp 1.73 1.18 1.86
OZrg s V' Zrinosy  Bsip 0.14 0.045 0.06
OZrgs P Zriass)  2dsp 0.008 0.011 —
OZrg s P\ Zrisga) gy 0.001 _ _
OZrg s P Zraom) 243 0.069 0.047 0.07

Table 13.
<922r|932r> overlaps obtained by shell-model calculations and from

Comparison between one-neutron spectroscopic factors for

(d,p) transfer reaction [50]. nlj are the principal quantum number,
orbital, and total angular momentum of the neutron state, respect-

ively.
SF
transitions nlj
present work Ref. [50]
(922rg.x. |93ng_x_) 2ds)> 0.67 0.54
(Zrg 51" Zro.266) 2d3 0.003 0.007*
O%Zry 5 1P Zro.047) 351, 0.62 0.53

*The authors consider the first excited state °3 Zrg 66 With spin equal to
5/2%.

tering angular distributions from CRC results using dif-
ferent SFs obtained by shell-model calculations and de-
rived from DWBA fits are compared. One can see that
the theoretical results are very similar. The advantage of
using SFs obtained from microscopic calculations is that
these SFs are not fitted, which increases confidence in the
results.

Finally, we compared the theoretical CRC and
DWBA results for *°Zr(d, p)°' Zr and **>Zr(p, d)°' Zr one-
neutron transfer reactions using the spectroscopic amp-
litudes derived in this study and those reported in Ref. [27]

v T T T T T T
10’ —M E
g [ 13C+9"ZI“*
E [ o data % BCHIZr
% 10" F —— SF this worklyy F . 3
= E - - - SF [27] \ F Sl‘j this work
- — — SF [56] ‘o §---SF27]
[ SF [57] N SF [58]
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=
~
!9 w0 | BOL27 ]
o 3 3
- [ —— SF this work
[ — - SF [59]
10-1 I 1 i 1 A
0 20 40 60
0. m.(deg)
Fig. 10.  (color online) Effect of one-neutron transfer chan-

nel on the 13C + 9091927 elastic angular distributions us-
ing different SFs (see text for details).

(see Tables 11 and 12). This comparison is shown in
Figs. 11 and 12. It is evident that the transfer angular dis-
tributions are reasonably well described using the spec-
troscopic amplitudes derived microscopically and adjus-
ted by the DWBA calculations. However, for the state at
1.466 MeV of °! Zr the theoretical result using shell-mod-
el spectroscopic amplitude underpredict the experimental
data. This occurs because the SF for this channel is very
small compared to the SF from Ref. [27]. In addition, we
should emphasize that our description for the transfer an-
gular distributions is not as good as that reported in Ref.
[27]. This is caused by the optical potential used to de-
scribe this reaction. We are not using the original optical
potential used in Ref. [27], but the Sao Paulo potential,
which might not be suitable for this (p,d) reaction.

From Figs. 11 and 12, one also realizes that the high-
order coupling terms are irrelevant for the very forward
angles (compare full blue lines with the dash-dot red
lines), but they are relevant for the other angular ranges.
It is worth mentioning that the calculations performed in
the present work do not have any fitted parameter or scal-
ing factor.

From the present analysis we expected to find some
effects of the one-neutron channel in systems involving
13C when compared to the reactions induced by >C. The
ground state Q-value is positive for the reactions with the
four zirconium isotopes included in our study (ranging
between 0.63 MeV (°°Zr) and 3.67 MeV (°! Zr)). So, one
might think of some effects on the elastic scattering angu-
lar distribution that could help to improve the accuracy of
the determination of the spectroscopic factors for target
overlaps.
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the text.

In the case of the fusion cross section, the effect on
the neutron transfer channels is clear [52-55]. After the
neutrons are transferred, the deformation of the nuclei is
the relevant information that decides the dynamic of the
reactions. If the deformation increases, the effective Cou-
lomb barrier decreases, and the fusion cross section is en-
hanced. Concerning the effect on the elastic angular dis-
tribution, it is well known that breakup of neutron halo
nuclei is usually governed by the dipole polarizability of
these nuclei that produces a hindrance of the Fresnel peak
and decreases the elastic scattering angular distribution
[1, 2]. How does the neutron transfer affect the elastic
cross section, and is Q value one of the ingredients that
affect it? This is one of the questions that remain open. In
this study, we attempted to contribute to this issue and
also to improve our knowledge on the spectroscopy of the
zirconium isotopes, although we found that the elastic an-
gular distributions were not sensible to the spectroscopic
details.

5 Conclusions

In this study, elastic scattering angular distributions
for the '213C+AZr (4 = 90, 91, 92, 94, 96) reactions were
measured at the HI-13 Tandem accelerator in China Insti-
tute of Atomic Energy (CIAE), Beijing. Optical model,
coupled channel and coupled reaction channel calcula-
tions for '>13C+A4Zr were performed and the results were
compared with the experimental data.

The theoretical calculations provided results very
close to those obtained experimentally. The optical mod-
el calculations using the Sdo Paulo potential described
quite well the elastic angular distributions for '>13C+A4Zr
systems. It was also observed that the couplings to the in-
elastic states of the AZr did not affect the elastic cross
section significantly. Still, the agreement with the experi-
mental data was improved when the coupling to the lower
excited states of '>13C was considered. The one-neutron
stripping for '3C+4Zr reactions also appeared as a weak
channel. The effects of the one-neutron stripping channel
(BC,"2C) on the elastic scattering angular distributions
were found to be negligible in the case of all the zirconi-
um isotopes used as targets in this study, showing that the
optical potential used in the calculations is reliable for de-
scribing the elastic cross section.

Spectroscopic information for various overlaps of zir-
conium isotopes was obtained from shell-model calcula-
tions. The spectroscopic amplitudes presented in this
study are close to previous ones and described reason-
ably well the transfer angular distribution for (d,p) and
(p,d) reactions without any scaling factors.

Our results also show that, in the reactions with the
considered zirconium isotopes, the presence of the extra
neutron in 13C does not strongly affect the reaction mech-
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anism that is governed by the collective excitation of the
12C core. Similar results have been reported recently for
the two-neutron transfer reactions 80 + 1213C at 84
MeV, where the effect of the pairing correlations between
the two transferred neutrons in the two-neutron stripping
reaction was not affected by the presence of an extra

neutron in 3C [56-58].
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