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Abstract. Differential cross sections for the formation of oxygen isotopes in the reaction
80 + 18173 have been measured at projectile nucleus energy 10 A-MeV on the high-resolution
magnetic spectrometer MAVR. Theoretical analysis of product yields has been performed in the
finite-range distorted-wave Born approximation formalism using the FRESCO code under the
assumption of sequential neutron transfer mechanism. The results of calculations are in good
agreement with experimental data.

1. Introduction

One of the major challenges in both experimental and theoretical nuclear physics is production
and investigation of the properties of nuclei with extreme neutron-to-proton ratios. These nuclei
are of considerable interest in connection with the question of the limits of nuclear stability,
i.e., the location of the neutron and proton drip-lines in the nuclear chart. At present, the
neutron drip-line has been identified experimentally only up to oxygen isotopes. An interesting
phenomenon is that the heaviest bound oxygen isotope is 2O (N = 16), whereas at least 3'F is
bound (N = 22), i.e., the neutron drip-line extends considerably for fluorine isotopes compared
to oxygen isotopes. This phenomenon has been called oxygen anomaly [1].

Currently, there are two main methods of production of light neutron-rich nuclei. The first is
the use of reactions of projectile fragmentation. This method is quite efficient, but the isotope
production cross sections fall substantially when moving away from the line of stability. The
second method is multinucleon transfer reactions. Its advantage is the low excitation energy of
the formed reaction products leading to their higher survival probability. The choice of optimal
reactions for production of neutron-rich nuclei is extremely important.

In addition, experimental results in this field may provide the possibility of testing different
theoretical models and extracting information on nucleon transfer mechanisms (e.g., sequential
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Figure 1. Scheme of experiment on the high-resolution magnetic spectrometer MAVR.

or cluster transfer). For instance, recently, cross sections and corresponding momentum
distributions were measured for the first time at zero degree for the production of exotic
nuclei, including neutron-rich oxygen isotopes, in the reaction of 180 + 23U at 8.5 A-MeV [2].
Comparisons of experimental results with calculations based on deep-inelastic reaction models
indicated that zero degree was a scattering angle at which the differential reaction cross section
for production of exotic nuclei was at its maximum.

In this work, we performed measurements of differential cross sections for the formation of
oxygen isotopes the reaction 80 + ¥1Ta at 10 A-MeV and carried out theoretical analysis of
product yields in the framework of the finite-range distorted-wave Born approximation (FR-
DWBA) using the FRESCO code [3].

2. Experiment
The experiment was carried out with the beam of 'O ions at energy 10 A-MeV accelerated
by the U400 cyclotron, Flerov Laboratory of Nuclear Reactions (FLNR), Joint Institute for
Nuclear Research (JINR). The intensity of the beam was 100 nA. The scheme of the experiment
is presented in figure 1. The beam was incident on a '8'Ta target of thickness 4 pym. The
measurements were carried out at angle fsetyp = 12° with respect to the beam axis in the
laboratory system. After leaving the target, reaction products were separated and detected by
the high-resolution magnetic spectrometer MAVR [4]. The main parameters of the spectrometer
are given in table 1.

The doublet of the quadrupole lenses Q1-Q2 focused isotopes of interest on the entrance
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Table 1. Main parameters of the spectrometer MAVR

Interpole distance for the first magnet (mm) 47
Interpole distance for the second magnet (mm) 30
Maximum magnetic rigidity Bp (T-m) 1.5
Focal-plane angle (deg) 38-40
Focal-plane length (m) 1.9
Momentum resolution Ap/p 1-1074
Energy resolution AE/FE 51074
Charge resolution AZ/Z 1.7-1072
Mean radius of particle trajectory R (m) 1.25
Solid-angle acceptance (msr) up to 30
Total particle bending angle in the spectrometer (deg) 111

to the magnet, which allowed us to increase the covered solid angle of the spectrometer. The
calibration of the solid angle of the MAVR. setup was carried out by measuring the 'O nuclei,
elastically scattered from the target, in the focal plane of the MAVR spectrometer.

Since the measurements were carried out at the angle fsetup = 12° which was significantly
lower than the grazing angle 6, ~ 28° for this reaction, the elastic scattering cross section was
calculated by the Rutherford formula

2
do Z1Z5e? 1
Rl (esetup) = 2 . 4 ) (1)
dQ 4F sin® (Gsetup/2)
and the solid angle covered by the setup was estimated by expression
Nl dog -1
o T— ol { ) } 2
setup Nbeamntarg dQ ( setup) ) ( )

where N is the number of the registered events for elastic scattering of the 180 beam nuclei on
the tantalum target, Npeam is the number of beam particles registered on the target, and ngarg
is the number of target nuclei per unit area. The solid angle of the setup determined this way
was Qgetup = 1.5 mST.

Registration and identification of reaction products in the focal plane of the spectrometer was
carried out by a detector system consisting of two silicon telescopes located 25 cm apart from
each other. The first telescope consisted of dE-detector (50-um thick) and E-detector (1-mm
thick); the thickness of the detectors of the second telescope was 100 ym and 1 mm for dE-
and F-detectors, respectively. The thickness of the detectors was chosen from the condition
of optimal resolution of oxygen isotopes. Figure 2 shows the two-dimensional identification
matrices dE-F for the isotopes under study. It can be seen that we achieved good resolution for
oxygen isotopes with mass numbers A = 16, 17, 19, 20, 21, 22.

To obtain the values of differential cross sections, the magnetic field of the MAVR setup was
varied. The yield distribution P for each isotope was determined as the ratio of the number kg
of registered reaction events for a particular value of the magnetic field B to the linear size of
the detector (2 cm) expressed in units of magnetic rigidity A (Bp),

kp
P (Bp) = . 3
( A(Bp) (3)
Function P (Bp) was fitted by a Gaussian and integrated over the magnetic rigidity to obtain
the total isotope yield Nisot. The differential cross section was calculated as

do N; isot
E (esetup)

(4)

Nbeamntarngetup
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Figure 2. Identification matrices dF-E obtained in the focal plane of the MAVR spectrometer:
(a) for neutron-deficient products with the magnetic rigidity lower than that of the beam,
Bp < Bpy; (b) for neutron-rich products with the magnetic rigidity greater than that of the
beam, Bp > Bpy.

The obtained values of the differential cross sections for the formation of oxygen isotopes
in the reaction 0 + 8!Ta are listed in table 2. Given uncertainties correspond to fitting
uncertainties for isotope yield distributions.

Table 2. Differential cross sections for the formation of oxygen isotopes in the reaction
180 + BTy at Osetup = 12°.

Isotope 90 20 210 220
do /dQ) (mb/sr) 0.309 + 0.069 0.048 + 0.011 0.0050 + 0.0012 0.0010 £+ 0.0002

3. Theoretical analysis
Theoretical analysis of the neutron transfer channels in the reaction *O + ¥ Ta was performed
in the framework of the FR-DWBA approach using the FRESCO code [3].

The values of the quadrupole deformation parameter (2 obtained from the experimental
values of quadrupole moments [5] and theoretical calculations in the finite-range liquid-drop
model (FRLDM2012) [6] show that the ¥1Ta nucleus is deformed (probably, due to the unpaired
proton). In our calculations, we used the value of the quadrupole deformation parameter
B2 = 0.25 [6], spin-parity J (7) = 7/2", and the neutron separation energy 7.58 MeV taken
from the NRV web knowledge base on low-energy nuclear physics [7, 8].

Neutron levels obtained in the model of spherical (130, 181Ta) and deformed (*¥!Ta) nucleus
are shown in figure 3. In the spherical %O nucleus [figure 3(a)], there are levels 2s; /5 and
lds/; that are free for neutron occupation. In the process of interaction, external neutrons of
the deformed '8!Ta nucleus [figure 3(c)] may be transferred to the 80 nucleus with significant
probability, especially from levels with energies —7.5 MeV to -9 MeV because their energy is the
closest to the energy of the free level 25 of the 180 nucleus. This can lead to the transfer of up
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Figure 3. Upper neutron levels in the model of spherical nucleus ¥O (a), spherical (b) and
deformed (c) nucleus '8! Ta.

to 10 neutrons from the target nucleus to the projectile. Due to the close location of the above-
mentioned neutron levels of the deformed target nucleus, neutron transfer from these levels may
be assumed equally probable. Such an approach will not lead to a fundamental difference in
cross section calculations, but will greatly simplify the problem. Therefore, to calculate neutron
transfer cross sections, the model of a spherical target nucleus was used, according to which
there are 8 neutrons on the uppermost level 1i;3/5 of the 181Ta nucleus [figure 3(b)].

For an accurate quantum description of the relative motion of nuclei in the entrance and
exit reaction channels, we used the Woods—Saxon optical potential with the phenomenological
Akytiz—Winther parameters [9]. In the course of calculations, the depth of the imaginary part
of the optical potential was varied to satisfactorily describe the experimental data. The used
values of parameters are given in table 3. For all potentials, the value of the radius parameter
of the Coulomb potential was chosen to be rc = 1.3 fm.

Table 3. Parameters of the optical potential used for description of the relative motion of nuclei
in the entrance (180 + !81Ta) and exit reaction channels.

Reaction channel Vo (MeV) ro (fm) ap (fm) Wo (MeV) rw (fm) aw (fm)

180 4 1817y 63.519 1.178 0.660 16.88 1.178 0.660
190 4 180y, 63.457 1.178 0.661 6.864 1.178 0.661
200 4 79Ty 63.457 1.178 0.661 0.902 1.178 0.661
210 4 1787y 63.574 1.178 0.664 0.909 1.178 0.664
220 4 77Ty 63.574 1.178 0.664 0.909 1.178 0.664

The distorted waves were calculated using the potentials of the entrance and exit channels,
while the reaction mechanism was determined by the wave function of the transferred neutron.
The basis of the DWBA approach is calculation of the transfer amplitude

()

(=)
Tprior:/dRadR5X3 (Rﬂ) *IBQ(RB’RO&)XQ (Ra)a (5)
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I3a(Rg, Ra) = (0a®B|Vip + Uap — Ua|dady) - (6)

The internal wave functions for the initial (¢ 4¢) and final (¢4¢p) nuclei play an important role
in determining the transfer amplitude. To determine the internal wave functions, it is necessary
to know the spin-parities J™ for the state of the final nucleus and for the “composite” nucleus,
the angular momentum [ of the transferred particle relative to the ”core” of the nucleus, and
the number of nodes N of the radial wave function.

The internal wave function with the given quantum numbers was found by varying the depth
of the Woods—Saxon potential with a fixed “geometry” (radius T(\)NS = 1.347 fm, r%o = 1.131 fm,
and diffuseness a"VS = ¢° = 0.7 fm) until we achieved equality between the separation energy
of the particle and the energy of the corresponding particle level taken with the opposite sign.
The used spectroscopic amplitudes for sequential neutron transfer are given in table 4. They
were adjustable calculation parameters.

Table 4. Spectroscopic amplitudes for neutron transfer channels.

Overlap Spectroscopic amplitude Overlap Spectroscopic amplitude
(**0["0), .. 0.45 (*1Tal'*Ta), 0.45
<190|200> 1.80 <180Ta|179Ta> . 1.80
<200|210>§ 1.32 <179Ta|178Ta>z:S: 1.32
(210]20), 1.60 (STa ) 1.60

Figure 4 shows the comparison of theoretical calculations with the experimental differential
cross sections for mneutron transfer channels !8'Ta('¥0,190)180Ta, B1Ta(180,200)!Ta,
81T (180,210) 178 Ta, 181Ta(180,220)17"Ta. It can be seen that all theoretically calculated
differential cross sections are consistent with the presented experimental data. The peak near
the grazing angle for the 81 Ta(180,0)180Ta channel is similar to the peak observed in [10] for
the two-neutron transfer channel **Mo(**0,60)%Mo. This behavior of the angular distribution
may explained within the classical approach. Each scattering angle is associated with a classical
orbit and an impact parameter. The cross section is low at low angles (large impact parameters)
and falls again at large angles due to absorption at low impact parameters. In [11], the angular
distributions for the reaction 0 + 2%8Pb also had a bell-shaped form with a peak at the angle
close to the grazing angle. Similar peaks were obtained by us in calculations of the differential
cross sections for neutron transfer in the **O + 81 Ta reaction in the framework of the DWBA
approach.

4. Conclusions

Using the MAVR setup, differential cross sections for the formation of oxygen isotopes in the
reaction O + '®Ta were measured at projectile nucleus energy 10 A-MeV and laboratory
angle 12°. The experimental method provided the possibility of separation of reaction products
with high resolution on charge, mass, and energy. Theoretical analysis was carried out in
the framework of the FR-DWBA approach using the FRESCO code under the assumption
of sequential neutron transfer mechanism. Good agreement of the results of calculations with
experimental data was obtained. It was shown that the MAVR setup may be used for production
of neutron-rich isotopes of light nuclei in multinucleon transfer reactions.
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Figure 4. Differential cross sections for neutron transfer channels in the reaction 0O + 81 Ta at
energy 10 A-MeV with formation of reaction products 1~220. Symbols are experimental data,
lines are results of calculations in the framework of the FR-DWBA approach using the FRESCO

code [3].
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