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Quasi-elastic, inelastic, one- and two-neutron transfer differential cross sections have been mea-
sured for the **0 4 3**?Ni systems at sub-barrier energies. The corresponding bare potentials have
been determined at interaction distances larger than the respective barrier radii, and the results
have been compared with those previously obtained for systems involving the **O as projectile. The
detected difference between the '*O and °0O nuclear potentials has allowed the determination of
the nuclear density that correspends to the two extra neutrons of the **O nucleus.
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1. Introduction

In this work we present quasi-elastic, inelastic, one- and two-neutron transfer differential cross sections for the 180
+ 98:50Nj systems at sub-barrier energies. The purpose of the experiments was the determination of the corresponding
nuclear potentials in an interaction region near the respective barrier radii. The method was earlier applied to several
systems involving the *50 nucleus as projectile [1-4]. The quasi-elastic cross section is defined as the sum of the elastic
scattering with all peripheral reaction channels. No extra peripheral absorption should be expected in analysing the
quasi-elastic data set, and therefore the imaginary part of the optical potential must be negligible at the surface
region. Thus, the quasi-elastic data analysis unambiguously determines the real part of the interaction. The optical
potential is composed of the bare and polarization potentials, the latter containing the contribution arising from
nonelastic couplings. The real part of the polarization has been estimated earlier {1-3] through extensive coupled-
channel calculations for the Y90 sub-barrier data set, and represents about 10% in comparison with the bare (nuclear)
interaction. Therefore, in the 'O case the experimentally extracted optical potential strengths at sub-barrier energies
can be associated with the bare potential within 10% precision. In the present work, we demonstrate that the real
part of the optical potential extracted from quasi-elastic data analysis for the 150 + 3%.99Ni systems can also he
assoclated with the bare potential within a similar precision.

In a recent work [5], an extensive systematics of optical potential strengths extracted from heavy-ion elastic scatter-
ing data analyses at low and intermediate energies was presented. The energy-dependence of the nuclear potential has
been accounted for within a model based on the nonlocal nature of the interaction [6-8]. The systematics indicates
that the heavy-ion potential can be described in a global way, through a double-folding shape which basically presents
a stimple dependence only on the densities of the partners in the collision. In the present work, by assuming this
nonlocal model for the interaction and considering the detected difference between the nuclear potentials for systems
involving ¥0 and '°0 as projectiles, we have obtained information about the nuclear density that corresponds to the
two extra neutrons of the *¥0 nucleus.

The paper is organized as follows. In Section 2, we present the experimental results. The determination of the bare
potential strengths from optical model data analyses for the 0 4 5®59Ni systems is described in Section 3. A brief
summary of the nonlocal model, and the comparison between the present results with those for systems with 10
are contained in Section 4. Section 5 is devoted to the study of the nuclear densities for the 16130 nuciei. Section 8
contains a brief summary and the main conclusions.



2. Experimental results

The measurements were made at the Sao Paulo 8UD Pelletron Accelerator, Brazil. The thickness of the targets
was about 60 ug/cm? The detecting system is composed (see Fig. 1a) of nine surface barrier detectors (SBD) and
three position sensitive detectors (PSD). The data acquisition has been performed through two modes: with and
without coincidence of lighter particles in the SBD with heavier recoil particles in the PSD (see Fig. 1b). As the PSD
have been positioned at forward angles, an electrostatic deflector has been used to decrease the number of #0O nuclei
clastically scattered by the nickel target that reach the detectors. The electrostatic potential between the plates of
the deflector was chosen to allow the detection of the heavier recoil particles. The kinematics of the reaction provides
the following expression for the mass of the lighter particle detected in the SBD:

A= ELﬂb AP s-.in'“’(f)R)
- EL S’iﬂz(@R +858p) ’

" where Erq, = bombarding energy, Ap= mass of the projectile, E; = lighter particle energy, §spp=angle of the SB
detector, r = angle of the heavier recoil particle detected in coincidence at the PSD. Fig. 2 presents a typical mass
versus energy spectrum for the lighter particle, and also a projection of all events on the energy axis. The coincidence
mode has been used only to identify the different processes (elastic, inelastic and transfer) that occur in the collision
(see Fig. 2). The corresponding cross sections have been obtained by considering events in the no-coincidence mode
energy spectra. This procedure is appropriate to obtain experimental cross sections without the inclusion of an
efficiency of detection in the calcnlations, which should be included if the cross sections are calculated considering
events obtained in the coincidence mode.

We define the quasi-clastic cross section as the sum over all channels with energy between the inelastic excitation of
the 130 2f state and the ground-state (£* = 0 MeV} two-neutron transfer, including the elastic scattering (see Fig.
2). Our experiments indicate that all reaction channels with significant cross section are included in the quasi-elastic
process as defined above. Figs. 3 to § present the data sets obtained for several sub-barrier energies.

(1)

3. Data analysis

The determination of the bare potential has been performed by first analysing only the quasi-elastic data. In the
optical model calculations, we have adopted a procedure similar to that described in the analysis of the sub-barrier
data for the 160 4 58608264 88g, 90,927, 9S2Mg 120Gy 138B, 208PY gystems [1-4]. We have adopted a Woods-
Saxon shape for the optical potential, with an inner imaginary part which takes into account the rather small internal
absorption from barrier penetration. The values assumed for the parameters of the imaginary part of the potential
result in very small strengths at the surface region. This procedure must be adopted in the analysis because peripheral
reaction chanuels that were not included in the quasi-elastic data present negligible cross sections. Concerning depth
variations of this absorptive potential, no sensitivity in the guasi-elastic cross section predictions has been detected.
The depth and diffuseness parameters of the real part of the optical potential were searched for the best data fits.
For each angular distribution, we have found a family of potentials which give equivalent fits. These potentials cross
(see Fig. 7) at a particular distance Rg, hereafter referred as the sensitivity radius. Therefore, the nuclear potential
is determined without ambiguity at Rs from the optical model quasi-elastic data analysis.

The sensitivity radius is energy-dependent, because at sub-barrier energies it is related to the classical turning
point. We have used this fact to characterize the nuclear potential in the surface region (see Fig. 8). For such large
interaction distances, the shape of the potential is nearly an exponential (solid lines in Fig. 8), with a diffuseness
value about 0.77 fm, and with strength values at B = 10.5 fm of 1.02 and 1.17 MeV for the 30 + *%%Ni systems,
respectively. Considering energy-independent nuclear potentials (Woods-Saxon shape) with such characteristics, good
predictions for the quasi-elastic cross sections are obtained (dashed lines in Fig. 3}.

We have also performed quite complete coupled-channel (CC) calculations using the FRESCO code [9]. In Tables

-1 and 2 are presented all the channels included in the CC calculations. The inelastic couplings were treated within
the vibrational model, with deformation lengths (see table 3) obtained in Refs. {2,10]. A one step cluster transfer
of an s = () neutron pair was assumed for the two-neutron transfer process. Due to the large number of states for
neutron transfer, most of them with unknown spectroscopic factors, we have assumed in the calculations an energy-
independent average spectroscopic value for all the states, which has been searched for the best data fits. In such
conditions, we have found reasonable values (/s 0.87) for these spectroscopic factors for both systems. In the CC
calculations, we have used the same bare potentials determined in the optical model quasi-elastic data analysis. Such
potentials provide good descriptions (see Fig. 3 to 6) for the cross sections of all measured channels within the
coupled-channel formalism. Note the very similar results obtained for the quasi-elastic cross section (see Fig.3) from
the optical model and CC caleulations, using the same bare potential. This means that, at sub-barrier energies, the



optical model quasi-elastic data analysis incorporates in an approximate way the main contributions of the couplings,
which mostly represent loss of flux from the elastic to the peripheral reaction channels, but with conservation of the
quasi-elastic cross section. This should be valid if the couplings are not too strong. Similar results have been obtained
also in the case of systems with °0 as the projectile [11). Therefore, our sub-barrier data studies have indicated that
two equivalent methods can be used to determine the bare potential: an optical model quasi-elastic data analysis or a
full coupled-channel data analysis. An inspection of Fig. 3 indicates that the 38 MeV bombarding energy seems to be
the limit in which the optical model and the coupled-channel calculations give similar predictions for the quasi-elastic
cross sections. This energy is about 4 MeV below the fusion barrier for both systems. The two approaches would
probably result in different data-extracted potentials if the data analyses had been realized at higher energies.

4. Comparison between potentials for systems involving the 0O and 20 nuclei

The elastic scattering data analyses for different systems in a very large energy range have resulted in phenomeno-
logical optical potentials with significant dependence on the bombarding energy [12]. Several theoretical models have
been developed to account for this energy-dependence; one of these associates the energy-dependence with nonlocal
quantum effects related to the exchange of nucleons between target and projectile [5-8]. Within this model, the bare
interaction Viv is connected with the folding potential VF through

Vw(R, B) & Vr(R) e~ 27" | (2)

where ¢ is the speed of light and v is the local relative speed between the two nuclei,
5 .
v (R, E) = - [E~Ve(R) - V(R E)] . (3)
_For the Coulomb interaction, Vi, we have used the expression for the double sharp cutoff potential [13].
The folding potential depends on the densities of the two partners in the collision

Ve(R) = [ prlrn) pare) wa( R i+ 13) dr ;. @)

With the aim of providing a global description of the nuclear interaction, a systematization of nuclear densities has
been proposed in Ref. [5], with basis on an extensive study invelving charge distributions extracted from electron
scattering experiments and theoretical densities calculated through the Dirac-Hartree-Bogoliubov model. This study
has indicated that the two-parameter Fermi (2pF) distribution can be adopted to describe the nuclear densities, and
a useful distinction between nucleon and matter distributions has been made. The radii of the 2pF distributions are
well described by

Ry =131 A% —0.84 fm | (5)

where A is the number of nucleons of the nucleus. The nucleon and matter densities present average diffuseness values
ay = 0.50 fm and ap = 0.56 fm, respectively. Due to effects of the structure of the nuclei, along the table of stable
nuclides the R; and a parameters vary around the corresponding average values. However, concerning the nuclear
potential, the effects of the structure of the nuclei are mostly present at the surface and mainly related only to the
diffuseness parameter [5].

Within this context, an extensive systematization of optical potential strengths extracted from heavy-ion elastic
scattering data analyses at low and intermediate energies was performed [5]. The experimental potential strengths
have been described within 25% precision, by combining Egs. 2 and 4 through two different and equivalent methods.
In the first alternative, the double-folding potential is treated in the usual interpretation: the nucleon densities and
an effective nucleon-nucleon interaction for uo(¥) are adopted in Eq. 4. The standard M3Y interaction “frozen” at
10 MeV/nucleon [5,7] has been. assumed for the effective nucleon-nucleon interaction. In the other alternative, the
matter densities are adopted in Eq. 4, with a zero-range delta function assumed for ug(#):

w(F) = Vj 6(7) , 7 (6)

with Vo = —456 MeV fm®. This zero-range alternative is interesting because it results in approximate analytical
expressions for the foiding potential [5]. For example, in the surface region

VF(R >R+ Rz) &~ Vo po1 poz '.mﬁ{ Rg('r) (1 + S/U,M) E_s/aM R (7)



with s = R — (R + R2), R = 2R1Ry/(R1+ Ry), 7 = s/R. The pp; are obtained from the normalization of the
densities

= Poi 9
17 /(; m r dy = Ai . (8)

and the function g is defined byﬁ

N 14+ 7+ 72¢/3 +ap/R + (ans /R + 1/2) e=*/anm

g(7) e , ©)

(=R/(R.+ Rg).

Expression 2 has accounted for the energy-dependence of experimentally extracted potential strengths for a large
number of different systems in a very wide energy range [5-8]. At sub-barrier energies and for radii close to the
barrier radius, Eq. 2 indicates that Vi =~ Vp. In order to compare potentials from different systems, we have defined
a reduced quantity, Vieq, which removes the dependence of the sub-barrier potential strengths on the radii of the

- nuclei,

Vn

Viedg = 10
"™ Vo po1 po2 R g(7) (10)

Taking into account Egs. 7 and 10, the reduced potential should be a universal function of s
Viea(s > 0) ro mady (1 + s/ang) e™2/0M | : (11)

with the matter diffuseness close to the average value apr & 0.56 fm [5].

In Fig. 9, the experimental reduced potential strengths (calculated from Eq. 10} are presented for several systems
involving the %0 and 30 nuclei, as obtained from sub-barrier data analyses. The experimental results are in
agreement with the theoretical prediction, Eq. 11, but different matter diffuseness values aps = 0.57 fm and 0.60 fm
are found for the 10 and 80 sets, respectively (see Fig. 9).

5. Determination of the nuclear density for the two valence neutrons of the *O nucleus

As we have discussed in Section 4, the experimentally extracted potential strengths for systems with %180 as
projectiles are compatible with the folding potential, using densities with the shape of Fermi distributions, radii
obtained from Eq. 5, and matter diffuseness values gpr = 0.57 fm and azr = 0.60 fin. In this sense, the analysis
presented in Section 4 provides information about the nuclear densities of the partners in the collision. Another form
"of analysing the same set of cross section data, which determines the densities in a more direct procedure than that
of Section 4, has been presented in Refs. [14,15]. If the nonlocal model is assumed for the heavy-ion interaction and
the densiiy of one nucleus is known, an unfolding method can be used to extract the density of the other nucleus
from data analyses. The density is obtained from a procedure similar to that used in the determination of potential
strengths at the sensitivity radii. Details of the method can be found in Refs. [14,15]. Fig. 10 contains the 0 and
180} experimental density values at the corresponding sensitivity radii obtained from data analyses of several angular
distributions for different systems. We mention that the vesults presented in Fig. 10 refer to the nucleon densities
instead of the matter densities. We point out that data analyses for systems with different targets provide consistently
- similar results for the density of a same projectile. The sub-barrier data analysis gives information about the density
" at the surface region, while inner distances are probed through the data at intermediate energies. For example, the
analysis for the 1°0 + 180 system at Er., = 1120 MeV has provided information (see Fig. 10) about the 1®0 density
at r &~ 2 fm. Eq. 2 shows that at such high energy the nonlocality reduces the nuclear potential strength by about
one order of magnitude in comparison with the folding potential, and this effect is very important in obtaining a
reasonable experimental value for the density.

Theoretical predictions {dashed lines in Fig. 10) from the Dirac-Hartree-Bogoliubov (DHB) model [16] do not
match the experimental results at the surface region. Consistent with this fact, theoretical predictions for electron
scattering on the '°0 nucleus using the DHB charge distribution also do not fit the data [14]. The solid lines in
Fig. 10 represent Fermi distributions for the 1'%Q nuclei, with radii obtained from Eq. 5. The diffuseness found
for the %0 nucleus {ay = 0.55 fin) is significantly smaller than that for the '¥0 (ay = 0.60 fm). The DHB
theoretical calculations indicate that the difference between the %0 and %0 total nucleon densities is mainly due
to the corresponding difference hetween the respective neutron distributions (see Fig. 11). Fig.. 12 presents the



contributions to the '*0 neutron density of different DHB wave-function components. The results for the 160 nucleus
are very similar to those for the '*0, but without the d5/2% component. We have found experimental values for the
d5/2% component by considering the difference between the total 1480 nucleon densities at the sensitivity radii, In
such a subtraction, we have assumed that the Fermi distribution with ay = 0.55 fm (see Fig. 10} is representative of
the experimental '°0 density. The experimental results for the d5/2+ component present a similar slope but larger
density values in comparison with the theoretical DHB prediction {see Fig. 12). An analysis of the single-particle
levels of the theoretical calculations shows, as one might expect, that the falloff of the density in the surface region
is roughly determined by the least bound levels. The NL3 potential parameters {17,18] that have been used in the
Dirac-Hartree-Bogoliubov calculations [16] were adjusted to reproduce binding energies and charge and neutron radii
across the periodic table. It did not take into account single-particle properties, which suggest a direction for future
improvements in such a parameter set.

6. Conclusion

In this work, we have presented quasi-elastic and reaction channel data at sub-barrier energies for systems involving
the %0 as projectile and we have extended our study to other data sets earlier obtained for systems with the 60
nucleus. In our optical model quasi-elastic data analysis, the imaginary part of the potential is based only on very
fundamental grounds: the lack of extra surface absorption. A nonlocal model is assumed to describe the real part
of the interaction, which at sub-barrier energies can be associated directly with the folding potential. The energy-
dependence of the sensitivity radius has permitted the determination of the nuclear potential over a large range of
distances around the barrier radius. The experimental diffuseness value found for the potentials of systems with 20O is
significantly larger than that for the %0 nuclens. Within this context, a significant difference between the diffuseness
for the densities of the %80 nuclei is expected.

If the target densities are known, the density of the projectile can be extracted from a data analysis in a more
direct procedure. In these cases, the results for the '%!%Q nuclear densities are consistently independent of the target
nucleus. The extracted value for the diffuseness of the '*O nucleus is significantly larger than that for 0. The
corresponding difference gives information about the contribution of the two 10 extra neutrons, in particular that
in the d5/27% level.

This work was partially supported by Financiadora de Estudos e Projetos (FINEP), Fundagio de Amparo & Pesquisa
do Estado de 5ao Paulo (FAPESP), and Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq).
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Table 1; The inelastic, one- and two-neutron transfer channels considered in the coupled—channel calculations for
the 20 + 5Ni system. The excitation energy is quoted in MeV,

180y 5813 170 59N 180y G073
Flgs) 0%(5.0) |5 (gs) T (9:5) |0 (g0) 0% (gs)
0F(g.s) 27(145)] 37 (g.s) §7(0.34)] 0%(g.s.) 2%(1.33)
2+(1.98) 0% (g.5) | $¥(g.8) 17(0.47) | 0F(g.s) 2+(2.16)
1Y(0.87) 7 (g.s) |0F(g.5) 0F(2.28)

£7(g.s) 27(0.88)| 0% (g.s) 4F(251)

%+(g.s.) 2T(1.19) [ 0T (g.s.) 47(3.12)

T 0t(g.5.) 2+(3.12)

0t(g.s.) 2+(3.27)

0t(g.5.) 27(3.38)

0t(g.s.) 0T(3.53)

0t(g.s.) 417(3.67)

0%(g.5.) 2%(3.87)

0F(g.s) 2%(4.01)

0t(g.s.) 21(4.08)

0+ (g.5.) 2+(4.32)

0t(g.s.) 2%(4.50)

0t{g.s.) 2T{4.55)

0t (g.s.) 47(5.02)

0% (g.5.) 41(5.11)

0*(g.s.) 4%(5.24)

0*+(g.5) 2%(5.43)

0t(g.s.) 0+(5.53)

0%(g.5.) 2+(5.58)

0+(6.05) 0% (g.s.)

37(6.13) 0*(g.s.)




Table 2: The inelastic and two-neutron transfer channels considered in the coupled-channel calculations for the
18) + SONj system. The excitation energy is quoted in MeV. :

180 60 160y NH
0F(g-s) 0F(g.s) [0F(g.s.) 0T (g.5)
(gs) 2+(1.33) | 0t (g.5.) 2+(1.17)
2+(1.98) 0+(gs) 0+(g.5.) 0F(2.05)
' 0t(g.s.) 2%(2.30)
0t(g.s.) 47(2.34)

0% (g.5.) 0%(2.89)

0+{g.s) 2+(3.06)

0t {g.s.) 2%(3.186)

0t(g.s.) 47(3.17)

0+{g.s.) 2+(3.26)

0t (g.s.) 2%(3.27)

0t(g.s) 47(3.27)

0+{g.s.) 2+(3.37)

0t(g.s.) 2%(3.52)

0+(g.s.) 2+(3.86)

0t{g.s.) 2%(3.97)

0t {g.s.) 4%(3.99)

0t{g.s.) 4%(4.03)

0t{g.s.) 2%(4.06)

0t{g.s.) 0%(4.23)

0t(g.5.) 2%(4.32)

0t (g.5.) 2%(4.42)

0t(g.s.) 2%{5.00)

o+(605) 0+(g.5.)

3 (6.13) 0*(g.5.

Table 3: The Coulomb (d.) and nuclear (4,) deformation lengths, B(E2) and excitation energies for inelastic
excitation considered in the coupled-channel calculations.

nucleus|d, (fm)|d, (fm)|B(E2) (e*?)|E* (MeV)

130 1.26 | 1.26 45.1 1.98
58Ni | 0.96 | 0.90 688 1.45
60N | 1.10 | 1.08 931 1.33
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FIG. 1. (a) - The detecting system used in the experiments, with the surface barrier detectors (3BD), position sensitive
detectors (PSD) and electrostatic deflector. {b) - Schematic view of the collision for one-neutron transfer, showing the detection
of the lighter particle in the SBD and the heavier particle in the PSD. '
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FIG. 2. Typical mass versus energy spectrum for the lighter particle and the projection of all events on the energy axis. The
. mass regions A = 16,17 and 18, and the energy region of relevant channels, including the elastic and quasi-elastic processes,
are indicated in the figure.
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FIG. 3. Quasi-elastic cross sections for the '*0 + 5**Ni systems at several sub-barrier energies. The lines represent the
results of optical model (dashed lines) and coupled-channel (solid lines) calculations using energy-independent bare potentials.
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FIG. 4. Inelastic scattering cross sections, with excitation of the 2} target state, for the '*0 + 53.80Ni systems at several
sub-barrier energies. The lines represent the results of channel-coupled calculations using energy-independent bare potentials.
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