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Abstract. An analysis of cross sections of elastic scattering of 17F on 12C,
14N, 58Ni, and 208Pb nuclei at energy 170 MeV and on 208Pb at various ener-
gies is carried out by using the microscopic optical potentials (OPs). The proton
and neutron density distributions of the exotic nucleus 17F are computed in the
framework of microscopic models. The real part of the OP is calculated by a
corresponding folding procedure accounting for the anti-symmetrization effects,
while the imaginary part is obtained on the base of the high-energy approxima-
tion. In the hybrid model of the optical potential developed and explored in our
previous works the only free parameters are the depths of the real and imaginary
parts of the OPs obtained by fitting the experimental data. A good agreement of
the theoretical results with the available experimental data is achieved pointing
out clearly to a peripheral character of the scattering.

1 Introduction

Elastic scattering with stable nuclei provided most of the available information
on the nuclear interaction potential, especially in the case of light projectiles,
where both phenomenological and microscopic optical potential models have
been developed to describe experimental results. With the secondary beams,
these studies have gained renewed interest, since it became possible to measure
elastic scattering for nuclei lying far from stability, to obtain the interaction po-
tentials needed to analyze inelastic scattering or transfer reaction cross sections.
Therefore, it is expected that reactions with these nuclei will provide a new di-
rection for studying the exotic nuclear structures and new reaction mechanisms
different from those of stable nuclei.

Most of the experiments with intensive secondary radioactive nuclear beams
led to the discovery of halo nuclei on the neutron-rich side of the valley of sta-
bility [1, 2]. Although less probable, proton halos are also possible. Through
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the last two decades, experimental data for the proton halo in proton-rich nuclei
like 8B have been reported in literature [3–5]. However, the amount of experi-
mental data on the proton halo is relatively small compared to those on the neu-
tron halo. In the present work the one-proton halo 17F nucleus is in our focus.
17F is a proton drip-line nucleus and it decays into 17O+β+ with a half-life of
64.49 s. It has a low breakup threshold (0.6 MeV) into 16O+p and its first excited
state is a proton-halo state [6] which is bound by only 105 keV. The root-mean-
square (rms) radius of the proton halo is 3.74 fm [6], significantly larger than
that of the 16O core (2.6 fm). The first excited state of 17F (Ex=0.495 MeV and
Jπ = 1/2+) has an extended rms radius of 5.3 fm, being the only bound state
below the breakup threshold and is considered to be a proton halo state [6, 7].
The obtained value of the proton effective charge eeff

p = 1.12 ± 0.07e extracted
from the measured quadrupole moment is a strong evidence for the existence of
a proton skin in the ground state of 17F (Jπ = 5/2+) [8]. It can be anticipated
that, given the exotic nature of 17F, a lower reactivity than expected is generally
observed.

In the present work (as well as in Ref. [9]), we analyze the data on elastic
scattering cross sections of 17F on 12C [10], 14N [10], 58Ni [11], and 208Pb
[12] targets at energy 170 MeV and on 208Pb [13, 14] at various energies within
the microscopic hybrid model of OP and compare the results with the available
experimental data using only two fitting parameters. They are related to the
depths of the real (ReOP) and imaginary (ImOP) parts of the OP, where the
latter is proportional to the effective cross section of the nucleon-nucleon (NN)
interaction in nuclear matter. In addition, we test the nucleon density distribution
of 17F projectile which reflects its one-proton halo structure. The nuclear surface
effects on the mechanism of the elastic scattering are also studied by looking at
the ReOP and ImOP behavior in the periphery of the colliding nuclei in the case
of 17F+208Pb reaction at a given energy.

2 The Microscopic Optical Potential

As in our previous works [15–21], where processes with neutron-rich He, Li,
and Be isotopes and proton-rich 8B nucleus were considered, we use the hybrid
model of OP. The microscopic volume OP used in our calculations contains
the real part (V DF) including both the direct and exchange terms and the HEA
microscopically calculated imaginary part (WH). It has the form

U(r) = NRV
DF(r) + iNIW

H(r). (1)

The parameters NR and NI entering Eq. (1) renormalize the strength of OP and
are fitted by comparison with the experimental cross sections. Details of the con-
structing of the OP are given, e.g., in Refs. [22–25]. The real part V DF consists
of direct (V D) and exchange (V EX) double-folding integrals that include effec-
tive NN potentials and density distribution functions of colliding nuclei. The V D
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and V EX parts of the ReOP have isoscalar (IS) and isovector (IV) contributions.
The IS ones of both terms are

V D
IS (r) =

∫
d3rpd

3rtρp(rp)ρt(rt)v
D
NN(s), (2)

V EX
IS (r) =

∫
d3rpd

3rtρp(rp, rp+s)ρt(rt, rt−s)vEX
NN(s) exp

[ iK(r)·s
M

]
, (3)

where s = r + rt − rp is the vector between two nucleons, one of which be-
longs to the target and another one to the projectile nucleus. In Eq. (2) ρp(rp)
and ρt(rt) are the densities of the projectile and the target, respectively, while
in Eq. (3) ρp(rp, rp + s) and ρt(rt, rt − s) are the density matrices for the pro-
jectile and the target that are usually taken in an approximate form [26]. The
expressions for the isovector direct and exchange components of the ReOP are
given in Ref. [15]. The effective NN interactions vD

NN and vEX
NN have their IS and

IV components in the form of M3Y interaction obtained within g-matrix calcu-
lations using the Paris NN potential [22]. The expressions for the energy and
density dependence of the effective NN interaction are given, e.g., in Ref. [19].

It is important to note that the energy dependence of V EX arises primarily
from the contribution of the exponent in the integrand of Eq. (3). Indeed, there
the local nucleus-nucleus momentum reads

K(r) =

{
2Mm

~2
[
E − V DF(r) − Vc(r)

]}1/2

(4)

with M = ApAt/(Ap + At), where Ap, At, m are the projectile and target
atomic numbers and the nucleon mass. As can be seen, K(r) depends on the
folding potential V DF(r) that has to be calculated itself and, therefore, we have
to deal with a typical non-linear problem.

Concerning the ImOP, we take it in the form that corresponds to the full
microscopic OP derived in Refs. [27, 28] within the HEA [29, 30]:

WH(r) = − 1

2π2

E

k
σ̄N

∫ ∞

0

j0(qr)ρp(q)ρt(q)fN(q)q2dq. (5)

In Eq. (5) ρ(q) are the corresponding form factors of the nuclear densities, fN(q)
is the amplitude of the NN scattering and σ̄N is the averaged over the isospin of
the nucleus total NN scattering cross section that depends on the energy and
accounts for the in-medium effects [31–33].

3 Results and Discussion

The OP [Eq. (1)] and the elastic scattering differential cross sections of 17F on
different targets are calculated using the DWUCK4 code [34] for solving the
Schrödinger equation. All the elastic scattering cross sections will be shown in
the figures as ratios to the Rutherford cross section.
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Figure 1. Proton and neutron density distributions of 17Fe obtained in the HFB method
[36] based on the BSk2 Skyrme [37] and D1S Gogny forces.

The real part of the OPs in the considered cases are calculated using Eqs. (1)-
(4), while the imaginary part of the OPs is obtained using Eq. (5). Similarly
to our previous works (for instance, Ref. [21]), we consider the set of the Ni
coefficients [NR and NI ; see Eq. (1) for the OP] as parameters to be found from
the fit to the experimental data for the cross sections using the χ2 procedure.
The fitted N ’s related to the depths of the ReOP and ImOP can be considered as
a measure of deviations of our microscopic OPs from the case when the values
of N ’s are equal to unity.

Concerning the 17F nucleus, we apply the neutron and proton density dis-
tributions [35] obtained within the Hartree-Fock Bogolubov (HFB) method [36]
based on the BSk2 Skyrme force [37]. They are illustrated in Figure 1. The
use of other effective Skyrme or Gogny forces in the HFB calculations does not
change significantly the behavior of the densities, in particular of the proton ones
in the surface region, where long tails are expected, typical for proton-rich halo
nuclei. In the calculations of the OPs for 17F+12C the density of 12C was taken
in a symmetrized Fermi form with radius and diffuseness parameters 2.275 fm
and 0.393 fm [38], respectively. For 17F+58Ni and 17F+208Pb elastic scattering
the HFB densities of 58Ni and 208Pb [35] were used, while the density of 14N
calculated with the three-parameter Fermi model [39] was applied.

The calculated within the hybrid model elastic scattering cross sections of
17F+12C, 17F+14N, 17F+58Ni, and 17F+208Pb at energy E = 170 MeV in
the laboratory frame are given in Figure 2 and compared with the experimen-
tal data [10–12]. In general, very good agreement with the available data is
achieved for the elastic scattering processes on all different targets. It might be
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Figure 2. 17F+12C, 17F+14N, 17F+58Ni, and 17F+208Pb elastic-scattering cross sections
at E = 170 MeV. Solid line: results without renormalization (NR = NI = 1.000) of
both parts of OP (except for the case of 58Ni target); dashed line: results withNR andNI

which provide the best fit of the experimental data. The renormalization parameters NR,
NI , and the total reaction cross sections σR (in mb) are given in the panels. Experimental
data are taken from Refs. [10–12].

expected that an inclusion of inelastic and breakup channels in the calculation
will not produce any substantial improvement at this energy. Our results repro-
duce the experimental data better than the analysis of the same data [40] with
optical-model calculations using a double folding potential based on the density-
dependent DDM3Y effective NN interaction for the real part of the OP, but the
imaginary part of the optical potential has been taken in the phenomenological
volume Woods-Saxon shape. Nevertheless, the obtained in Ref. [40] values for
the reaction cross sections are in line with our values of σR. We observe that for
all considered energies, σR increases with the increase of the energy E. Also,
the reaction cross sections for the studied systems at 170 MeV increase with the
increase of the target mass number A.

Further, we give in Figure 3 our results for 17F+208Pb elastic-scattering cross
sections at energies 90.4 and 98 MeV near Coulomb barrier (VB = 91.7 MeV
as quoted in [41]). The information about the Coulomb barrier for a given pro-
cess is useful to investigate the role of breakup (or other reaction mechanisms)
for weakly bound exotic nuclei. The values of NI deduced from the fitting pro-
cedure and shown in Figure 3 turn out to be substantially reduced to get better
agreement with the experimental data. They are much smaller in comparison
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Figure 3. 17F+208Pb elastic-scattering cross sections at E = 90.4 MeV (below the
Coulomb barrier) and E = 98 MeV (above the Coulomb barrier). The lines notation are
the same as in Figure 2. The renormalization parameters NR, NI , and the total reaction
cross sections σR (in mb) are given in the panels. Experimental data are taken from
Ref. [13].

with the corresponding NI values in the case of the same reaction at 170 MeV
incident energy (see Figure 2). A similar observation was found in Ref. [20]
from the analysis of the 8B+58Ni elastic scattering at near-Coulomb barrier en-
ergies. Also, both real and imaginary strong absorption radii were deduced from
the optical model analyses of the same data [13]. The values of these radii reflect
the surface interaction of the colliding nuclei. Obviously, more successful de-
scription of cross sections near Coulomb barrier can be achieved after inclusion
of polarization contributions due to virtual excitations and decay channels of the
reactions.

In order to estimate the role of the nuclear surface of the colliding nuclei
on the mechanism of the elastic scattering, we focus on the shape of the ReOP
and ImOP in their periphery. As an example, the renormalized depths of both
parts of the calculated OPs used in the description of the 17F+208Pb elastic scat-
tering data at E = 170 MeV are presented in Figure 4. The different curves
correspond to different cases of parameters NR and NI that accept values in the
interval between the two values shown in Figure 2, where one of them is unity
(the non-normalized case). Moreover, all sets of optical potentials illustrated
in Figure 4 lead to a good agreement with the experimental data. For instance,
to get a better description of the 170 MeV data of 17F+208Pb elastic scattering
within the microscopic CDCC model, a renormalization of the real part of the
Koning-Delaroche potential by a factor 0.65 was required [42, 43] that is con-
firmed by the one of selected values NR=0.645 in Figure 4. The behavior of
all curves at distance r ≈ R(17F) + R(208Pb), where R is the radius param-
eter of the two-parameter Fermi distribution, could serve as an indication for
the reaction mechanism in the surface region around r. If one takes the values
R(19F)=2.552 fm (the corresponding value of 17F is missing and the closest iso-
tope, for which R is available, is 19F) and R(208Pb)=6.654 fm from Ref. [44],
then their sum r ≈ 9.2 fm. It is seen from Figure 4 that at this distance r the
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Figure 4. The renormalized depths NRV and NIW of the real and imaginary parts of
OP [Eq. (1)] used in the calculations of the 17F+208Pb elastic-scattering cross sections
at E = 170 MeV. The lines notations correspond to the different values of NR and NI

including also the case NR = NI = 1.000.

real OP curves corresponding to different renormalization parameters NR (ex-
cept when NR=1) are very close to each other exhibiting 30-40 MeV depth. The
imaginary OP curves have a similar behavior with 160-180 MeV depth. This
fact can be interpreted in a way that the whole scattering process is determined
by the region of the far periphery [r > R(17F) +R(208Pb)], where the potential
curves practically coincide.

4 Summary and Conclusions

Microscopic calculations of the optical potentials and cross sections of elas-
tic scattering 17F+12C, 17F+14N, and 17F+58Ni at 170 MeV, and 17F+208Pb at
90.4, 98, 120, and 170 MeV are performed, in comparison with the available
experimental data. The direct and exchange isoscalar and isovector parts of the
real OP (V DF) were calculated microscopically using the double-folding proce-
dure and density dependent M3Y (CDM3Y6-type) effective interaction based
on the Paris NN potential. The imaginary part of the OP (WH) was calculated
microscopically as the folding OP that reproduces the phase of the scattering
in the high-energy approximation. Microscopic densities of protons and neu-
trons in 17F obtained in the framework of the HFB method [35] were used in
the calculations. The free parameters of the model are the depths of the real and
imaginary parts of the OP. Their values are obtained by fitting the experimental
data on differential cross sections.

The main results from the work can be summarized as follows:
(i) Our calculations using microscopically derived optical model potentials

reproduce successfully the measured angular distributions of elastic scattering
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differential cross section and corresponding reaction cross sections at different
energies above the Coulomb barrier.

(ii) We observe that for all considered energies for 17F+208Pb elastic scat-
tering, the total reaction cross section σR increases with increasing the incident
energy E. Also, the reaction cross sections for all considered systems at 170
MeV increase with increasing the target mass number A.

(iii) For the 17F+208Pb elastic scattering at 170 MeV at distances larger than
9 fm the real OP curves corresponding to different renormalization parameters
NR (except when NR=1) are very close to each other exhibiting 30-40 MeV
depth. The imaginary OP curves have similar behavior with 160-180 MeV
depth. This is a clear indication of the role of the very far periphery, which
is responsible for the behavior of the elastic scattering cross sections.

In general, we can conclude that our microscopic approach already applied
to reaction studies with exotic nuclei such as 8B [20] revealing a pronounced
proton-halo structure can be successfully applied also to 17F as an another one-
proton halo nucleus.
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