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Abstract. Investigations of important characteristics of the structure of nuclei near drip-lines
in coordinate and momentum space have been performed. The charge form factors, charge
and matter densities and the corresponding rms radii for even-even isotopes of Ni, Kr, and Sn
are calculated in the framework of deformed self-consistent mean field Skyrme DDHF+BCS
method. The resulting charge radii and neutron skin thicknesses of these nuclei are compared
with available experimental data, as well as with other theoretical predictions. The formation
of a neutron skin is analyzed in terms of various definitions. Its correlation with the nuclear
symmetry energy is studied within the coherent density fluctuation model using the symmetry
energy as a function of density within the Brueckner energy-density functional. The nucleon
momentum distributions for the same isotopic chains of neutron-rich nuclei are studied in the
framework of the same mean-field method, as well as of theoretical correlation methods based on
light-front dynamics and local density approximation. The isotopic sensitivities of the calculated
neutron and proton momentum distributions are investigated together with the effects of nucleon
correlations and deformation of nuclei.

1. Introduction
The detailed study of the properties of unstable nuclei far from the stability line has been one
of the main goals of nuclear physics in the last years. Recently, the development of radioactive
ion beam facilities in GSI (Germany) and in RIKEN (Japan) has opened a new field for such
studies, making possible the production of a variety of exotic nuclei that may have large neutron
or proton excess.

In the present study, the properties of even-even Ni, Kr, and Sn isotopes are described using
the deformed self-consistent density-dependent Hartree-Fock (DDHF) mean-field method with
Skyrme-type effective interactions (DDHF+BCS method). These are the charge form factors,
the neutron and proton skins in neutron-rich and neutron-deficient isotopes, respectively, the
nuclear symmetry energy and the nucleon momentum distributions. We choose some medium
and heavy Ni, Kr, and Sn isotopes because many of these sets, which lie in the nuclear chart
between the proton and neutron drip lines can be formed as radioactive ions to perform
scattering experiments. The main goal of this study is to perform theoretical analyses of
exotic nuclear structure properties which can be a step in a future comparison between the
predicted characteristics and the results of possible experiments using colliding electron-exotic
nuclei storage rings thus showing the effect of the neutron excess in these nuclei.
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2. Densities and charge form factors

The most realistic description of elastic electron-scattering cross sections can be achieved by
solving the Dirac equation and performing an exact phase-shift analysis [1]. This method
has been chosen, e.g. in Ref. [2] (see also Ref. [3] for the ELISe experiment). Using it, the
modulus of the charge form factor can be determined from the differential cross section. Its
sensitivity to changes in the charge distribution is demonstrated in Fig. 1, where Ni isotopes are
shown as example. The proton densities presented in Fig. 1 were obtained from self-consistent
DDHF+BCS mean-field calculations with effective nucleon-nucleon (NN) interactions in a large
harmonic-oscillator basis [4] by using a density-dependent Skyrme parametrization. In the same
figure, the squared moduli of charge form factors, which are obtained from solving the Dirac
equation numerically, are presented. Following this prescription, electron scattering is computed
in the presence of a Coulomb potential induced by the charge distribution of a given nucleus.
The intrinsic charge distribution of the neutron is included into these calculations.

The nuclear charge form factor F;(q) has been calculated as

N

Fc (Q) = Fpoint,p(Q)GEp(Q) + ?Fpoint,n(Q)GEn(Q) Fc.m.(Q); (1)

where Fpointp(q) and Fpoinen(g) denote the form factors related to the point-like proton and
neutron densities ppoint,p(r) and ppoint,n(r), respectively [2]. These densities correspond to wave
functions in which the positions r of the nucleons are defined with respect to the centre of the
potential in the laboratory system. In order to let F,;(q) correspond to the density distributions
in the center-of-mass coordinate system, a factor F.,, (¢q) is introduced in a commonly used way
[5]:

Fom.(q) = el97°/64, (2)

where R stands for the root-mean-square (rms) radius of the nucleus. Eq. (1) with a c.m.
correction of form (2) was used to compute the modulus squared of the form factor that can be
extracted also from experimental data. In Eq. (1) Ggp(¢) and GEgy,(g) denote Sachs proton
and neutron electric form factors, respectively, and are taken from one of the most recent

0.08

0.06

0.04

(r) [fm™]

point,p

a 0.02

Figure 1. Modulus squared of charge form factors (panel (a)) calculated by solving the Dirac
equation with DDHF+BCS proton densities (panel (b)) for the unstable double-magic 9Ni,
stable %2Ni and unstable "Ni isotopes [2].
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phenomenological parametrizations [6]. In general, it has been found that with increasing
number of neutrons in a given isotopic chain the minima of the curves of the charge form
factor are shifted towards smaller values of the momentum transfer [2]. This is due mainly
to the enhancement of the proton densities in the peripheral region and to a minor extent to
the contribution from the charge distribution of the neutrons themselves. By accounting for
the Coulomb distortion of the electron waves, a filling of the Born zeros is observed when the
distorted-wave method is used (in contrast to plane-wave Born approximation).

3. Neutron skins from Skyrme Hartree-Fock calculations. Nuclear symmetry
energy

The thickness of a neutron skin in nuclei may be defined in different ways. One of these
possibilities is to determine it as the difference between the rms radius of neutrons and that
of protons. In Fig. 2 we plot this difference Ar,, = r, — r,, where on the left panel we show
our results with the SLy4 force [7] for Sn isotopes and compare them with the predictions from
relativistic mean-field (RMF) model [8] and to experimental data taken from (p,p) scattering
[9, 10], antiprotonic atoms [11], giant dipole resonance method [12], and spin dipole resonance
method [13, 14]. As can be seen in Fig. 2 the experimental data are located between the
predictions of both theoretical approaches and in general, there is agreement with the experiment
within the error bars. On the right panels we see the predictions for Ary,), in the cases of Ni and
Kr isotopes, where there are no data. The RMF results for the difference Ar,, systematically
overestimate the Skyrme HF results, as it can be seen from Fig. 2. The reason for this is related
to the difference in the nuclear symmetry energy and, consequently, to the different neutron
equation of state (EOS) which has been extensively studied in recent years. It was shown that
there exists a linear correlation between the derivative of the neutron EOS (or the pressure of
neutron matter) and the neutron skin thickness in heavy nuclei in both Skyrme HF [15, 16] and
RMF [16, 17] models.

Therefore, in Ref. [18] we investigate the relation between the neutron skin thickness and some
nuclear matter properties in finite nuclei, such as the symmetry energy at the saturation point s,
symmetry pressure py (proportional to the slope of the bulk symmetry energy), and asymmetric
compressibility AK, considering nuclei in given isotopic chains and within a certain theoretical
approach. As the main emphasis is to inspect the correlation of the neutron skin thickness AR
of nuclei in a given isotopic chain with the s, pg and AK parameters extracted from the density
dependence of the symmetry energy around the saturation density, we show in Fig. 3 the results
for Ni isotopes. The symmetry energy, the pressure and the asymmetric compressibility are
calculated within the coherent density fluctuation model (CDFM) (e.g., Ref. [19]) by using the
weight functions calculated from the DDHF+BCS densities (for more details, see Ref. [18]). In
addition, it is important to note that we obtain the symmetry energy in finite nuclei including
both bulk and surface contributions on the base of the Brueckner EOS. It is seen from Fig. 3(a)
that there exists an approximate linear correlation between AR and s for the even-even Ni
isotopes with A = 74 —84. We observe a smooth growth of the symmetry energy till the double-
magic nucleus °Ni (N = 50) and then a linear decrease of s while the neutron skin thickness
of the isotopes increases. This behavior is valid for all Skyrme parametrizations used in the
calculations, in particular, the average slope of AR for various forces is almost the same. We
also find a similar approximate linear correlation for Ni isotopes between AR and py [Fig. 3(b)]
and a less strong correlation between AR and AK [Fig. 3(c)]. As in the symmetry energy case,
the behavior of the curves drawn in these plots shows the same tendency, namely the inflexion
point transition at the double-magic "®Ni nucleus.
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Figure 2. Difference between neutron and proton rms radii Ary,, of Sn, Ni, and Kr isotopes
calculated with SLy4 force. The RMF calculation results are from Ref. [8]. The experimental
data for Sn isotopes measured in (p, p) reaction (open stars) [9, 10|, antiproton atoms (full stars)
[11], giant dipole resonance method (full circles) [12] and spin dipole resonance method (full and
open squares) [13, 14] are also shown.
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Figure 3. HF+BCS neutron skin thicknesses AR for Ni isotopes as a function of the symmetry
energy s (a), pressure pg (b), and asymmetric compressibility AK (c) calculated with SLy4,
SG2, Sk3, and LNS forces.

4. Momentum distributions

Another important characteristic of the nuclear ground state is the nucleon momentum
distribution (NMD) n(k). The scaling analyses of inclusive electron scattering from a large
variety of nuclei showed the evidence for the existence of high-momentum components of NMD
at momenta k > 2 fm~!. It has been shown that it is due to the presence of NN correlations
in nuclei (for a review, see e.g. [19]). It is of importance to study the NMD not only in stable,
but also in exotic nuclei [20]. As an example, the neutron and proton momentum distributions
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of 64Ni, 8Kr, and '2°Sn nuclei calculated within the DDHF+BCS method and two correlation
approaches, namely the one from [21] using the light-front dynamics (LFD) method and the
other [22] based on the local density approximation (LDA), are presented in Fig. 4. As can be
seen, for all nuclei the inclusion of NN correlations strongly affects the high-momentum region
of NMD. At k& > 1.5 fm~! both LFD and LDA momentum distributions start to deviate from
the DDHF+BCS case. They behave rather similar in the interval 1.5 < k < 3 fm~!. At
k > 3 fm~! the LFD method predicts systematically higher momentum components compared
to LDA momentum distributions. This observation can be explained by the different extent to
which NN correlations are taken into account in both approaches. Our results for the NMD’s
in the LFD method for large values of k£ (k > 2 fm~!) are similar to those obtained within
the Jastrow correlation method and, thus, the high-momentum tails of n(k) are caused by the
short-range NN correlations. The LDA approach through the nuclear matter dynamic effects

and using the local Fermi momentum ki(N) (r) calculated self-consistently by means of the HF
density produces less pronounced high-momentum tail, but still the results are very close to those
obtained in the LFD method. As was expected, at k > 1.5 fm™! the DDHF+HF momentum
distributions fall off rapidly by several orders of magnitude in contrast to the correlated NMD’s.
In addition, we observe that: i) the results shown above are similar for all nuclei in a given
isotopic chain and going from Ni to Sn isotopes, as well; ii) the behavior of n(k) is similar
for protons and neutrons; iii) at high k& the proton and neutron NMD’s obtained within the
LFD method cannot be distinguished from each other because the high-momentum tails in this
approach are determined by the high-momentum component of the nucleons in the deuteron [21];
iv) concerning the NMD’s calculated in the LDA approach, some difference between n(k) for
protons and neutrons can be observed due to Z(N)-dependence of the local Fermi momentum
kp.
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Figure 4. Neutron (solid line) and proton (dashed line) momentum distributions obtained
within the DDHF+BCS, LFD, and LDA methods for ®Ni (a), 3Kr (b), and 12°Sn (c) nuclei.

5. Conclusions
The results of the present work can be summarized as follows:

i) There is a decrease of the proton densities in the nuclear interior and an increase of its
tail at large r with increasing neutron number. Consequently, the common feature of the charge
form factors is the shift of the form factor curves and their minima to smaller values of ¢ with
the increase of the neutron number in a given isotopic chain. The theoretical predictions for
the charge form factors of exotic nuclei are a challenge for their measurements in the future
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experiments in GSI and RIKEN and thus, for obtaining detailed information on the charge
distributions of such nuclei.

ii) For a given isotopic chain, the increase of the skin with N exhibits a rather constant slope,
which is different depending on the definition of nuclear skin. A pronounced neutron skin can be
attributed to isotopes with A > 132 for Sn, A > 74 for Ni, and A > 96 for Kr. While the radial
extensions of the densities in deformed nuclei (prolate and oblate) change with the direction,
the neutron skin thickness remains practically constant along the different directions.

iii) We have demonstrated the capability of CDFM to be applied as an alternative way to make
a transition from the properties of nuclear matter to the properties of finite nuclei investigating
the nuclear symmetry energy s, the neutron pressure pg and the asymmetric compressibility AK
in finite nuclei.

iv) A possible practical way to make predictions for the momentum distributions of exotic
nuclei far from the stability line is proposed that provides a systematic description of n(k) in
medium-weight and heavy nuclei.
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