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The production cross section of neutron-rich isotopes of Ca, Zn, Te, Xe, and Pt are predicted in the diffusive
multinucleon transfer reactions with stable and radioactive beams. With these isotopes one can treat the neutron
shell evolution beyond N = 28, 50, 82, and 126. Because of the small cross sections, the production of nuclei
near the neutron drip line requires the optimal choice of reaction partners and bombarding energies.

DOI: 10.1103/PhysRevC.89.034622 PACS number(s): 25.70.Hi, 24.10.−i, 24.60.−k

I. INTRODUCTION

One of the primary issues of nuclear physics is an expansion
of the present limits of the nuclear chart far from the line
of stability. The neutron-rich isotopes located close to the
neutron-drip line have attracted interests during the last few
decades. In the study of exotic neuron-rich nuclei a variety of
new aspects have been discovered, such as the existence of
neutron skins, neutron halos, and shell evolutions leading to
new magic numbers. Furthermore, these neutron-rich nuclei
play a crucial role in the r-process in nuclear synthesis.

Nowadays, the nuclei far from stability are accessible in
vast regions of the nuclear chart by various reactions. Fission
should be suitable to generate a certain number of neutron-rich
nuclides [1], but this method was found not to be promising
for the production of nuclei near the drip line. Instead, the
fragmentation reactions can produce very neutron-rich nuclei
[2,3] at energies well above the Fermi energy. However, in the
fragmentation reactions, the yields of these nuclei decrease
with increasing isospin quantum number and a large excitation
energy is available, which can wash out the primary yields of
extremely neutron-rich nuclei. On the other hand, the neutron-
rich nuclei can be also effectively produced in the transfer-type
reactions in which the control of excitation energy is easier
[4–17].

The experimental setups, which are presently under con-
struction, would provide quite intensive beams of radioactive
nuclei (see, for example, Ref. [18]). One of the applications
of these beams would be the production of new neutron-rich
isotopes using either complete fusion or transfer reactions.
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While one can reach only specific isotopes in the complete
fusion reactions, the transfer-type reactions can yield a larger
variety of isotopes because of the restrictions in the choice of
the target. Note that the use of the beam of neutron-rich nuclei
in the fragmentation reactions has no advantage compared with
the beam of stable isotopes.

The aim of the present paper is to predict the production
cross sections of new neutron-rich Ca, Zn, Te, Xe, and Pt
isotopes via the diffusive multinucleon transfer reactions at
incident energies near the corresponding Coulomb barriers
(3–5 MeV/nucleon). These very neutron-rich isotopes have
the neutron numbers beyond N = 28, 50, 82, and 126,
respectively. So, the study on their productions is expected to
provide useful information about the shell evolution near the
drip line. Because the cross sections for producing neutron-rich
isotopes near the neutron drip line are estimated to be small, the
production of neutron-rich isotopes requires an optimal choice
of the projectile-target combinations and bombarding energies
for future experiments. In the present paper, by extending the
work of Ref. [16], we investigate the production of various
neutron-rich isotopes and study other possible reactions for
the production of the isotopes previously considered.

The present paper is organized as follows. In Sec. II, we
present the model used for estimating the production cross
sections of neutron-rich nuclei. The obtained results are given
in Sec. III with detailed discussions. We then summarize in
Sec. IV.

II. MODEL

The dinuclear system (DNS) concept [19] was proposed to
explain the mechanisms of the complete fusion, quasifission,
and nucleon transfer reactions. The quasifission and transfer
products result from the decays of various DNS configurations.

0556-2813/2014/89(3)/034622(7) 034622-1 ©2014 American Physical Society
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The effects of nuclear isospin asymmetry on α-decay lifetimes of heavy nuclei are investigated within various
phenomenological models of the nuclear potential for the α particle. We consider the widely used simple
square-well potential and Woods-Saxon potential and modify them by including an isospin asymmetry term. We
then suggest a model for the potential of the α particle motivated by a microscopic phenomenological approach
of the Skyrme force model, which naturally introduces the isospin-dependent form of the nuclear potential for the
α particle. The empirical α-decay lifetime formula of Viola and Seaborg [J. Inorg. Nucl. Chem. 28, 741 (1966)] is
also modified to include isospin asymmetry effects. The obtained α-decay half-lives are in good agreement with
the experimental data, and we find that including the nuclear isospin effects somehow improves the theoretical
results for α-decay half-lives. The implications of these results are discussed, and the predictions on the α-decay
lifetimes of superheavy elements are also presented.

DOI: 10.1103/PhysRevC.94.024320

I. INTRODUCTION

The nuclear α decay has been one of the most important
tools to study nuclear forces and nuclear structure [1]. Even
today, its role cannot be overemphasized in the investigation
of nuclear properties and, in particular, in identifying
syntheses of new elements. (See, for example, Refs. [2,3].)
Although many facets of the nuclear force were uncovered
and understood, there still remain a lot of questions to be
explored. One very naive but quite nontrivial question would
be how many nucleons can aggregate in the heaviest nucleus?
Since every nucleus is dynamical and the α decay is one of
the major decay processes of heavy nuclei, the investigation
of α decays of superheavy elements is required to find a clue
to answer this question.

The structures of superheavy elements and their syntheses
have been exciting research topics in both experimental and
theoretical nuclear physics [4]. These topics attract recent
research interests thanks to the construction of new facilities
of rare isotope beams, which will allow the investigation
of very neutron-rich nuclei as well as superheavy elements.
The stability of nuclei can be achieved through the balance
between the attractive nuclear force and the repulsive Coulomb
force. As the number of protons increases, the Coulomb
repulsion increases, thus more neutrons are required to form
a bound state. However, the energy of neutron-rich nuclear
matter is higher than that of symmetric nuclear matter because
of the nuclear symmetry energy contribution to the total
energy. Therefore, the nuclear symmetry energy is important to
understand the structure of heavy, in particular, very neutron-
rich nuclei [5]. Furthermore, unstable heavy nuclei eventually
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decay through spontaneous fission, β decay, nucleon, and
α emissions, so the role of nuclear symmetry energy or the
change in nuclear potential due to nuclear isospin asymmetry
in these decay processes deserves to be studied.

In the standard approach, the α-decay lifetimes are gov-
erned by the effective potential for the nuclear force which
combines the core nucleus and the α cluster. There are
several phenomenological potential models for explaining the
measured data of α-decay lifetimes, which include the simple
α-cluster model with a square-well (SW) potential model [6,7],
cosh-type potential model [8], generalized liquid droplet
model (GLDM) [9,10], and density-dependent M3Y effective
interaction [11–13]. In the simple cluster model, the α particle
is trapped by the core nucleus in a nuclear plus Coulomb
potential, and the α decay happens as the bound α particle
escapes from the potential barrier by quantum tunneling. The
shape of the effective nuclear potential felt by the α particle
is determined by fitting the parameters of the potential to
the measured α-decay lifetimes. Despite its simplicity, these
models are quite successful to describe α-decay lifetimes even
quantitatively [6,7]. For a more complete description of the
data, one, of course, needs to develop more realistic potential
models for the α particle.

Improvement of simple potential models has been pursued
in several ways. For example, in the simple potential models
illustrated above, the shape of a nucleus is robust and
does not change during the decay process. Therefore, more
realistic treatment on the shape evolution was anticipated and
investigated, e.g., in the GLDM in Refs. [9,10]. On the other
hand, it is also desirable to understand the α potential in nuclear
matter from a microscopic approach. Along this direction, the
authors of Refs. [11–13] parametrized the α-particle potential
using three Yukawa-type finite-range forces that are modified
by nuclear density. In this approach, it is assumed that the core
nucleus follows the Fermi density profile and the α particle
has the Gaussian density profile.

2469-9985/2016/94(2)/024320(13) 024320-1 ©2016 American Physical Society
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Background: In the framework of the newly developed generalized energy density functional (EDF) called
KIDS, the nuclear equation of state (EoS) is expressed as an expansion in powers of the Fermi momentum or
the cubic root of the density (ρ1/3). Although an optimal number of converging terms was obtained in specific
cases of fits to empirical data and pseudodata, the degree of convergence remains to be examined not only for
homogeneous matter but also for finite nuclei. Furthermore, even for homogeneous matter, the convergence
should be investigated with widely adopted various EoS properties at saturation.
Purpose: The first goal is to validate the minimal and optimal number of EoS parameters required for the
description of homogeneous nuclear matter over a wide range of densities relevant for astrophysical applications.
The major goal is to examine the validity of the adopted expansion scheme for an accurate description of finite
nuclei.
Method: We vary the values of the high-order density derivatives of the nuclear EoS, such as the skewness of
the energy of symmetric nuclear matter and the kurtosis of the symmetry energy, at saturation and examine the
relative importance of each term in ρ1/3 expansion for homogeneous matter. For given sets of EoS parameters
determined in this way, we define equivalent Skyrme-type functionals and examine the convergence in the
description of finite nuclei focusing on the masses and charge radii of closed-shell nuclei.
Results: The EoS of symmetric nuclear matter is found to be efficiently parameterized with only three parameters
and the symmetry energy (or the energy of pure neutron matter) with four parameters when the EoS is expanded
in the power series of the Fermi momentum. Higher-order EoS parameters do not produce any improvement, in
practice, in the description of nuclear ground-state energies and charge radii, which means that they cannot be
constrained by bulk properties of nuclei.
Conclusions: The minimal nuclear EDF obtained in the present work is found to reasonably describe the
properties of closed-shell nuclei and the mass-radius relation of neutron stars. Attempts at refining the nuclear
EDF beyond the minimal formula must focus on parameters which are not active (or strongly active) in
unpolarized homogeneous matter, for example, effective tensor terms and time-odd terms.

DOI: 10.1103/PhysRevC.100.014312

I. INTRODUCTION

In a series of publications [1–4], we have proposed and
developed a strategy to model nuclear systems based on a
converging power expansion combined with energy density
functional (EDF) theory. Beginning with homogeneous matter
[1], we formulated the energy per particle, which represents
the equation of state (EoS), as an expansion in powers of
the Fermi momentum or equivalently in powers of the cubic
root of the density, as kF ∝ ρ1/3. This choice is rooted both
in quantum many-body theory and effective field theory. We
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confirmed a posteriori the quick convergence of the expansion
by fitting the parameters to pseudodata from microscopic
calculations. Based on a statistical analysis of the fits, a
robust parameter set was chosen as a baseline for further
explorations, comprising three terms for isospin-symmetric
nuclear matter (SNM) and four for pure neutron matter
(PNM). The naturalness of the expansion was confirmed and
extrapolations to extreme density regimes were found to be
satisfactory [4]. In particular, the extrapolated results agreed
with ab initio calculations to the densities low enough to reach
the core-crust boundary in the neutron star ρ ∼ 0.001 fm−3,
a regime to which the model had not been fitted at all, and
reproduced a realistic mass-radius relation of neutron stars,
which represents a dense regime.

In subsequent works reported in Refs. [2–4], the KIDS
EoS was transposed to a Skyrme functional with extended
density-dependent couplings, which we call a KIDS EDF,
to study nuclear ground-state properties, thereby relying on

2469-9985/2019/100(1)/014312(14) 014312-1 ©2019 American Physical Society



Analyticity of the electromagnetic form factor and the longitudinal charge density in scalar f 3

model
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The concepts of causality, linearity, time symmetry, unitarity, and crossing symmetry and their relation to
dispersion relations are discussed. Dispersion relations are applied for the analysis of pion form factor in (1+1)
dimensions. [to be modified]

I. INTRODUCTION

The light-front (LF) formulation based on the light-front
quantization has shown remarkable advantages for calcula-
tions in elementary particle physics, nuclear physics, and field
theory. One of the advantages is that it allows a forthright ap-
plication of the impulse and incoherence approximations inti-
mate in nonrelativistic atomic and nuclear physics to relativis-
tic field theory and bound-state problems [1].

As a prototype example of demonstrating the advantage
of the LF quantization over the instant-time quantization, the
two-body scattering amplitude within the scalar f 3 model has
been studied by many authors [1–4] in the time-ordered per-
turbation theory (TOPT). In Ref. [3], Chang and Ma studied
the Feynman rules in terms of the LF variables p± = p0 ± p3.
Brodsky, Roskies, and Suaya [1] established a connection be-
tween Feynman rules and TOPT rules in the LF frame for the
case of a triangle diagram describing a QED vertex and have
shown that, out of six time-ordered diagrams in the instant-
time quantization corresponding to a single covariant Feyn-
man triangle diagram, only two time-ordered diagrams sur-
vive if the LF quantization is taken. They also have shown
that the two time-ordered diagrams can be further reduced to
a single diagram if the purely transverse momentum of the
virtual photon, i.e. the so-called “Drell-Yan-West (DYW)”
frame (q+ = 0) is taken. (It may be necessary(?) to mention
in here the difference between the LF frame and the infinite
momentum frame (IMF) since the authors in [1, 2] used term
of IMF rather than LF frame.) Sawicki [4] demonstrated
using the triangle diagram for the scalar f 3 model that the
transition from the equal-time perturbation theory to the LF
perturbation theory can be achieved by introducing interpo-
lation variables. Various studies for a two-body bound state
quantized on the LF can also be found in the framework of
scalar [5–15] and fermion field [15–18] models. In particu-
lar, in Ref. [14], Miller discussed the caveat of the intrinsic
charge density defined by the Fourier transform of the charge
form factor in nonrelativistic theory and introduced the trans-
verse charge density defined by the two-dimensional Fourier
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transform as the measure of the true size of the bound state
without involving relativistic corrections.

Even though the DYW formulation is the most rigorous
and well-established framework to compute the exclusive pro-
cesses, its utility has been limited only to the spacelike re-
gion (q2 = q+q� � q2

? < 0) due to the intrinsic kinematic
constraint q+ = 0. While the q+ 6= 0 frame can be used in
principle to compute the timelike form factors, it is inevitable
to encounter the nonvalence diagram arising from the quark-
antiquark pair creation (the so-called “Z-graph”). The main
source of difficulty in calculating the nonvalence diagram
arises from the non-wavefunction vertex apart from the usual
LF wavefunction vertex. However, in a recent analysis [19]
of the form factor FM g(q2) for the meson-photon transition,
M (p) ! g⇤(q)+ g(p0), using the LF quark model (LFQM),
two of us developed a new method to explore the timelike re-
gion directly in the q+ 6= 0 frame. Our direct calculation in
timelike region shows the complete agreement not only with
the analytic continuation result form the spacelike region but
also with the result from the dispersion relation (DR) between
the real and imaginary parts of the form factor. This new suc-
cessful effective method of computing the timelike form factor
for the M (p)! g⇤(q)+ g(p0) process in our realistic LFQM
stems from the detailed analysis of the exactly solvable mani-
festly covariant model within the framework of the LF calcu-
lation.

On the other hand, the timelike electromagnetic (EM) form
factor of a meson for the g⇤(q) ! M (p) + M̄ (p0) process
are more complicated than the M (p) ! g⇤(q) + g(p0) pro-
cess since the former involves one more hadron than the latter.
That is, this process involves nonvalence diagram, which has
not yet been resolved to handle effectively in a realistic LFQM
unlike the case of the meson transition form factor calculation.
As a first attempt to find the remedy of handling the timelike
EM form factor, we have investigated a qQ̄ bound state form
factor using an exactly solvable (3 + 1)-dimensional scalar
field theory model in Ref. [20], i.e., the triangle diagram for
the scalar f 3 coupled to the bound-state current of the scalar
bound state. In Ref. [20], it was shown numerically that the re-
sults analytically continued from the spacelike region (q2 < 0)
coincide exactly with the results directly obtained in the time-
like region (q2 > 0). Nevertheless, more complete analysis
such as providing fully analytic form of the EM form factor
both in spacelike and timelike regions is yet to be made be-
cause of some difficulties of handling the pole structures in


