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In fusion reactions in heavy systems whose charge
product ZPZT is larger than 1600, it has been ob-
served1) that the formation of a compound nucleus is
strongly hindered around the Coulomb barrier energy,
compared with ZPZT < 1600 systems. In such heavy
systems, an additional energy is needed to achieve
fusion, which is called the extra-push energy.2) The
most probable reason behind the fusion hindrance phe-
nomenon is the occurrence of the quasi-fission process,
which involves reseparation without the formation of a
compound nucleus after two nuclei touch each other, in
heavy systems. A macroscopic fluctuation–dissipation
model using a Langevin equation has been developed3)

to analyze quasi-fission and fusion dynamics especially
in the synthesis of superheavy elements. Recently,
the quasi-fission process was analyzed using the micro-
scopic time-dependent Hartree-Fock (TDHF) model.4)

The aim of this study is to analyze in detail the
origin of fusion hindrance in heavy systems by using
the microscopic TDHF model. To this end, we employ
our method5) to extract nucleus–nucleus potential and
one-body energy dissipation from the relative motion
of colliding nuclei to internal degrees of freedom in the
entrance channel of fusion reactions from TDHF evolu-
tions. We reported in Ref.6) that the nucleus–nucleus
potential extracted from TDHF in the 96Zr+ 124Sn
system monotonically increases as the relative distance
decreases, and that the potential shows no ordinary
barrier. In this report, we present results of our sys-
tematic study for fusion in heavy systems and discuss
a possible origin of fusion hindrance.

First, we perform systematic calculations for esti-
mating the extra-push energy by TDHF for several
heavy systems. We define the extra-push energy us-
ing TDHF as the difference between the fusion thresh-
old energy and the potential barrier obtained from the
frozen density approximation, Eextra = Ethres − VFD.
The frozen density potential is estimated while keep-
ing the projectile and target densities frozen to their
respective ground-state densities. We confirm that the
obtained extra-push energies agree well with those de-
duced from experimental observations. Then, we ex-
tract the nucleus–nucleus potential V (R) and friction
coefficient γ(R) as a function of the relative distance
between two nuclei R for those systems. We find that
the property of the extracted potentials is similar to
that in the 96Zr+ 124Sn system,6) i.e., monotonic in-
crease and no barrier structure in the potential. Fi-
nally, we analyze the fusion hindrance in heavy sys-
tems. We extract V (R) and γ(R) at the fusion thresh-
old energy. We stop the extraction at Rmin where the
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Fig. 1. Increase in potential ∆V (red circle) and accumu-

lated dissipation energy Ediss (blue diamond) for the
100Mo+ 92,100Mo, 104Ru, 110Pd and 96Zr+ 124,132Sn,
136Xe systems.

remaining kinetic energy reduces as much as possible
in the TDHF simulations. At Rmin, we can identify
the extra-push energy as a sum of the remaining ki-
netic energy, accumulated dissipation energy estimated
from γ(R)5), and increase in potential due to the frozen
density barrier, denoted by ∆V = V (Rmin)− VFD. In
Fig. 1, the increase in potential ∆V and dissipated en-
ergy Ediss are plotted for the 100Mo+ 92,100Mo, 104Ru,
110Pd (left panel) and 96Zr+ 124,132Sn, 136Xe (right
panel) systems. It is clear that the contribution from
the increase in potential to the extra-push energy is
larger than that from the dissipated energy. From this
finding, we conclude that the dynamical increase in
potential energy is the main contribution to the extra-
push energy.
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Self-consistent Hartree-Fock and RPA Green’s function method for
monopole response of neutron-rich Ni isotopes†

I. Hamamoto∗1,∗2 and H. Sagawa∗1,∗3

We discuss low-energy monopole strength of Ni iso-
topes using the self-consistent Hartree-Fock calculation
and the RPA Green’s function method with Skyrme
interactions. This study is strongly motivated by a
recent observation of monopole strength by inelastic
alpha scattering at 50A MeV on the unstable nucleus
68Ni.1) The observation of soft monopole mode is re-
ported at 12.9 ± 1.0 MeV, in addition to the isoscalar
giant monopole resonance (ISGMR), for which the cen-
troid is placed at 21.1 ± 1.9 MeV. To study the prop-
erties of low-energy monopole strength, the continuum
effect must be properly taken into account in the the-
oretical calculations. Therefore, we perform the self-
consistent HF+RPA calculations with the Skyrme in-
teractions in coordinate system. The strength distri-
butions S(E) are obtained from the imaginary part of
the RPA Green function, GRPA, as

S(E) =
∑
n

|< n | Q | 0 >|2 δ(E − En)

=
1

π
ImTr(Q†(r⃗)GRPA(r⃗; r⃗′;E)Q(r⃗′)) .(1)

where Q expresses one-body operators

Qλ=0, τ=0 =
1√
4π

∑
i

r2i (2)

for isoscalar monopole strength. The calculated re-
sults are shown in Fig. 1. Note that the widths of
all responses are due to the coupling to the contin-
uum without any smearing factor. It is concluded that
sharp monopole peaks with width on the order of 1
MeV can hardly be expected for 68Ni in the low en-
ergy region below 20 MeV. Instead, a broad shoulder
of monopole strength consisting of neutron excitations
to non-resonant one-particle states (called threshold
strength) with relatively low angular momenta (ℓ, j)
is obtained in the continuum energy region above the
particle threshold, which is considerably lower than
that of the isoscalar giant monopole resonance. In the
monopole excitations of 68Ni there are no unperturbed
particle-hole states below 20 MeV, in which the parti-
cle is placed in either a bound or a resonant state. It is
emphasized that in the theoretical estimation a proper
treatment of the continuum is extremely important.

† Condensed from the article in Phys. Rev. C 90,
031302(R)(2014)
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Fig. 1. (Color online) Monopole strength function (1) of
68Ni . (a) Unperturbed monopole strength and isoscalar

monopole RPA strength. The RPA strength denoted by

the solid curve includes all strengths due to the coupling

between bound and unbound states in RPA. In the un-

perturbed response, the p-h strengths, in which both

particle and hole orbits are bound, are not included.

The energies of those unperturbed p-h excitations are

the 1d5/2 → 2d5/2 excitation at 27.60 MeV for neu-

trons and the excitations of 1p3/2 → 2p3/2 at 27.58

MeV and 1p1/2 → 2p1/2 at 27.46 MeV for protons. In

addition, the proton excitation at 27.3 MeV from the

bound 1d5/2 orbit to the one-particle resonant 2d5/2
orbit has such a narrow width that the strength is not

plotted. The narrow peaks at 24.1 and 24.7 MeV in the

unperturbed strength curve are the proton 2s1/2 → s1/2
and 1d3/2 → 2d3/2 excitations, respectively. (b) Unper-

turbed neutron threshold strengths, which contribute to

the total unperturbed strength below the energy of IS-

GMR in Fig. 1a, are shown for respective occupied hole

orbits.
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