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Physics Motivation for Nuclear Structure
Investigations in the Region of SHE
Why Nuclear structure investigations ?
Atomic nucleus is quantum mechanical ensemble of nucleons (protons, neutrons)
Properties determined by fundamental interactions
- nucleon – nucleon interaction
- Coulomb interaction
- spin – orbit interaction
- ….
Understanding nuclear structure – Understanding fundamental interactions
Superheavy nuclei (SHE)
= ensembles of extremely large numbers of protons and neutrons
Understanding nuclear structure is essential for understanding properties and stability
of SHE

SHE: Where the island of stability is located?

The Island of Stability refers to predicted region of superheavy elements on the chart
of nuclides with half-lives that are longer by several orders of magnitude than the half
-lives of other SHEs.
--- About 85 super-heavy nuclei with Z =104–118 super heavy elements have
been synthesized in experiments.
• Theoretical predictions !
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- relativistic Mean field calculations

Z=114/126 and N=184

Why the discovery of new SHEs are important?
--Discovering new SHEs proves long held nuclear theories regarding

the existence of the “Island of Stability” and the ultimate limits of
the periodic table of the elements.
--The discoveries also helps scientists to better understand how
nuclei are held together and how they resist the fission process.

We have studied the structures, decay properties, and stabilities of the unknown nuclei
Z=120 in an isotopic chain of mass A = 280 - 324, which is useful to give some
information as how to synthesize and to detect these nuclei, and at which characters
they may connect with the decay chain of upper heavier nuclei.

Theoretical Framework

 The Skyrme-Hartree-Fock (SHF) Method
 The Relativistic Mean Field (RMF) Formalism

The effective relativistic Lagrangian density for nucleon-meson many body system we
are using:

--- From this Lagrangian we obtain the field equations for nucleons and mesons.
---These equation are then solved by expanding the upper and lower components of
the Dirac spinors and the boson fields in an axially deformed harmonic oscillator basis,
1
  0  41 A 3 MeV
with an initial deformation 0.
--- The major shell is chosen for SHN as Nf = Nb= 20 for nucleons and mesons, respectively.
-- The input force parameters used are RMF(NL3) and RMF(NL3*) an improved version of
NL3. In SHF we have used SkI4 and SLy4 force parameter set.

Pairing effect:

The effect of the pairing interaction has been treated using the BCS approach.
Although the BCS approach may fail for light neutron rich nuclei, but the nuclei
considered here are not light neutron rich nuclei and the RMF results with BCS
treatment should be reliable.

 The Q Energy and the Decay Half-life T(1/2)
The Q()-energy is obtained from the relation

Q() [N, Z] = BE [N, Z] - BE[N-2, Z-2] - BE[2, 2]

Here, BE [N, Z] is the binding energy of the parent nucleus with neutron number N and proton number Z,
BE [2, 2] is the binding energy of the -particle i.e., 28.296 MeV, and BE[N-2, Z-2] is the binding energy of
The daughter nucleus after the emission of an -particle.
The half-life time values are estimated by using the phenomenological formula of Viola and
Seaborg given as:
Where Z is the proton number of parent nucleus. For the a, b, c and d parameters we consider the
Sobiczewski et al. Modified values obtained using more recent and expanded data base of even-even
nuclides, which are
a = 1.66175, b = 8.5166, c = 0.20228; d = 33.9069
The quantity hlog accounts for the hindrances associated with the odd proton and neutron numbers as
Given by Viola and Seaborg namely

Binding Energy (B.E)

(a) The B.E. In both the RMF and SHF models are Qualitatively similar.
(b) The B.E. using NL3 and NL3* are almost equal within lower mass
region but, towards higher mass region, the B.E using NL3*
gradually getting lower values than NL3.
(c) The B.E. using NL3 and NL3* over estimates both the SkI4 and
SLy4 results by almost a constant factor.
(d) The macro-microscopic FRDM calculation lies in between NL3,
NL3* and SkI4 calculations, and they are agreeing very well. In case
of SkI4 the differences decreasing gradually towards the higher
mass region around (A=302), and then around A=316, the RMF
and FRDM results are getting close to each other.

Binding Energy /Nucleon (B.E./A)

(a) The RMF and SHF curves could almost be overlapped with one
another through a constant scaling factor, and the FRDM result
lies in between NL3, NL3* and SkI4. This means, qualitatively, all
the curves show similar behaviour.
(b) However, unlike the BE/A curve for SHF and RMF, the FRDM
results do not show the regular behaviour. In general, the BE/A
value starts increasing with the increase of mass number A,
reaching a peak value at A=298 (N=178) NL3*, NL3, SLy4 and
FRDM, and at A=300 (N=180) for SkI4 formalism. This means that
298120 and 30o120 is the most stable element from the binding energy
point of view.
(c) We can see that there are noticeable kinks at A=304 (N=184) in
SkI4 and SLy4 at A=314, 318 (N=194, 196) in FRDM, and at A=318
(N=198) in NL3* and NL3.

Two Neutron Separation Energy

The RMF and the FRDM S2n values coincide remarkably well,
except at mass A = 316 which seems spurious due to some error
somewhere in the case of FRDM. Apparently, the S2n decreases
gradually with increase of neutron number, except for noticeable
kinks at A=282 (N = 172) 318 (N = 198) in NL3*, at A=292 (N=172)
and 318 (N=198) in NL3, at A=294 (N=174) and 318 (N=198) in
FRDM, at A=282 (N=162) and 304 (N=184) in SLy4 and at A=304
(N=184) and 318 (N=198) in SkI4. Interestingly, these neutron
numbers are also close to either N=172 or 184 magic numbers.

Pairing Energy

It is clear from Figure that Epair decreases with an increase in
mass number A; i.e., even if the 2 values for two nuclei are the
same, the pairing energies are different from one another. It can be
seen that for a given nucleus, pairing energy Epair depends only
marginally on the quadrupole deformation 2. On the other hand,
even if the 2 values for two nuclei are same, the Epair values are
different from one another, depending on the filling of the
nucleons.

Quadrupole Deformation
Parameter

Prolate

FRDM results differ strongly along the
whole mass regions. In both the SkI4 and
SLy4 results, we find that the solutions for
the whole isotopic chain are prolate.
However, in some mass region, we find
highly deformed prolate solutions in the
ground state configuration.
In RMF formalism using both
Oblate
the NL3* and NL3 parameter set, we find
shape change from prolate to highly
deformed oblate at A=282. Then, with
increase in mass number there is a shape
change from highly oblate to highly prolate, and again we find a shape change from highly prolate to highly
Oblate at A=320.
A more careful inspection show that the solutions for the whole isotopic chain are prolate, except at
A = 282, 284 and at A = 320–324 for both the RMF (NL3*) and RMF (NL3) model. Interestingly, most of the
isotopes are superdeformed in their ground state conﬁgurations, and because of the shape coexistence
properties of these isotopes, sometimes it is possible that the ground state could be the near spherical solution.

Shape Coexistence
We notice that, in RMF calculations, the energy difference  is small for neutron-deficient isotopes, but it
increases with increase of mass number A in the isotopic series. The small difference in the binding energy for
neutron-deficient isotopes is an indication of shape coexistence. For example, in 292120, the two solutions for
2 = 0.555 and 2 = 0.002 are completely degenerate with binding energies of 2047.503 and 2047.202 MeV. This
later result suggests that the ground state can be changed to the excited state and vice-versa by a small change
in the input, like the pairing strength, etc. in the calculations.
Similarly, in case of SkI4
calculation, the energy difference
 remains small between mass
number A = 286 to 300 and
between mass number
A = 308 to 324, indicating of the
presence of shape coexistence.
We also have the indication of
shape coexistence through SLy4
calculation.

The -decay series of 292120 Nucleus
The numerical results for both Q and T agree
fairly well within different models at different
mass numbers. We note that there are possible
shell structure eﬀect in Q and T ,
corresponding to those proton and neutron
numbers which refer to either observed or
predicted magic numbers. For example, one can
see a clear effect of the 284116 (N = 168) and 292120
(N = 172) in RMF (NL3*) and RMF(NL3),280106 (N
= 156) and 284116 (N = 168) in SHF (SkI4), 268108 (N
= 160) and 294106(N = 158) in SHF (SLy4) and 284116
(N = 168) in FRDM calculations. Note, that these
proton and neutron numbers refer to either
observed or predicted magic numbers.

The -decay series of 304120 Nucleus
We notice that the calculated values for Q agree
quite well within diﬀerent models around lower
mass number. But towards high mass number we
do not have agreement within different models.
We can also notice almost similar nature of the
half-life time values between diﬀerent models.
Possible shell structure eﬀect in Q , as well as in
half-life, are noticed for the daughter nucleus
284110 (N = 174) and 292114(N = 178) in RMF(NL3*),
280108 (N = 172) in RMF (NL3), 284110 (N = 174) and
292114 (N = 178) in FRDM and in SkI4, and 280108
(N = 172) and 284110 (N = 174) in SLy4. Here again
we note that these proton and neutron numbers
refer to either observed or predicted magic
numbers..

Isotopic Chain
280-324

120

-decay series of 292120

-decay series of 304120

Summary
(i) We have calculated the BE, and quadrupole deformation parameter for the isotopic chain of 292120 and 304120
Super Heavy Element (SHE), which are being planned to synthesize.
(ii) WE employed both the SHF and RMF formalism using various force parameter sets, for both the ground state
as well as intrinsic first excited states to see the model dependence results.
(iii) We found qualitatively similar predictions in both the techniques.
(iv) From the calculated BE, we also estimated the two-neutron separation energy (S2n) and the energy difference
(E) between ground state and first excited state for studying the shape coexistence.
(v ) A shape change from Prolate to highly deformed Oblate at A=282, and from highly deformed Prolate to
Highly deformed Oblate at A=320 is observed in RMF formalism.
(vi) In RMF calculation most of the ground state structures are found to be highly deformed Prolate, differing
Strongly with the FRDM calculation where most of the ground state structures are with spherical solutions.
(vii) However, in SHF formalism we found that the ground state structures along the whole isotopic chain are
Prolate.
(viii) Thus, in RMF formalism most of the isotopes are Superdeformed in their ground state configurations,
and are low-lying highly deformed states in case of SHF formalism.
(ix) From the BE analysis, we found that the most stable isotope in the Z=120 series is around 304120, which
is near to predicted magic number at N =184.
(x) Our predicted -decay energy Q  and half-life T1/2() agree nicely with the FRDM and other available
theoretical results.

 The Relativistic Mean Filed (RMF) Formalism
The relativistic Lagrangian density for nucleon-meson
many body system is written and from this Lagrangian
we obtain the field equations for nucleons and mesons.
These equation are then solved by expanding the upper
and lower components of the Dirac spinors and the boson
fields in an axially deformed harmonic oscillator basis,
with an initial deformation 0.
The quadrupole deformation parameter 2 is
evaluated from the resulting proton and neutron quadrupole
moments, as

The center of mass motion energy correction is

estimated by the usual harmonic oscillator formula
. The root mean square (rms)
matter radius is defined as
where A is the mass number, and
is the deformed
density.
The input force parameters used are NL3 and NL3* an improved version of NL3.
The effect of the pairing interaction has been treated using the BCS approach. Although the BCS
approach may fail for light neutron rich nuclei, but the nuclei considered here are not light neutron rich nuclei
and the RMF results with BCS treatment should be reliable.

Theoretical Framework

 The Skyrme-Hartree-Fock (SHF) Method

In non-relativistic Skyrme-Harte-Fock method formalism we consider the general form of the Skyrme eﬀective
interaction, used in the mean-ﬁeld models, can be expressed as an energy density functional
Where,
is the kinetic energy term with mass m as the nucleon mass, H0 the zero range, H3 the
density dependent term and Heff the effective mass dependent term, relevant for calculating the properties of
nuclear matter, are functions of nine parameters
and  given as

The other terms, representing the surface contributions of a finite nucleus with b4 and b’4 as additional
parameters, are: Here the total nucleon number density
the kinetic energy density

and the spin-orbit density
with n
p referring to neutron and proton, respectively. The
for spin saturated nuclei, i.e., for
Nuclei with major oscillator shells completely filled. The total binding energy (BE) of a nucleus is the integral of
the energy density functional H. We have used here the Skyrme SkI4 and SLy4 sets with b4b’4.

