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Spontaneous fission of superheavy nuclei

In 1928 G. Gamow as well as Condon and Gurney gave the first explanation of alpha decay as
a quantum tunnelling of a preformed particle at the nuclear surface. Soon after experimental
discovery in 1984 by Rose and Jones of cluster radioactivity, confirming earlier (1980) predictions
by Sandulescu, Poenaru and W. Greiner [1], a microscopic theory also explained the phenomenon
in a similar way. Here we show for the first time that in a spontaneous cold fission process [2]
the shell plus pairing corrections calculated with Strutinsky’s procedure [3] may give a strong
argument for preformation of a light fission fragment near the nuclear surface. It is obtained
when the radius of the light fragment, R,, is increased linearly with the separation distance, R, of
the two fragments, while for Ry = constant one gets the well known two hump potential barrier.

Among the almost 2450 nuclides (nuclear species) known up to now only 288 are stable to occur
primordially: their half-lives are comparable to, or longer than the Earth’s age (4.5 billion years),
hence a significant amount survived since the formation of the Solar System. The metastable
nuclides are decaying toward the stable ones.

The first informations about nuclei have been obtained in 1896, when Antoine Henri Becquerel
discovered a “mysterious” radiation of a uranium salt (potassium uranyl sulfate) which was bent
by a magnetic field. The term radioactivity was coined by Marie Curie. Together with her
husband, Pierre Curie, they discovered radium (symbol Ra) and polonium (Po), which possess a
million times much stronger radioactivity.

Ernest Rutherford (ER) gave the names a (*He nuclei), 3 (electrons) and ~ (electromagnetic
radiation with frequencies of 3 x 10' Hz or higher and wavelengths of 10~ m (10 pm) or
lower). Three of the four fundamental forces (strong, weak, and electro-magnetic) are responsible
for them. They are produced by the decay of excited nuclei of radioactive elements. Gamma
rays can penetrate through several centimeters of lead and large doses of them are harmful.
From scattering experiments (1911) ER deduced that atomic particles consisted primarily of
empty space surrounding a central core called nucleus. He transmuted one element into another,
elucidated the concepts of the half-life and decay constant. By bombarding nitrogen with a-
particles produced oxygen. The atomic nucleus was discovered around 1911.

After 1928 the microscopic theories of o decay have been developed. The theory was also extended
to explain cluster decays. Simple relationships are also very useful [4, 5] to estimate the half-lives.

The liquid drop model (LDM) was introduced by Sir John William Strutt, Lord Rayleigh. His
book Theory of Sound, was published in 1878. Niels Bohr applied the LDM to Nuclear Physics. It
was used by Lise Meitner and her nephew O.R. Frisch to explain the induced fission discovered by
Otto Hahn and Fritz Strassmann, who identified by chemical means among the fission fragments
a barium isotope. N. Bohr and J.A. Wheeler published a theoretical paper, based on his LDM;
they showed that fission was more likely to occur with ?*U than ?*¥U. An interesting historical
account of the discovery of induced fission was written in 1984 by the famous Edoardo Amaldi,
former member of the Enrico Fermi’s (EF) team who did the first experiment two years before
Otto Hahn, but was wrong in interpreting the data. Even a genius like EF was a human being,
hence could be sometimes wrong. The energetic (nuclear power plants) and military applications
of the induced fission changed completely our world.

Spontaneous fission was discovered in 1940 by G.N. Flerov and K.A. Petrzhak. Usually the
fission fragments are deformed and excited; they decay by neutron emission and/or « rays, so
that the total kinetic energy (TKE) of the fragments is smaller by about 25-35 MeV than the
released energy, or Q-value. The asymmetric mass distributions of the fission fragments and the
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spontaneously fissioning shape isomers could not be explained until 1967, when V.M. Strutinsky
reported [3] his macroscopic-microscopic method. His calculations gave for the first time a two
hump potential barrier. Shape isomers occupied the second minimum.

Besides «, 3, v decay and fission there are other types of nuclear disintegrations sometimes
referred to “exotic decay modes” as beta-delayed particle emissions, particle-accompanied fission
(or ternary fission), fissioning shape-isomers, proton radioactivity, heavy particle radioactivities
(HPR) [6, 7], etc. A brief presentation, at a level of non-specialist, of the large diversity of nuclear
decay modes may be found in the Ref. [8].
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Figure 1: Comparison of absolute values of shell and pairing correction energies for symmetrical
fission of 2Cn with Ry constant (dashed line) and linearly increasing Ry (solid line).

Superheavy nuclei with atomic numbers Z = 104 — 118 are produced by fusion reactions. The
simplest way to identify a new superheavy element synthesized in such a way is to measure its
a decay chain, down to a known nuclide. Sometimes this is not possible since its main decay mode
could be spontaneous fission. For atomic numbers larger than 121 cluster decay may compete as
well [9].

We reported [10] results obtained within macroscopic-microscopic method using cranking inertia
and the best two-center shell model [11] in the plane of two independent variables (R, n), where
R is the separation distance of the fragments and n = (A4; — A)/A is the mass asymmetry with
A, Ay, Ay the mass numbers of the parent and nuclear fragments. Phenomenological deformation
energy, Fy . g, was given by Yukawa-plus-exponential model, and the shell plus pairing corrections,
0FE = 6U + 0P are based on the asymmetric two center shell model (ATCSM). This time we
give more detailed arguments for the neighboring nucleus **2Cn. The deep minimum of total
deformation energy near the surface is shown for the first time as a strong argument for cluster
preformation.

An outline of the model was presented previously [10]. Here we repeat just few lines. The parent
47 is split in two fragments: the light, 4275, and the heavy one, 41 Z; with conservation of hadron
numbers A = A; + Ay and Z = Z; + Z,. The corresponding radii are given by Ry = roAY/3,
Ry = TOA§/3, and Ry = roA}/:S with 7o = 1.16 fm. The separation distance of the fragments
is initially R; = Ry and at the touching point it is R, = Ry + Ray. The geometry for linearly
increasing Ry from 0 to Ry = R, is defined by:

R—R;

According to the macroscopic-microscopic method the total deformation energy contains the
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Figure 2: Solutions of BCS equations for symmetrical fission of 2%2Cn with linearly increasing R,

(top) and constant Ry (bottom). The gap for protons and neutrons do have a similar behaviour
with that of the shell corrections.

macroscopic Yukawa-plus-exponential (Y+EM) term and the shell plus pairing corrections
Edef = EY+E‘ + 5E (2)

In units of hw) = 41A1/3 the shell corrections are calculated with the Strutinsky procedure as a
sum of protons and neutrons contributions

ou = du, + ouy, (3)

One obtains a minimum when there are important bunchings of levels (high degeneracy of the
quantum state: the same energy corresponds to several states).
The BCS theory was first introduced in condensed matter in order to explain the superconductiv-
ity at a very low temperature. It was extended to nuclei for explanation of the pairing interaction.
By solving the BCS system of two equations, with two unknowns, we find the Fermi energy, A,
and the pairing gap A, separately for protons and neutrons. The total pairing corrections are
given by

0p = 0pp + 0py, (4)
and finally the total shell plus pairing corrections in MeV

§E = §U + 6P (5)

Pairing correction is in general smaller in amplitude and in antiphase with shell correction; it has
an effect of smoothing and reducing the total shell plus pairing correction energy. The experience
of using Strutinsky’s method, gained by several nuclear scientists (e.g. S. Bjgrnholm), was also
successfully employed to study shell effects in atomic cluster physics and nanotechnology.

A component of inertia tensor is given by

B, = 2R (v|OH /0B;| ) (p|OH | 0B;|v)
' ; (E, + E,)?

(Upvy + u,v,) (6)
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where H is the single-particle Hamiltonian allowing to determine the energy levels and the wave

functions |v); w2, v? are the BCS occupation probabilities, F, is the quasiparticle energy, and
Bi, B; are the independent shape coordinates.

v v

For spherical fragments with R, R, deformation parameters the cranking inertia symmetrical
tensor will have three components, hence the scalar

R,
dR

2
dR
) +2BR2Rd—f%2+BRR (7)

B (R) = Bryr, (

or B = Bys + Bo; + By;. When we find the least action trajectory in the plane (R, Ry) we need
to calculate the three components By, By, By in every point of a grid of 66x24 (for graphics)
or 412x24 (for the real calculation) for 66 or 412 values of (R — R;)/(R; — R;) and 24 values of
n=(A; — As)/A or Ryy.
We compare in figure 1 the absolute values of shell and pairing correction energies for symmetrical
fission of 22Cn with Ry constant (dashed line) and linearly increasing Ry (solid line). As expected,
the gap for protons, A,, and neutrons, A, solutions of the BCS system of two equations, in
figure 2 are also following similar variations. Deep minima around (R — R;)/(R; — R;) = 0.82
are clearly seen in both figures. Similar results are also obtained for heavy nuclei like 2>2Cf (see
figure 3) or 2°Pu. At the touching point, R = Ry, both kinds of variations of Ry = Ry(R) are
ariving at the same state, hence the shell effects are identical there, as may be seen in figures 1
and 3.

For minimization of action we need not only Bprpr but also the values of Bg,r,, Br,r in every
point of the above mentioned grid. As expected we obtained a dynamical path very different
from the statical one. We could reproduce the experimental value of 2*2Cn spontaneous fission
half-life, logy, T;mp(s) = —3.086.

In conclusion, with our method of calculating the spontaneous fission half-life including macroscopic-
microscopic method for deformation energy based on asymmetric two-center shell model, and the
cranking inertia for the dynamical part, we may find a sequence of several trajectories one of which
gives the least action. Assuming spherical shapes, we found that the shape parametrization with
linearly increasing Ry is more suitable to describe the fission process of SHs in comparison with
that of exponentially or linearly decreasing law. It is in agreement with the microscopic finding
for o decay and cluster radioactivity concerning the preformation of a cluster at the surface,
which then penetrates by quantum tunneling the potential barrier.
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Figure 3: Comparison of shell plus pairing effects for fission of ?*2Cf with linearly increasing R,
and constant .
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1. D. N. Poenaru, R. A. Gherghescu, Spontaneous fission of superheavy nucleus ?®6Fl, Physical Review
C, 94 (1) (2016) 014309, 7 pages.

2. D. N. Poenaru, R. A. Gherghescu, Light fragment preformation in cold fission of 282Cn, European
Physical Journal A (2016) accepted.

3. D.N. Poenaru, R.A. Gherghescu, Spontaneous fission, cluster radioactivity and alpha decay of super-
heavy nuclei 28%:284Cn and 2%6Lv, International Journal of Modern Physics E (2016) accepted.

4. D. N. Poenaru, R. A. Gherghescu, W. Greiner, Charged anti-cluster decay modes of antimatter nuclei,
Romanian Reports in Physics 68 (2016) (1) 151-159.

5. D. N. Poenaru, Examples of developed countries, source of inspiration for Romanian education and
research (in Romanian), Revista de Politica Stiintei si Scientometrie - Serie Noua, 5 (2016) Nr. 2,
120-127.

6. D. N. Poenaru, Personalitatea marelui savant Alexandru Proca, in Revista de Istorie a Electrotehnicii
Romanesti, 4 (2016) Nr. 1, 13-21.

E-prints
7. D. N. Poenaru, R. A. Gherghescu, Shell plus pairing effect arguments for cluster preformation at the
nuclear surface in cold fission. arXiv:1609.00847v1 [nucl-th], 2016.
8. D. N. Poenaru, R. A. Gherghescu, Linearly increasing radius of the light fragment during the sponta-
neous fission of 282Cn, arXiv:1609.04942v1 [nucl-th], 2016.
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Invited Presentation published in Proceedings
D. N. Poenaru, Adding new elements to the Mendeleev's table, in Colaborarea stiintifica Horia Hulubei-
Yvette Cauchois si spiritualitatea maramuresana (Masa rotunda, Manastirea Barsana, 11 iulie 2015)
P.T. Frangopol and |. Ursu Eds. (Casa Cartii de Stiinta, Cluj-Napoca, 2016) pp. 93-95.

Invited Presentations at International Conferences
D. N. Poenaru, R. A. Gherghescu, Hemispheroidal microscopic model for investigation of nanoclusters
deposited on a surface, Energy Materials Nanotechnology (EMN) Meeting on Computation and Theory,
Las Vegas, Nevada, SUA, 2016.
D. N. Poenaru, R. A. Gherghescu, Theory of spontaneous fission of superheavy nuclei using cranking
inertia and the two-center shell model, 6th International Conference on Fission and Properties of
Neutron-Rich Nuclei, Sanibel Island, Florida, SUA, 2016.

D. N. Poenaru, Member of International Advisory Committee
11th International Conference on Clustering, Napoli, Italy

6th International Conference on Fission and Properties of Neutron-Rich Nuclei, Sanibel Island, Florida,
SUA.

Referee, 2016

Physical Review C (SRI=1.000) 4 referee reports

Nuclear Physics A (SRI=0.657) 3 referee reports

Journal of Physics G: Nucl Part Phys (SRI=1.035) 2 referee reports
International J. Mod. Phys. E (SRI=0.340) 2 referee reports
Physics Letters B (SRI=1.887) 1 referee report

European Physical Journal A (SRI=0.497) 1 referee report

Mod. Phys. Letters A (SRI=0.498) 1 referee report

Zeitschrift fiir Naturforschung (SRI=0.379) 1 referee report

PhD Thesis, Cairo University, Giza, Egypt 1 referee report

Recomendation for an Indian Professor to be promoted at Manipal University, Jaipur.

40 GBP for books at Amazon.uk granted by Nuclear Physics A Editors as a token of
appreciation for the 2015 referee reports

Citations, Hirsch index, i10 index, factor G

We had in September 2016 3400 citations by others, H=31, i10=51, G=b5.

In 2016 | found 2 PhD thesis citing my works hence until now | know about 53 such PhD thesis.
Link to my Google Scholar Profile http://scholar.google.com/citations?hl=ro&user=SH1MaolAAAAJ
Link to Gherghescu's Scholar Profile http://scholar.google.ro/citations?user=4ckbd0gAAAAJ&hl=en
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