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ABSTRACT

After, the latest addition to the periodic table the heaviest i.e. Z=118, Oganesson (Og) which
was formally named on 28 November 2016, a rush has been started in the search of next
stable island and towards the synthesis of superheavy element Z=120. Many experimental
and theoretical approaches are being performed in hot and cold fusion approaches, in order
to have better understanding regarding the stability of the completely fused compound
nuclear system. For the elements Z>113, hot fusion approach is mostly preferred as they
demand more asymmetric combinations and hence sustain fusion cross-sections, which are
here calculated using the Wong formula for the four most suitable combinations, predicted
till now. The fusion cross-sections of chosen reactions are calculated with quadrupole (B,)
deformations and hot-optimized orientations. Also, using fragmentation potentials, we have
tried to find some new combinations for %2120.

The following composition contains 3 chapters.

CHAPTER 1: gives an abstract of the nuclear fusion reaction dynamics in superheavy

region and the different approaches that have been used till now in the process of
synthesization. A brief discussion about the different types of deformations and orientations
is stated along with their effects on the fusion dynamics. Also on the basis of some
predictions regarding the synthesis of Z=120, for our present work we prefer to use the
following projectile-target combinations i.e. **Cr + 2*8Cm, *°Ti + 2°Cf, *°Ti + %°Cf, “®Ca +

254Fm.

CHAPTER 2: describes the total fusion cross-section as a product of capture cross-section

calculated using Wong formula for deformed and oriented nuclei and probability of
formation of compound nucleus Pcn. Also, the fragmentation potential and various
interactions potential such as Coulomb potential, proximity potential and centrifugal
potential are described.

CHAPTER 3: contains Wong formula based calculations for the above mentioned reactions

and the fragmentation potentials are inspected for 3%2120.
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CHAPTER 1

INTRODUCTION

In the early 19™ century, only 92 chemical elements from Hydrogen to Uranium were known
to exist naturally out of which 83 are stable and 9 are radioactive. However, in the 1930s,
the world of nuclear science began to discover new elements beyond Uranium i.e.
Transuranics. Now the question comes that: How we can integrate our periodic table beyond
naturally occurring Uranium? This occurs by the means of neutron capture followed by -
decays i.e. the neutrons are added to the elements and a new unstable isotope is formed
which emits electrons via B-decay and changes to the next heavier element as shown in Fig.
1.1.

neutron ’65\0
Compound nucleus ® .
® \ . A+1 T / /C‘{Q
neutron capture
5%%;%‘. o %'.%‘.‘ OSSs
©oSS —— Eoer —— el
TES® S "’39‘.
\\
\
prompt gamma radiation
iz 1 QS
T g
W0

Fig.1.1 Formation of a heavier nucleus via neutron capture followed by S-decay and

y- rays emission

After the production of transuranium elements, the synthesis of superheavy nuclei achieves

significant progress in the era of nuclear physics. With the invention of new
11



generation accelerators heavy ions beams acceleration becomes possible that fuses with
heavy elements to produce some super heavy ones. These new elements are not probably
found in Nature at all but can be detected under precisely designed experiments using
powerful nuclear tools as their life-time is very small [1-3]. During the synthesizing period
of superheavy elements i.e. in the middle of 1930s, the phenomena known as nuclear
fission came into picture, which needs an appropriate description and this lead to the
discovery of Liquid Drop Model (Bohr and Wheeler in 1939) [4]. The Liquid Drop
Model (LDM) is based on an assumption in which a nucleus is considered as a liquid
drop. This model successfully explains the general characteristics of the nucleus and
reproduces many collective properties. Importantly using this model, binding energies for
wide range of nuclei were calculated, however it failed to explain the higher binding
energies of the nuclei with magic numbers and thus it requires more microscopic
description. Later in 1948, Shell model (SHM) [5-6], was discovered by the collaboration
of several physicists, most notably Eugene Paul Wigner, Maria Goeppert Mayer and J.
Hans D. Jensenis, which explains the magic numbers i.e. 2, 8, 20, 28, 50, 82 and the
stability associated with them. According to this model, the nuclides with N or Z=2, 8,
20, 28, 50, 82 are more stable due to their filled shells. However, the doubly magic nuclei
like $He,'80, 35Ca, 38Ca as well as 238Pb attain extra stability and thus possess higher
binding energies as compared to their neighboring nuclei. In the middle of 1960s, the
concept of Macroscopic-Microscopic model was discovered by Struntinsky [7]. Using this
model, the Binding energy is calculated as the sum of macroscopic part derived from LDM
and as a correction term, a microscopic part derived from nuclear shell model. It is found as
more accurate way to derive Binding energies of nuclei in contrast of using only LDM or
SHM. The calculations of ground state binding energy provides the basic step to determine
the stability of Superheavy Nuclei and hence, thereafter started a rush towards the synthesis

of superheavy nuclei.

1.1 ISLAND OF STABILITY

The hypothesis of island of stability was given by G.T. Seaborg in late 1960s. It is
based upon the nuclear shell model which states that like electrons in atomic shell, nucleons
are also build up in nuclear shells. When the shells are completely filled, the Binding

12


https://en.wikipedia.org/wiki/Eugene_Paul_Wigner
https://en.wikipedia.org/wiki/Maria_Goeppert_Mayer
https://en.wikipedia.org/wiki/Maria_Goeppert_Mayer
https://en.wikipedia.org/wiki/J._Hans_D._Jensen
https://en.wikipedia.org/wiki/J._Hans_D._Jensen

energy per nucleon increases and nucleus achieves extra stability as compare to nearby
nucleus. The Island of Stability is plotted as a function of N and Z which describes the
yet not discovered isotopes of transuranium elements that are theorized to be much stable
than others. The perspective offered by Shell Model leads to the discovery and stability of
super heavy elements (SHE). Many theoretical studies have been carried out regarding
the prediction and discovery of stability of SHE. In 1966, A. Sobiczeweski et. al. [8]
observed shell closure at Z=108 and N=162 for deformed nuclei and another at Z=114and
N= 184 for spherical nuclei. These predictions based upon theoretical studies, have been
further confirmed using various different approaches and finally it was observed that the
shell closure lies at Z=114, 120, 126 and N=172 or 184. These calculations indicate that the
most stable superheavy nuclei in the center of ‘island’ could have large half-lives. The
existence of an island of stability in the region of nuclei with Z=114 and N=184 caused the
experimental investigation in the field of SHE. The interest is now further extended to next

magic Z=120. Moreover, whether this magicity sustains for deformed nuclei [9-11].
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Fig.1.2 Island of Stability showing stabilities in super heavy region.
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1.2 SUPERHEAVY NUCLEI

Superheavy elements are defined as the elements beyond the actinide series, beginning with
Rutherfordium (Z=104). As the technology advances, the discovery of Superheavy nuclei
has started a race between America, Russia, and Germany. Brief descriptions of different

superheavy nuclei are given below:

Z=104-106 elements: - The studies of these elements were carried out at Lawerence-Berkely
laboratory and Joint Institute of Nuclear research (JINR) at Dubna. These elements were
produced in the reactions induced by charged particles. The beam of **C, 0 or #*Ne is
bombarded with the isotopes of Pu-Cf to obtain hot and rotating compound nucleus. Using
this approach, the isotopes of Z=104-106 elements were synthesized for the first time. The
approved names for Z=104, 105 and 106 by International Union of Pure and Applied
Chemistry (IUPAC) are Rutherfordium (Rf), Dubnium (Db) and Seaborgium (Sg)

respectively.

Z=107-112 elements: - The experiments for the production and investigation of elements
beyond Z=106 were performed after the discovery of “Cold fusion” (discussed in next
section) reaction by Oganession et. al.[12]. In these reactions, magic target nuclei ®*Pb
or ®Bi collide with massive projectile with A>40, forming a compound nucleus. The
elements with Z=107-112 have been synthesize using Cold-fusion reactions at SHIP
(Separator for Heavy lon reaction Products is an electromagnetic separator which has been

designed for the synthesis and investigation of superheavy elements) using massive ions

*Cr, *®Fe and "°Zn. The names of these nuclei accepted by International Union of Pure and

Applied Chemistry (IUPAC) are given below:

1) Z=107 Bohrium (Bh) in 1997.

2) Z=108 Hassium (Hs) in 1997.

3) Z=109 Meitnerium (Mt) in 1997.
4) Z=110 Damstadtium (Ds) in 2003.
5) Z=111 Roentgenium (Rg) in 2004.
6) Z=112 Copernicium (Cn) in 2010.

Z=113-118 elements: - For the synthesis of superheavy nuclei from Z=113-118, “Hot-

fusion” reactions (discussed in next section) were used in contrast to cold fusion reactions.
14



The neutron-rich isotopes of transuranium elements were bombarded with *Ca-
projectile and were well made at Flerov Laboratory for Nuclear Reactions (FLNR). The
proposed names by International Union of Pure and Applied Chemistry (IUPAC) are given

below:

1) Z=113 Nihonium (Nh) on 28 November 2016.
2) Z=114 Flerovium (FI) on 30 May 2012.

3) Z=115 Moscovium (Mc) on 28 November 2016.
4) Z=116 Livermorium (Lv) on May 30, 2012.

5) Z=117 Tennessine (Ts) in November 2016.

6) Z=118 Oganesson (Og) on 28 November 2016.

1.2.1 Fusion reactions

Heavy ion fusion reactions have been widely used for the synthesis of heavy and
superheavy elements. Apparently, the complete fusion reactions have received the greatest
attention in connection with stability and synthesis of superheavy nuclei. A complete fusion
is a process when the heavy projectile fuses with the heavier target. During the process, the
mutual repulsion of protons due to higher Z;Z, product competes with the fusion process, but
the quantum mechanical effects entice nucleons to fill the magic shells and lend some extra
stability. This will lead to the formation of completely fused system with a reduced

probability of survival against fission.

Attractive
Nuclear
forces

Repulsive
Coulomb
forces

Tunneling through
i the barrier
f N

:

1 5

Potential energy

Separation distance b/w the nuclei

Fig.1.3 Potential Barrier v/s the separation distance between the nuclei
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Till now, significant progress has been achieved in experimental and theoretical field
regarding the investigation of superheavy nuclei. To extend the periodic table two different

approaches have been used:

e Cold fusion reactions were mainly performed at GSI, Darmstadt and RIKEN, Japan.
Using cold fusion reaction, elements Z=107-112 were synthesized.
e Another one is, Hot fusion reactions which lead to the discovery of Z=113-118

Superheavy elements.

The details about cold and hot fusion reaction are given as:

1. COLD FUSION REACTIONS: - The concept of cold fusion for the synthesis

of superheavy nuclei was given by Oganessian et. al. [12]. In this reaction, strongly
bound target nuclei i.e. *®Pb or ®Bi fuse with isotopes of elements from Cr to Zn,
resulting in the formation of Compound nucleus. Cold fusion reactions refer to the one
with lowest barrier and highest separation distance (i.e. elongated configuration). The
compound nucleus formed has low excitation energy i.e. only 12-20 MeV and thus the
evaporation of one neutron is sufficient to prevent the fission which is the main

advantage of using cold fusion [13-20].

Sr. Atomic Element Reaction

No. No.

1) 107 Bohrium(Bh) 209Bi + 33Cr > 282Bh +n
2) 108 Hassium(Hs) 208Pb + 38Fe — 283Hs +n
3) 109 Mietnerium(Mt) 209Bi + 38Fe - 258Mt + n
4) 110 Darmstatium(Ds) 298Pb + $2Ni > 3%0Ds + n
5) 111 Roentgenium(Rg) 209Bi + SgNi — 373Rg+n
6) 112 Copernicium(Cn) 208Pb + 10Zn - 377Cn+n

Table 1.1 Elements synthesized via Cold fusion [21].

But unfortunately, this method is not applicable when moving to the domain of spherical
shells Z=114 and N=184. The synthesis of heavier nuclei is achieved by increasing the

atomic number of projectile. This causes an increase in Coulomb repulsions and decrease in
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the probability of compound nucleus formation. Thus to reach the effect of N=184, it is
necessary to increase the number of neutrons in compound nucleus. Hence, the approach to
synthesize super heavy elements beyond Z=112 changed from “Cold fusion reaction” to “Hot

fusion reaction” [15].

2. HOT FUSION REACTIONS: - For the next heavier elements, the adoption of
asymmetric target-projectile combinations provides better option to demolish the
Coulomb repulsion effect. Hot fusion reactions refer to the one with highest barrier and
lowest separation distance (i.e. compact configuration). The fusion of actinide targets
with “3Ca beams gives more neutron-rich and stable nuclei. This fusion generates a
compound nucleus with excitation energy of 40-50MeV. However, the evaporation of
four or five neutrons reduces the excitation energy of compound nucleus below fission
barrier. The list of the elements created via hot fusion from Z=113-118 at Joint
Institute of Nuclear Research, JINR in Dubna [13-20].

Sr. Atomic Element Reaction
No. No.
1. 113 Nihonium (Nh) 289Am + 35Ca - 115 + 3n 5113 +a
2. 114 Flerovium (FI) 254Pu + 38Ca - 195F1" - 289F1 + 3n
3. 115 Moscovium (Mc) 263Am + 35Ca — 288Uup + 3n
4. 116 Livermorium (Lv) 288Ccm + 38Ca > 33Lv* - 333Lv + 3n
5. 117 Tennessine (Ts) 289Bk + 38Ca - 2{7Uus* - %PUus

+ 4n
6. 118 Oganesson (Og) 289¢f + 58ca — 233Uuo + 3n

Table 1.2 Elements synthesized via hot fusion [22].

Going above 118 presents new challenges. Calcium-48 doesn’t provide enough protons for

the job. Therefore, heavier projectile such as titanium and chromium could serve as prime
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candidates. This needs further investigation for economical synthesis of long-life element
with Z=120.

1.3 ROLE OF DEFORMATIONS AND ORIENTATIONS

Most of the nuclei with completely filled shells are relatively stable and are spherical in
shape but some can lower their energy by rearranging their protons and neutrons and
acquiring deformed shapes i.e. the non-spherical charge distribution. A number of
calculations were made which all resulted in showing that the fusion barrier is lowered due
to deformations and orientations of the colliding nuclei. The nuclei mainly include
quadrupole, octupole and hexadecapole deformations but results from higher multipole
deformations are not always favorable for fusion. Therefore, in the present study we are
confined with quadrupole deformations only. The following Fig. 1.4 below gives the
comparison of charge distribution between a spherical nucleus in Fig. 1.4(a) and a

quadrupolar nucleus in Fig. 1.4(b).

electric field gradients
in molecule x Na

-+

+

() (b)

Fig.1.4 Nuclear charge distribution in (a) spherical and (b) deformed case.

The quadrupole deformations (j3,) are governed by the electric quadrupole moment Q i.e.

when

I.  Q=0, it symbolizes spherically symmetric case as shown in above figure 1.4 (a).

il.  Q=+ve, then this indicate prolate shape.

18



Iili. Q= -ve, then this indicate oblate shape.

The shapes of nucleus with quadrupole deformations are shown below:

‘ (a) Q<0, oblate nucleus ~ (b) Q>0, prolate nucleus

Fig.1.5 (a) and (b) describes the Quadrupole deformed shapes of a nucleus.

Along with the deformations, the orientations of nucleus also plays equally important role in
the reaction analysis. In many theoretical observations, it has been accounted that the barrier
height is lowered for pole-to-pole or nose-to-nose configuration of deformed nuclei. As it

offers large separation distance and hence reduces the interaction barrier, since ( V1 a 1/R).

Symmetry axis

Collision axis

e G

(1) 8:=90°, 8,=90° for oblate-oblate system.  (2) 6,=0°, 0,=180° for prolate-prolate system.

Fig.1.6 Systematic diagram of quadrupolar nuclei with optimized orientations for “cold,
elongated” configurations.
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This type of configurations of deformed nuclei refers to “cold, elongated configuration”.
Another type of configuration is known as “hot, compact configuration”, which refers the
small interaction radius and highest barrier to the colliding nuclei. The systematic diagram

of ‘compact configuration’ is shown below:

| = Symmetry axis

4 \\ y \ ..""‘.‘ f l\\
f L 4

Collision axis ( al 1
1 '\

(1) :=90°, 8,=90° for prolate-prolate system. (2) 0:=0° 0,=180° for oblate-oblate system.

Fig.1.7 Systematic diagram of quadrupolar nuclei with optimized orientations along “hot,

compact” configurations.

Thus, in order to have meaningful predictions for the synthesis of superheavy nuclei, it is
important to include deformations and orientations effect into consideration. In the present

work, optimum configurations are employed [23-27].

1.4 GENERAL PREDICTIONS FOR Z=119 and 120

With the synthesis of Z=118, the seventh row of our periodic table is now complete, but this
is not the end. Attempts are being made by researchers for the next heavier ones in the hope
to reach the next “island of stability” i.e. Z=120 in place of 114,

In the search of next island of stability Z=120, till now many reactions have been chosen by

the researchers and our motive is to predict the best out of these. The increased fusion cross-
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section of superheavy nuclei gives the direct signal towards the nuclear shell effects,
probably with Z=120 and N=184 and based on these cross-sections, we can pick up a set
of reactions for our work. For Z>112, it becomes difficult to produce heavier nuclei via cold
fusion reaction. Therefore, the **Ca-based hot fusion reactions are considered. In hot fusion
reactions with “Ca-projectile, the choice for actinide target is Es (Z=99) and Fm (Z=100),
for the compound nucleus Z=119 and 120 to get synthesized respectively. However,
particularly for the nuclei Z>118, the “®Ca can’t be use as a prime candidate, since it doesn’t
provide enough number of protons. However, Einstenium (Es, Z=99) as the having half-life
276 days, is sufficient to be used as a target. But it’s impossible to accumulate sufficient
amount of this matter to prepare a target. Also, the Californium (Cf, Z=98) is the heaviest
available target that can be used in the experiments. Thus, the more realistic way is to shift
towards the elements heavier than “®Ca projectile. Hence, heavier projectile such as
Titanium and Chromium beams seems to be more promising for the further synthesis of
superheavy nuclei. The present experimental status of superheavy element research by GSI
(Germany) has predicted largest production rate for the more mass asymmetric projectile-
target combination >*Cr + ?**Cm among the reactions **Fe+ ***Pu and *Ni + **U for
Z=120. Besides the *®Ca and **Cr projectile, °Ti beam could also serve to be the most
applicable for the production of more heavier elements, providing more mass asymmetry
and thus *°Ti + #°Bk [28] for Z=119 and *°Ti + **°Cf [29] and *°Ti + 2*2Cf [30] for Z=120,
projectile-target combinations are of more interest. The study of superheavy Z=120 is of
great interest because it is useful in determining whether the magic proton shell closure
would remain be at Z=114 or at higher proton number Z=120 or 126 and also it is
experimentally observed that even-even nuclei are easier to synthesize than odd-odd nuclei,

that’s why we are very much interested in the synthesis of Z=120 [31].

The aim of the present work, is to study the synthesis of superheavy nucleus Z=120 using
the chosen projectile-target combinations i.e. >*Cr + 2*®Cm, *°Ti + 2*°Cf, °°Ti + %°Cf, “®Ca +
2*Em, along with the role of deformations and orientations in their synthesization process.
The analysis is done with the framework of Wong formula described briefly in next chapter.
Some new target-projectile combinations will also be predicted from the cold valleys in the
fragmentation potential of decaying %2120 elements.
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CHAPTER 2

2.1 METHODOLOGY

In the fusion process, the first stage is the capture of projectile by target nuclei, forming di-
nuclear structure after the full momentum transfer of colliding nuclei into shape deformation,
excitation energy and rotational energy. For the capture process, the projectile must have
sufficient initial energy to overcome the interaction barrier formed by repulsive Coulomb
potential and Centrifugal potential along with attractive nuclear potential. The capture cross-
section are calculated using the Wong formula [1-3]. However, the complete fusion cross-section
for a superheavy nucleus is described as the product of capture cross-section and the probability

of compound nucleus formation Py described in section 2.1.1.

In the prediction of Superheavy nuclei, the fragmentation potential is an important tool. As it
provides useful information regarding the favorable target-projectile combinations, where
fragmentation potential is expressed as the sum of the binding energies and total interaction
potential. The total interaction potential is described along with various interaction potential such
as Coulomb potential, proximity potential and centrifugal potential in section 2.1.2, 2.1.3, 2.1.4,
2.1.5 respectively. The different target-projectile combinations with low fragmentation potential
refer to the most favorable case in the synthesis of superheavy nuclei. Unlike the total interaction
potential, the fragmentation potential is calculated in terms of mass-asymmetry co-ordinate n

defined as n:ﬁ, where A; and A, are masses of projectile and target nuclei.
1 2

2.1.1 FUSION CROSS-SECTION USING PARTIAL WAVE ANALYSIS

The fusion cross-section of two deformed and oriented nuclei, inclined at an angle 0; at center of

mass energy Ecnm is calculated using partial wave analysis [3], as

0(Ecm, 0) = 250 ¢ = 15 Ze=0(2€ + 1P p(Ecrm, 0) (2.1)

,2 E .
where k = ”hz”" , i is reduced mass and
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P, = [1 + exp (211 (%))l_l (2.2)

is the penetration probability which is estimated in terms of barrier height V£ and curvature haw,
using Hill Wheeler approximation [4]. The total interaction potential barrier V£(R) with

deformations and orientations is defined as
VE(R) = V.(R,Z;, 81,0, T) +Vy(R, A, B11,0,T) + Ve (R, A;, 1,0, T) (2.3)
The detailed study of each term is discussed in sec 2.1.2.

Using equation (2.2) in equation (2.1) and replacing £-summation by integral, giving € =0 base

Wong formula, barrier characteristics (Vz, ho and Rg)

RY 27
o (Eem0) =5, —In {1 + exp (ﬁ (Ecm — V%))} (2.4)
under following conditions:
i. hw, ~hw,
2
i. VE=VS + h;(:;;l) , which means to assume R% ~ RY.
Hikp

The Wong formula in equation (2.4) is applicable for spherical partners of colliding nuclei.
However when deformations are included, the equation is replaced by

s
o (Eam) = el/,ﬁz=o" (Eom 01.85) sin 0, 6, sin8, do, (2.5)
In case of light, medium or heavy nuclei, total fusion cross-section are calculated using Wong
formula, with an assumption that ous=0 capture. AS We are concerned with the study of superheavy
nuclei, the probability of compound nucleus formation decreases gradually with increase in
atomic mass. Therefore, in the case of superheavy nucleus, the total fusion cross-section is given
as

Ofus= Ocapture X Pen (2.6)

Where, Pcy is the probability of the formation of the completely fused compound nucleus from

the di-nuclear system after the capture stage. The energy dependent Pcy is given as:
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Peny = exl’(‘c (Xeff—)(thr)) (2.7)

Vp— Vx
1+exp( BA )

where, V* is the excitation energy of compound nucleus, Vgis the excitation energy of
Compound nucleus at E¢yn = coulomb barrier and 4 = 4 MeV is an adjustable parameter and y.¢¢

is the effective fissility given as

ZZ
Xeff = Iﬁl 11— a+af(k) (2.8)
where, (ZZ/ A) - 50.883[1 —1.7826 ((%))Zl , 2.9)
crit
k)= " | (2.10)
1/3

_[ Ay

and k—( /A2> (2.11)

where, Z is atomic number, A is mass number and N is neutron number of the compound nucleus
formed. A; is the projectile mass and A is target mass. As suggested by Loveland [5], the best
fit for hot fusion reaction is:

I Ifxerr < 0.80, then c= 104 and y,p, = 0.69.

ii. Ify.sr = 0.80, then c= 82 and yp, = 0.69.

Using equation (2.7) in equation (2.6), the total fusion cross-sections of chosen reactions are
predicted at energies well below and above the coulomb barrier [6].

2.1.2 THE FRAGMENTATION POTENTIAL

The fragmentation potential is defined as the sum of the binding energies and total interaction
potential stated in equation (2.3) and the temperature-dependent fragmentation potential for the
two deformed (f3,;) oriented at 0; is [7]

Vi, R, T) = — Y2 1B (Z, B, AuT) + V(R Z;, B:,0, T)+Vp(R, Ay, B2, 0, T)

+V€ (R' Ai' ﬁli' ei' T) (212)

27



R is the relative separation distance and B; is the Binding energies, taken from the calculations

of Moller et. al. [8] and from experiments [9].

2.1.3 THE COULOMB POTENTIAL (V¢)

It describes the presence of the repulsive forces b/w the interacting nuclei. The Coulomb

potential for the two interacting hot-deformed and oriented nuclei [10-11] is given as:

_ Z1Zz¢€* R} (a;,T) 0 4 0
Ve(R,Zy, B, 0, T)= ;(—;)e +3Z41Z5€ 22,i=1,2m ¥ (6, [ﬁ/li + ;ﬁlzuyg )(ei)]
(2.13)
where, Yﬁo) is a spherical harmonics function and R; is the radius vector given as:
Ri(@.T) = Ro(N[1+ T1827 (@) (214)
and
y 1
Ry (T) = [1. 284, —0.76 + 0.84, 3]x(1 +0.0007T?) (2.15)

2.1.4 THE PROXIMITY POTENTIAL (Vp)

The potential that arises within a small distance (=2fm) between the two nuclei at the time of
interaction. In the present work, we have used Blocki’s pocket formula for understanding the
reaction dynamics of super heavy elements. The nuclear proximity potential for deformed and

oriented nuclei (temperature-dependent) [12-13] is:

Vp(so(T)) = 4mRyb(T)$(50(T)) (2.16)
where, s, is the shortest separation distance between the interacting nuclei and vy is the surface

energy constant.
N2
y=0.9517[1 —1.7826 (2) ] (2.17)
A
d(So) is universal function, independent of geometry and shapes of nuclear system, but depends
on the minimum separation distance s given as:

i. for so< 1.2511, (sg) = — 5 (5o — 2.54)% — 0.0852(so — 2.54)°

i. for so21.2511, §(se) = —3.437 exp (— %),

b is the nuclear surface thickness, given as
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b(T)= 0.99(1+0.009T?)

and R is the mean curvature radius.

2.1.5 THE CENTRIFUGAL POTENTIAL (Ve)

(2.18)

The rotational motion gives an additional energy due to the angular momentum is defined [14]

as:

h2e(£+1)

Ve(R A; B2, 0, T) = 21(T)

where, | is the moment of inertia and is defined as:
I. In complete sticking limit,

I,(T) = uR? + Z Aym(R%)(ay, T)+: Aym(RE) (aty, T)
ii. In Non-sticking limit,

Ins(T) = uR?

where, u=( A1d2

Yoy ) , is reduced mass and is nucleon mass.
1—4a42
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CHAPTER3

INTRODUCTION

In the present work, different calculations are done for four different chosen entrance

channels or combinations i.e., >*Cr + 2®Cm [1], *°Ti + 2*°Cf [1], ®Ca + ®*Fm and *°Ti + 2°°Cf
[2], while taking the effects of quadrupole deformations with the corresponding optimum
orientations along collision axis for “hot, compact” configurations, since they have significant
effect on the interaction potential which consequently modifies the fusion cross-section
(described in detail in Chapter 2) and could serve our purpose more effectively (as discussed

in Chapter 1 already).

The present work is divided into parts: Firstly the fusion cross-sections are calculated for
some earlier predicted reactions using Wong formula and Secondly, using the Fragmentation
potential, new combinations are predicted. We calculated the fusion barrier which is related to
the hindrance that the projectile must need to overcome in order to get completely fused with
the target. Then the fusion cross-sections as a product of capture cross-sections and probability
of the formation of compound nucleus are calculated for the chosen reactions i.e. **Cr +
28Cm, Ti + ®°Cf, ®Ca + *'Fm leads to 120 and *°Ti + ?*°Cf giving °120. The
calculations are made using Wong formula and then the results are compared. After that,
fragmentation potential is plotted against fragment mass (A;), which consequently helps to
predict another target-projectile combinations from their deep minima’s also known as cold
reaction valley i.e. the combinations with greater probabilities. Further for these new
combinations, the interaction potential is plotted against the separation distance R (fm) in
order to examine the suitable combination that could be used for the synthesis of Z=120 with

lower barrier.
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RESULTS AND DISCUSSIONS

3.1 Analysis of Different projectile-target combinations on the basis of

Fusion Barrier

In the synthesis of superheavy elements, heavy projectile-target needs to fuse together, but this
increase the Coulomb interactions and hence reduce the formation probability of superheavy
nuclei. In order to overcome the fusion anomalies, mass asymmetric reactions seems to be
more favorable. According to earlier studies [3], “Hot-fusion reactions” using **Ca-projectile is
always considered as the first choice for the formation of superheavy elements for Z>113. But
for the production of Z=119 and 120, since Ca-projectile doesn’t provide enough number of
protons with the heaviest available target Californium (Cf) with Z=98, therefore more

asymmetric projectile-target combinations are needed to be explored. Recently, A. K. Nasirov
et. al. [1], suggested **Cr + 2**Cm and *°Ti + %*°Cf and Z. H. Liu et.al. [2], suggested *°Ti +
252Cf combinations that have high probability to fuse together, forming the superheavy element
with Z=120. So, the present study is carried out using 4 chosen reactions i.e. >*Cr + 2*3Cm, *°Ti
+ 22Cf and *°Ti + *°Cf and one with the traditional Ca-based hot fusion reaction “®Ca +
2*Fm, and effort has been made to predict their fusion cross-sections well below and above the
Coulomb barrier, where the values for center of mass energies for reactions **Cr + 2**Cm and
50T + 2°Cf are taken from reference [1]. Also, for the combination *°Ti + 22Cf, we have taken

the same energies values as for the combination *°Ti + 2*°Cf, since they have nearly equal

barrier heights (discussed later).

Firstly, the interaction potential V(MeV) as a function of separation distance R(fm) is
calculated for four different entrance channels **Cr + 2*8Cm, *°Ti + 2°Cf, ®Ca + ®*Fm and
S0Tj + 299Cf and is shown in Fig.3.1, while taking the effect of quadrupole deformations and

optimum orientations into account.
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Fig.3.1 Scattering potential vs separation distance R (fm) for four different entrance channels
(a) °°Ti + 22Cf, (b) *°Ti + 2°Cf, (c) **Cr + **Cm and (d) **Ca + ®*Fm at I= 0, T=0MeV

Fig.3.1 shows the scattering potential of the four different target-projectile combinations i.e. (a)
SOTi + 252Cf, (b) *°Ti + 2%9Cf, (c) >*Cr + **®Cm and (d) *®Ca + ®*Fm. It is clear from Fig.3.1 that
for all the four chosen reactions, deep-well nuclear potential pocket is seen which seems
suitable for heavy ion fusion reactions. As it is noticed that >*Cr + **®Cm has the highest barrier
at V= 248.693 MeV due to the higher Z;Z, which increases the Coulomb repulsion between
the collision partners. However, barrier height of Ti-projectile reactions i.e. *°Ti + **Cf and
*0Ti + 2*°Cf reactions which differ only in the number of neutrons possess almost similar barrier
height i.e. 231.315 MeV and 231.81 MeV respectively. The fourth chosen reaction for Z=120

i.e. **Ca + ®*Fm has the lowest interaction barrier i.e. Vg= 212.745 MeV among the four, due
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to the low Z;Z, product, The values of Z;Z;, product, n mass asymmetry, Vg barrier height, Rg

barrier position and Pcy are tabulated for each reaction in Table 3.1.

Table 3.1 Comparison of the fusion probabilities at the potential barrier, potential barrier for

the hot- fusion combinations *°Ti + 22Cf, °°Ti + 2°Cf, ®*Cr + 2Cm and “®Ca + ®*Fm.

Reaction YAV - Ar— 4 Vg Rg Pen (VB)
A1+ Ay
(MeV) (fm)

Ycr + 28Cm 2304 0.6423 | 248.694 12.32 2.0E-9
T + “OCf 2156 0.6655 | 231.811 12.42 3.2E-9
T + 2°Cf 2146 0.6688 | 231.315 12.44 4.7E-9

®Ca+ *Fm 2000 0.6821 212.6 12.6 5.5E-9

The above Table 3.1 gives a nice comparison about the barrier characteristics, Z;Z, product,
mass symmetry, and the Pcy at the potential barrier among the all reactions, which gives the
nice details about the nuclear fusion reaction dynamics for the following reactions. It is
observed that with the increase in the charge symmetry, the barrier height increases and the

interaction radius decreases.

After the calculations of scattering potential, the capture cross-sections are calculated at
energies around these maximum values of potential barrier (taking round-off values). As
mentioned earlier in Chapter 2, in the case of superheavy nuclei, the capture cross-section
cannot alone predict about the formation of compound nucleus. Thus, we have tried to find the
fusion cross-section as the product of capture cross-section and probability of compound
nucleus formation Pcy that gives the possibility of the compound nucleus formation using f-
deformed fragments. Using Wong formula and eq. (2.7) for Pcn, the cross-sections are
calculated for the four different chosen reactions. The calculated values of capture cross-
sections, probability of compound nucleus Pcy and hence fusion cross-sections for the four
different systems are given under in Table 3.2 3.3, 3.4 and 3.5 for **Cr + 2*®Cm, *°Ti + %*°Cf,

*0Ti + 22Cf and *8Ca + »*Fm respectively.
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Table 3.2 The calculated values of fusion cross-sections and Pcy for >*Cr + 2#Cm.

Ecm Gcapture (MD) Pcn Gfus = Gcapture ~ PcN
237.2 143.0114 2.34E-10 334.6466E-10
241.5 222.8898 6E-10 1337.3388E-10
246.7 334.4342 1.5E-9 501.6513E-9
248.2 368.2678 2E-9 736.8684E-9
249.6 399.8557 2.3E-9 919.6681E-9
252.0 453.3100 2.31E-9 104.71461E-8

The above Table 3.2 depicts the predicted values of capture cross-section, Pcy and fusion cross-

sections for the >*Cr + 2**Cm reaction calculated at center of mass energies (MeV) 237.2, 241.5,
246.7, 248.2, 249.6 and 252.0 taken from reference [1], well below and above the potential

barrier which was at 248.694 MeV. It is observed that with the increase in energy, fusion cross-

section increases and deformations along with optimum orientations affect the fusion cross-

sections as they significantly affect the barrier characteristics.

Table 3.3 The calculated values of fusion cross-sections and Pcy for *°Ti + 24°Cf.

Ecm Gcapture (MD) Pen Gfus = Ocapture * Pcn
225 132.1124 1.03E-9 136.0757E-9
227 171.9770 1.544E-9 265.5324E-9
231.5 275.3052 3.2E-9 880.9766E-9
236 380.7958 4.8E-9 182.78198E-8
237.2 408.3046 5.1E-9 208.23584E-8
241.5 505.1037 5.8E-9 292.96014E-8

Table 3.4 The calculated values of fusion cross-sections and Pcy for *°Ti +2°2Cf.

Ecwm Gcapture(MD) Pen Gfus = Ocapture * PcN
225 145.1521 1.697E-9 246.3231E-9
227 186.5538 1.7E-9 317.1E-9
231.3 287.3351 4.7E-9 135.04E-8
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236 398.1676 7.28E-9 289.8E-8

237.2 425.8234 7.7E-9 327.88E-8

241.5 522.748 8.8E-9 460.01E-8

Table 3.5 The calculated values of fusion cross-sections and Pcy for “8Ca + 2*Fm.

Ecm Gcapture (MD) Pcn Gfus = Gcapture ~ PcN
208 120.1681 2.6E-9 312.4370E-9
210 162.5898 3.7E-9 601.5822E-9
212.6 226.5183 5.5E-9 124.58506E-8
214 262.8134 6.4E-9 168.20057E-8
216 314.1152 7.6E-9 238.72755E-8

Similarly, the Table 3.3, 3.4 and 3.5 same as Table 3.2 but for the different reactions i.e. °°Ti +
289¢f, *°Ti + 2Cf and “®Ca + 2**Fm respectively depict the capture cross-sections, Pcy and
fusion cross-sections calculated in the same manner. For the reactions *°Ti + #°Cf and *°Ti +
52Cf, the center of mass energies are taken corresponding to their barrier potentials from
reference [1] and for the combination “®Ca + ?**Fm the center of mass energies are taken + 4
MeV across the Coulomb barrier. It is clearly noticed that the maximum fusion cross-section
for *'Cr + 2®Cm, *Ti + 22Cf, °Ti + 2%°Cf and “®Ca + 2**Fm are 1047.1461pb, 4600.1pb,
2929.601pb and 2387.2pb at energies 252 MeV, 241.5 MeV, 241.5 MeV and 216 MeV
respectively at highest energies relative to their corresponding barrier heights. Since the
energies range for the chosen reaction is different across the barrier, so the comparison is made
at the Coulomb barrier and then 4 MeV above the Coulomb barrier. The reactions *°Ti + 2Cf
and ®Ca + ®Fm give the maximum fusion cross-sections at their corresponding barrier
heights. However, the fusion cross-sections of each reaction at 4 MeV above the Coulomb
barrier notifies that *°Ti beam provides better results. Although, with the “*Ca-projectile
reaction, we have the lowest barrier and also provides better fusion cross-sections at much
lower energies than the others, but **Fm being not so efficiently available target till to-date.
Thus, we conclude that the instead of “®Ca-beam projectile **Ti-beam could serve our purpose
more effectively, since the **Cr + 2*Cm entrance system also provides the highest fusion

hindrance and being heavier projectile requires more energy than the Ca and Ti projectile.
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Therefore, in future we could use *®Ca + ?**Fm reaction to synthesize the Z=120, if we are able
to make **Fm as a perfect target. However for now, besides the tradition i.e. “*Ca-based hot
fusion reactions, one could move towards the reactions *°Ti + 2*2Cf and *°Ti + **°Cf providing

the compound nucleus %2120 and 2120 respectively for future experiments in the search of

next magic shell closure.

3.2 The study of cold valley regions of *?120 using Fragmentation Potential

Besides the four chosen reactions, an attempt is made to analyze the different projectile-target

combinations, which are taken from “cold valley” of fragmentation potential.
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Fig.3.2 Fragmentation potential v/s mass fragment A, at #= 0i, T=0 MeV and AR= 1.5 fm

The fragmentation potential is plotted as a function of mass fragment A, at T=0 MeV with
AR= 1.5 fm. The neck of 1.5 fm is taken fixed for *®*120 nuclei, since the nucleus is large in
size so neck-length is taken large as well. “The cold valleys” of Fig.3.2 provides the probable
target-projectile combinations i.e. **Ne + 2"®Ds, 3Si + %85g, “Ca + ®*Fm, **Ti + 2*°Cf, %sr +
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20pp 18Ry + 19905, 130%e + 1%°Dy. Here, *Ca + **Fm appearing in cold-valley region,
confirms our choice of taking this combination in previous section 3.1. Also, it was inferred
from Section 3.1 that **Ca + “*Fm provides better fusion cross-section, therefore could be

probably better target-projectile combination if 2*Fm becomes available to us as a target.

To investigate the effect of temperature on most probable target-projectile combinations, the
fragmentation potential is plotted as a function of mass fragment A; at £= Oh and €= £ax as

shown in Fig.3.3 and 3.4 respectively at T=1 MeV.
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Fig.3.3 Fragmentation potential v/s mass fragment A, at #= 0h, T=1 MeV and ZR= 1.5 fm
for the decay of %2120 nuclei

In Fig.3.3, shows the fragmentation potential for the compound nucleus ***120 at £= 0h, at

T=1.0 MeV, with AR= 1.5 fm. From the plot, observing the deep cold regions, some more

probable combinations are noticed at Mg + *"®Hs, *°Sc + ®3Es, ®Ni + 2*°U, %sr + #°pp,

108RU + 194037 136Xe + 166Dy.
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Fig.3.4 Fragmentation potential v/s mass fragment A, at #= £ax, T=1 MeV and Z/R=1.5

fm for the decay of 3120 nuclei

Similarly, the fragmentation potential is plotted for %2120 at £=£p=140h, with same
temperature and AR as for Fig.3.3. Note that, here =€ is decide at a point when
penetrability, P, =1. The behavior of both plots is almost the same and here the deep
minima’s giving combinations are 26Mg + 218Hg, 305 4 26Rf S3Tj 4 249Cf %25y 4 210pp 108Ry,

+ 194051 136Xe + 166Dy.

The interaction potential V (MeV) for the obtained combinations with well-deep minima’s in
the Fig.3.3 and 3.4, is plotted against the separation distance R (fm) shown in Fig.3.5, on
considering the 3, deformations and “hot-compact” optimum orientations with zero angular
momentum values £=0 and T=0 MeV, in the question of finding the most suitable

combination reaction.
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Fig.3.5 Scattering potential vs separation distance R (fm) for the obtained reactions from

minima’s in fragmentation plot. (See Fig. 3.3 and 3.4)

From the plot, it was found the maximum barrier potential for the combinations Mg + 2"®Hs,
95 + 23g S3Tj + 299CF, SONjj + 26U, 92 + 219pp, 19%Ry + 19405, 13X + 195Dy comes out to
be at 142.076MeV, 223.215 MeV, 211.551 MeV, 269.904 MeV, 315.42 MeV, 346.326 MeV,
361.885 MeV, 364.422 MeV respectively and it can be inferred that the barrier height for the
combination ?Mg + 2®Hs is found to be very low. However, 2"°Hs having very short lifetime
of 1.11hr, so could not be able to serve our purpose. The second and third lowest barrier is
211.551MeV and 223.215 MeV for **Ti + 2*°Cf and “*Sc + *°Es respectively, however these
two nuclei are odd-odd combination and hence it becomes difficult to synthesize Z=120
nuclei with these combinations. Hence, the next probable combination comes out to be at ®Ni

+ 236U.
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SUMMARY and CONCLUSIONS

1. The hot fusion reactions in the synthesis of superheavy nuclei using Ca-projectile
beams is not reachable at reasonable rates for Z>118, since they don’t provide enough
number of protons. Thus, we way toward the fusion of Ti- and Cr-beams with the
transuranium elements to predict the superheavy ones with the greater number of protons
than the existing ones. The new nuclei, obviously the stable ones would be important for
studies of the nuclear physics and the chemistry of transactinide elements and also in the

search of next Stable Island after 114.

2. In the present work, we have predicted the fusion cross-sections for the four hot fusion
reactions >*Cr + 2Cm, *°Ti + 2°°Cf, *°Ti + 2*°Cf and “®Ca + ®*Fm forming Z= 120 element,
where the analysis is done with the framework of Wong formula. The fusion cross-sections
are investigated at the center of mass energies well above and below the Coulomb barrier,
after analyzing the interaction plot, which gave higher barrier for >*Cr + ?*Cm at 248.693
MeV and lowest for “Ca + ®*Fm at 212.745 MeV. However, the barrier potential obtained
for °°Ti + %%Cf and *°Ti + **°Cf reactions are almost same i.e. 231.315 MeV and 231.81 MeV
respectively. The fusion cross-section are calculated alongwith the calculations of Pcy as
shown in Table 3.2, 3.3, 3.4 and 3.5 for all the four channels. It can be clearly noticed that the
maximum fusion cross-section for >*Cr + 2*3Cm, *°Ti + #*°Cf, *°Ti + *2Cf and *®Ca + ®*Fm
are 1047.1461 pb, 4600.1pb, 2929.601pb and 2387.2pb at energies 252 MeV, 241.5 MeV,
241.5 MeV and 216 MeV respectively, that are taken relative to their corresponding
interaction potential barriers. However, when comparison is made at the respective Coulomb
barriers of the four chosen reactions, the combinations *°Ti + °2Cf and “®Ca + **Fm give
maximum cross-sections. After, that we compare the results at the energies 4 MeV (for the
sake of comparison) above their corresponding Coulomb barriers, it is found that the both Ti-
beam reactions provide greater cross-sections. Thus, the results show that the *°Ti and
249152¢f should be the most favorable projectile-target combinations for synthesis of new
superheavy element Z=120 theoretically. The whole set of calculations are done while taking
the effects of P,-deformations and optimum orientations along the collision axis for the most

compact “hot configurations”.

3. After the study of formation process of Z=120 via different hot-fusion reactions, cold

valley regions of %2120 are studied using the fragmentation potential. From the fragmentation
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at T=0 MeV, the combinations appear are *Ne + 2"®Ds, */Sj + 2%85g, 8Ca + ®*Fm, *Ti +
289¢f, %2gr + #0pp, 18Ry + %05, 3°Xe + %®Dy, hence confirm our choice of taking **Ca +
>'Em as target-projectile combination in section 3.1. From the fragmentation plot Fig.3.3 and
3.4, using the concept that deep minima in these plot that corresponds to the most probable
projectile-target combinations for fusion are Mg + 2"®Hs, *°Sc + **°Es, **Ti + 2°Cf, ®Ni +
236y 92gy 4 210pp 108y 4 190g 13¥xe 4+ 166Dy, plotted at #=0h and €ma=140h respectively at
T=1 MeV. We have calculated the potential barriers for the combinations obtained from
Fig.3.3 and 3.4, while considering the B, deformations and hot optimum orientations with
zero angular momentum values £=0 and T=0 MeV and was found to be minimum for **Mg +
2"®Hs j.e. at 142.076MeV can’t be used since 2"°Hs has very short life-time while the next
combinations with lower barrier are **Ti + 2*°Cf, *°Sc + 2**Es, being odd-odd nuclei so it is
not easy to use these target-projectile combinations. Also the combinations, **Sr + #°Pb,
18Ru + 10s, 13Xe + 1°°Dy are having greater charge symmetry, hence making it difficult
for fusion to happen in competition to fission. Therefore, ®Ni + *®U could be able serve our
purpose if both 66-Ni and U-236 are available as projectile and target respectively

experimentally.

Finally through our study, it was predicted that the *°Ti + **Cf and *°Ti + 2*°Cf has the
maximum cross-section for Z=120 among the four chosen **Cr + 2%Cm, *°Ti + 2°°Cf, *°Ti +
29Cf and *®Ca + ®*Fm forming Z= 120 element and the new combination Mg + #"°Hs, **Sc
+ 23Es, 53Tj + 29, ®ONi + 23U, %25y + 21%Pp, %Ry + 190s, ¥ Xe + %Dy were found for the

formation of compound nucleus with Z=120.
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