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The evaporation-residue cross section ogyr of fusion reactions depend on the projectile-target combinations and the
incident energy. A detail theoretical study is useful before the synthesis of more isotopes of super heavy nuclei Z=119. We
have studied the evaporation-residue cross sections for possible projectile-target combinations to synthesis the superheavy
nuclei with Z=119. We have studied the dependence of evaporation residue cross section with that of mass number of the
target, product of atomic numbers of projectile and target (Z,Z,), fusion barrier height (Vy) and fusion barrier width (Ry).
After the detailed analysis, we have identified the most probable projectile-target combinations. The identified projectile-
target combinations to synthesis superheavy nuclei *>?°119 are *Sc+***!Cf. We hope that our predictions guide the

future experiments in the synthesis of super heavy nuclei

295-2961 19.
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1 Introduction

There has been much experimental progress in
synthesizing superheavy elements. The island of
stability was predicted theoretically four decades
before. In the previous decade, existence of island of
stability has been experimentally confirmed'?. For the
synthesis of element 119, Adamian et al.,” studied the
hot fusion reactions *Ti+**" **Bk and >'V+**%Cm.
Superheavy nuclei with Z=112—-118 were successfully
synthesised using fusion reactions with **Ca beam and
various actinide targets at FLNR (Dubna), GSI
(Darmstadt), and LBNL (Berkeley)*'. Previous
researchers attempted>"” to synthesize the nuclei
Z=119 and 120. The production cross sections of
superheavy elements using hot fusion reactions for the
synthesis of Z=119 and 120 were evaluated by Zhu et
al,'®. Liu and Bao'’ using hot fusion reaction of
OTi+**¥Bk  evaluated evaporation residue cross
sections for the synthesis of the superheavy element
Z=119. Wang et al.," evaluated the physical
parameters for the synthesis of superheavy nuclei with
7Z=119 and 120 in heavy-ion reactions with trans-
uranium targets. Lougheed ef al.,'” using the reaction
*Ca+**Es, was the first to attempt for the synthesis of
superheavy element Z=119. Hot-fusion reactions with
*OTj as the projectile were studied using the di-nuclear
system model”**'.

*Corresponding author (E-mail: manjunathhc@rediffmail.com)

The evaporation-residue cross section opyr Of
fusion reactions depends on the projectile-target
combination and the incident energy. Therefore,
finding favourable reactions and the optimal beam
energy range are very important for the synthesis of
superheavy elements. In the previous work, we have
also studied the possible projectile target
combinations for the synthesis of superheavy nuclei
and competition between different decay modes of
super heavy nuclei*™.

A detail theoretical study is useful before the
synthesis of super heavy nuclei *>*°119. Hence in
the present work, we have identified the most
probable projectile-target combination by studying the
fusion cross section, evaporation residue cross
section, compound nucleus formation probability
(Pcy) and survival probability (Ps,,) of different
projectile target combinations for the synthesis of
super heavy element Z=119.

2 Theoretical Frame Work

2.1 Fusion cross section
The interacting potential between two nuclei of
fusion fragments is taken as:
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Here Z, and Z, are the atomic numbers of projectile
and target and r is the distance between centres of the
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projectile and target. The second term V), (z) is the
proximity potential. In the third term / represents the
angular momentum, and u the reduced mass.

The proximity potential (Vp) given by Blocki et al.

36 as:
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where the nuclear surface tension coefficient is
given by:

7 =0.9517[1-1.7826 (N — 2)*/ 4*] MeV/fm? ... (3)

here N, Z, and A are the neutron, proton, and mass
number of the parent and @ represents the proximity
function. Myers and Swiatecki modified the
proximity potential using the concepts of droplet
model, nuclear radii and surface tension coefficients.
Using the droplet model, matter radius C; was
calculated as:
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Where R (a,)= Ro{l +> B, (al_)} (5
A

Here o; is the angle between the radius vector and
symmetry axis of /™ nuclei and the quadrupole
interaction term proportional to S8, is neglected
because of its short range character. For this potential,
Ry; denotes the half-density radii of the charge
distribution and ¢ is the neutron skin of the nucleus.
The nuclear charge is given by the relation:

1.64 A -27.
124A“{1+ 36—0.191 ’A ’]fm ... (6)
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where i = 1, 2. The half-density radius c¢i was
obtained from the relation:
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Using the droplet model, neutron skin #; reads as:
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here ry is 1.14 fm, the value of the nuclear
symmetric energy coefficient J = 32.65 MeV,
I=(Nr-A4,)/Z; and ¢, = 3e*/5ry = 0.757895 MeV. The
neutron skin stiffness coefficient Q was taken to be
35.4MeV. The nuclear surface energy coefficient y in
terms of neutron skin,

7= [1863(MV) Q t2] .. (9
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where ¢ and #, were calculated using above
equation. The universal function for this is given by:

D) = (25-&)*", for 0<£<2.5
.. (10)
D(&) = —exp[R.75-&)/0.7176], for £22.5 ... (11)

where £ = R — C; — C,. The values of different
constants ¢, were ¢y =—0.1886, ¢; = —0.2628,
¢ =0.15216, ¢; =-0.04562, ¢4 =0.069136, and
cs=—0.011454.

Since fusion happens at a distance larger than the
touching configuration of colliding pair, the above
form of the Coulomb potential is justified. One can
extract the barrier height V3 and barrier position Rp
using the following conditions

Ol _yand YO0 .. (12)
dr =R, dr? r-R,
To study the fusion cross sections, we shall

use the model given by Wong®™ In this

formalism, the cross section for complete fusion
is given by:

e
:—Z(2l+l)><Tl(Ecm)-PCN(E,l) ... (13)

where &k =+2uE/h* and u is the reduced mass.

The centre of mass energy is denoted by E.,. In the
above formula, /,,,x corresponds to the largest partial
wave for which a pocket still exists in the interaction
potential and T, (E.y) is the energy-dependent barrier
penetration factor and is given by:

-1
_ 27, _ ... (14
T,<Ec,,,>—{1+exp{hw] v, E)} (14)
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where ha)l is the curvature of the inverted

parabola. Here Pcy is the probability for the
compound nucleus (CN) formed when two nuclei
comes in contact. For specific nuclear combinations
leading to so called “cold” synthesis a simple
parameterization of Pcy(E,l) was proposed by
previous researcher™

P° (ZI,ZZ)

— CN
P (E0)=

E*—E*(l
1+exp(3 A B( )]

Here E; is the excitation energy of compound

... (15)

nucleus at the Bass barrier and £, ()= +Q—Emt(l ),

where Q is the fusion Q value, E,_ (/) is the rotational
hz
energy and it is given by Emt(l ):Tl(l +1) and
gs

1
Z7Z -
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T

where and ¢ =1760 1=45.
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2.2 Evaporation residue cross section and survival probability

The compound nucleus is formed by nucleon
transfer from the light nucleus to the heavy one by
overcoming the inner fusion barrier. The cross section
of SH element production in a heavy-ion fusion
reaction with subsequent emission of x neutrons, y
protons, and z alphas

21
Opyr = 7271_::(2[ + 1)X I(E,) PCN(E’Z)' Pxn,yp,za (E’l)
)
Then the survival cross section is
ﬂﬁz lmax
o= ﬁ/:o(zl +xT(E )P (E.1)-P, (E.l)

... (18)

Where Psyv (E,]) is survival probability. It is the

probability of surviving the compound nucleus

against the fission and after the emission of x
neutrons, y protons, and z alphas. It is given as:

(E,0) ... (19)

xn,yp,za

P (E)= P
X, ¥,z

It is assumed that the excited nucleus may decay
through the emission of light particles (neutrons,
protons or alpha particles), emission of gamma rays
and by fission into heavy fragments. The expression
for calculation of the particle emission widths are
given by:

1 E-B 17+

J.iT;(eb) > pB(E* -B, _eb’l)jeb

. 28
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Here S, is the spin of emitted particle and By, is its
binding energy, where b=n, p, a. e, is the kinetic
energy of the emitting particle. Where pc and p, are
level densities of the compound nucleus and emitted
particle™. Ty(e) is the probability that the particle will
pass through the potential barrier. For charged
particles the probability that the particle will pass
through the potential barrier is:

T(e)= Ple) @D
[ |:27Z( R2(1+1) m
I+exp —|V + 5 —e
no| < 2R
J e
where P(e) = e+40 -, R=r4""+2fm and
e
e+40}

u is the reduced mass of the particle. For neutrons the
probability is calculated using the formula:

2 2_p2
I(e)= P(e)exp{—z\/h‘f[pz ~R+ plog[w/;m
where ,_ [Pl(+1)
p =
2 e

The fission width is calculated from the expression:

e N e R

.. (23)

.. (22)

Where T ﬁss(e, J)= 18
1+ exp[— hi:_p (e - B(E* ))]

the fission barrier penetrability,
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ho ,72 n
=8 [@? +__E is the Kramers

Kramers Tw S.P 4
s.p

factor*!

n is the viscosity parameter, wys and s, are the
curvatures of the potential at the ground state and
saddle point, respectively. The fission barrier is
calculated by the formula:

BﬁSS(U):BLDM +0U(1-exp(-yU)) ... (29

where Brpy is the liquid-drop fission barrier“, oU
is the shell correction to the ground state *.
Subsequent estimation of the total probability for the
formation of a cold residual nucleus after the emission
of x neutrons and N gammas C—B+xn+Ny is

P, = 1{” (E;»Io)'Wn(E;:ez)de1

0 tot

1{—'” (E1*111)'Wn(E1*’ez}lez

0 tot

]{'n (E:—I’]x—I)'Wn (E:—I’ex)'
tot

T (.1, e,
3 tot

i=1 F

Eg=B,(1)

E[-B,(2)

... (25)

Here B,(x) and e; are the binding and kinetic
energies of the i evaporated neutron, E* is the
excitation energy of the residual nucleus after the

emission of i neutrons. Wn(E*e)= Cnx/Zexp[—e/T(E* )]

is the probability for the evaporated neutron to have
energy e, and the normalization coefficient C, is
E*-B
determined from the condition _[Wn (E *e)de =1.
0

3 Results and Discussion

In the present work, we have studied the variation
of evaporation residue cross section as a function of
mass number of the targets. Figures 1 and 2 show the
variation of evaporation residue cross section for™™
%119 vs mass number of the targets at different
energies and for In - 5n reactions. The evaporation
residue cross section increases with increase in the
mass number of the targets. From the study of Figs 1
and 2, it is found that the projectile-target
combinations such as *Sc+”**!'Cf are having the

larger cross-sections compared to that of other
projectile-target combinations.

Figures 3 and 4 show the variation of evaporation
residue cross section for*>**°119 with the product of
atomic numbers of projectile and target nuclei (Z,7Z,)
at different energies and for In - 5n reactions. The
evaporation residue cross section decreases with

| | 30!
2x10° 1n o 4l 2n o . 3n o
N | 20/ d
X107 17MeV & , 25MeV g 34MeV ¢
5x10° @,"S _ é? 10 699
—_ 0! om oo® 0! om om® 0 om oo™
% 200 225 250 200 225 250 200 @ 225 250
I | 4n ? 5n o
60 80
1 [+]
30/ 43MeV P g0 FOMeV s #5119
j o
0, oo—om® ol om m@‘;
200 225 250 200 225 250
Mass number of target (A,)

Fig. 1 — Variation of evaporation cross section with mass number
of the target for the compound nuclei *°119.
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Fig. 2 — Variation of evaporation cross section with mass number
of the target for the compound nuclei 2°119.
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Fig. 3 — Variation of evaporation residue cross section with the
product of atomic numbers of projectile and target nuclei (Z,Z,)
for the compound nuclei °119.
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Fig. 4 — Variation of evaporation cross section with the product of
atomic numbers of projectile and target nuclei (Z,Z,) for the
compound nuclei 2¢119.
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Fig. 5 — Variation of evaporation cross section with barrier
position (Ry) for the compound nuclei *°119.
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Fig. 6 — Variation of evaporation cross section with barrier
position (Ry) for the compound nuclei *°119.

increase in the product of atomic numbers. From the
observation of Figs 3 and 4, it is noted that the
evaporation residue cross section decreases with
increase in Z,Z,, due to the increase in the repulsive
force between the two fusing nuclei.

Figures 5 and 6 show the variation of evaporation
residue cross section for ****119 versus barrier
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Fig. 7 — Variation of evaporation cross section with barrier height
(V) for the compound nuclei 2°119.
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Fig. 8 — Variation of evaporation cross section with barrier height
(V) for the compound nuclei 2°119.

position (R,) at different energies and for 1n - 5n
reactions. The evaporation residue cross section
decreases with increase in the barrier position (Ry).
From the Figs 5 and 6, it is observed that the
evaporation residue cross sections are maximum for
the smaller values of fusion barrier positions. Figures
7 and 8 show the variation of evaporation residue
cross section for *°**°119 versus barrier height (Vy)
at different energies and for In - 5n reactions. The
evaporation residue cross section decreases
exponentially with increase in barrier height (Vy).
From the detailed analysis, it is found that the projectile-
target combinations which are having larger values of
the fusion barrier height (V,) and smaller values of
fusion barrier position (R,) produces maximum
evaporation residue cross sections. Thus, the projectile-
target combinations “Sc+***'Cf is suitable for the
synthesis of superheavy nuclei Z=119.

4 Conclusions
The selected most probable projectile-target
combinations for the synthesis of superheavy nuclei
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BSc+BICE, We hope that our

predictions may help the future experiments in the
synthesis of 2***°119.
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