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Background: In earlier studies, the spherical and quadrupole deformed nuclei with closed shells
were found as the most probable fission fragments in the decay of heavy mass compound nuclei at
the low excitation energies. Recently, the disintegration of heavy-mass actinides gave the evidence
of pear-shaped fission fragments, in the mass-asymmetric region, due to extra stability provided by
the shell-stabilized octupole deformed **Ba (Z=56) nucleus.

Purpose: In our theoretical work, we have done an exercise to analyze the possibility of

octupole deformed fragments in the decay of light- and heavy-mass isotopes of Thorium, i.e.
222,224,226,228,230 oy *

Method: To carry forward the above idea, the mass- and charge-dispersion of chosen Th
isotopes have been analyzed by including deformations (up to [3) and related cold optimum
orientations within the Dynamical Cluster-decay Model (DCM), which is based on the collective
clusterization approach of Quantum Mechanical Fragmentation Theory. The above analysis is
worked out at the low excitation energy, which corresponds to the cold synthesis criteria.

Results: In the decay of considered Th isotopes, the minima of fragmentation potential
and peaks of preformation probability appear in two regions, near-symmetric and asymmetric,
respectively due to the presence of quadrupole (f82) and octupole deformations (83) of decay

fragments. However, the emission of [3-deformed fission fragments is prominent in the heavier

isotopes of Th, i.e. 226228230~

obtained mass- and charge-distributions.

Conclusions:

The above result is in agreement with the experimentally

The disintegration of Thorium isotopes into octupole deformed fragments in

the asymmetric region signifies their relative stability, which is enhanced for **'Ba (Z = 56) or in

its vicinity.

PACS numbers:

I. INTRODUCTION

A comprehensive knowledge is required to understand
the complex behavior of the nuclear fragments emitted in
variety of decay channels. Such decaying fragments be-
have as a source of production of new isotopes/elements
away from the beta-stability line, which in turn, help to
extend the nuclear Periodic Table. The newly discovered
nuclei are further harvested for the fundamental under-
standing related to various nuclear properties and the as-
sociated applications in diverse areas such as radiation,
astro sciences, medical and health sector, etc.

In general, the possible target-projectile combina-
tion forms an excited compound nucleus (CN), and
subsequently disintegrates into the binary fragments
under various extremities, likewise excitation en-
ergy/temperature, angular momentum, deformations,
orientations etc. With the effect of these factors, the de-
excitation of the C'N may lead to different decay mech-
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anisms, viz. evaporation residues (ERs) or equivalently
light-mass fragments (LFs), intermediate-mass fragment
(IMF), heavy-mass fragment (HMF) and fission process.
The dominance of these decay modes vary with the mass
and excitation energy of CN. In the present work, we will
focus on the study of fission process, which is dominant
in the heavy-mass region.

The de-excitation of compound nucleus, formed via
208Ph-based (cold fusion process) or *®Ca-induced re-
actions (hot fusion process), respectively, at the low
(E& N =~ 10-20 MeV) [1, 2] and high excitation energies
(Efy =~ 35-45 MeV) [3, 4] may lead to the production
of new elements. The low and high range of Ef 5 cor-
respond to the incident energy F. .., which may spread
across the Coulomb barrier [5, 6]. In the work of Gupta
and his collaborators [7], the fragmentation of excited
CN has been discussed by considering quadrupole defor-
mations along with the cold and hot optimum orienta-
tion effects. Here, the cold optimum case corresponds
to the largest interaction distance between the decaying
nuclear partners, which in turn gives the lowest barrier
height. On the other hand, the smallest interaction dis-
tance and highest barrier height illustrates the hot op-



timum case. On the basis of this criteria, the elongated
(or cold) and compact (or hot) configurations of deformed
nuclear partners are employed to study the fusion-fission
process, respectively, at the low and high excitation ener-
gies, see Refs. [8-11]. Also, it has been investigated that,
like spherical nuclei, the quadrupole deformed nuclei of
closed shells are the most probable decaying fragments
from compound nuclei of heavy-mass region [12-22].
Like quadrupole (f2) deformed nuclei, the study of pear-
shape octupole (f3) deformed nuclei is equally impor-
tant in order to extract the appropriate nuclear struc-
ture [23, 24]. In our recent work [25], it has been ana-
lyzed that, the octupole deformed nuclei of pear shapes
which break symmetry along the reflection axis modi-
fies the value of 0,, from the ones obtained for (.-
deformed case. Later in a recent work [26], it has been
realized that, this new set of optimum orientations re-
lated to the elongated (or cold) configuration of octupole
deformed nuclei shows relatively larger impact on the fu-
sion/Coulomb barrier, as compared to the compact (or
hot) configuration case. In view of this, it would be in-
teresting to analyze the possibility of elongated octupole
deformed fission fragment emitting from a compound nu-
cleus, which is formed at the low excitation energy.

In the recent experimental work [27], the fission dy-
namics of heavy-mass actinides (e.g. 230Th, 234236Q,
240py, 246Cm, 259Cf and 2°®Fm) has been discussed and
confirmed non-ambiguously the emission of octupole de-
formed nuclei/fragment of atomic number 56, i.e. *4Ba,
in the asymmetric region at the low excitation energy.
Such analysis has motivated us to study the application
of cold optimum orientations of octupole deformed frag-
ments in the fission dynamics of even-even isotopes of
Th, i.e. 2227230Th*, This analysis is exercised at the low
value of Ef , which corresponds to the cold synthesis
of element. To carry forward with this idea, we are us-
ing the Dynamical Cluster-decay Model (DCM) [28-30],
which is applied to probe various decay mechanisms of

CN formed in heavy-ion induced reactions. The model
has been built-on the collective clusterization approach
of Quantum Mechanical Fragmentation Theory (QMFT)
[31-33].

In the present work, to have an explicit understanding of
higher-order deformation (up to f3) and related cold op-
timum orientations, the fission of Th isotopes is discussed
by a comparative analysis of fission fragment distribu-
tions using mass asymmetry (n4) and charge asymmetry
(nz) parameters. In the above analysis, the minima of
potential observed in the fission region helps in determin-
ing the peak value of preformation probability for the fis-
sion fragments. On the basis of this, the identification of
the most probable fission fragments in reference to 4 and
nz-coordinates is also done. Note that, the neck-length
parameter optimized for 2?Th* nucleus in reference to
the available experimental data for the below-barrier en-
ergies [34] has been worked out for the fragmentation
analysis of the remaining isotopes of Th. In DCM, the
neck-length parameter AR, the only parameter, is uti-
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FIG. 1: The variation of total interaction potential Vr (MeV)
as a function of separation distance R (fm) between the col-
liding nuclear partners is shown for *0O+2%Pb—224Th* re-
action. Here, Ry = Ri(a1,T) + Rz2(a2,T) + AR defines the
first turning point.

lized to fix the first turning point, where the preformed
fragments start to penetrate through the interaction po-
tential. In relevance to the study undertaken, Section II
describes the collective clusterization approach of DCM.
In Section III, a detailed discussion is made on the re-
sults obtained by incorporating the deformations up to
B3 with cold optimum orientation effects. Finally, a brief
summary is given in Section IV.

II. METHODOLOGY
A. The dynamical cluster-decay model (DCM)

In the present work, the decay of excited compound
nuclei (C'N) has been studied using the collective clus-
terization approach of dynamical cluster-decay model
(DCM) [28-30]. The model is derived using collective
co-ordinates of mass (and charge) asymmetry parameter
na = % [and 7z = %] (here 1 and 2 corre-
spond to the decaying binary fragments), relative sep-
aration distance R, nuclear deformations Sy; (A = 2, 3;



i = 1,2), and orientation (6;), etc. Depending on these
co-ordinates, the fission cross-section of decaying frag-
ments is given as

Lrmax

Z (20 +1)P, P, (1)

£=0

Ofis (A17 A2 =

here, the fission fragments decaying from considered Th
isotopes of the mass/charge-symmetric and asymmetric
regions have mass and charge numbers of A; = A%:l:?f)
and Z, = ZCTN:I:15 ranges, respectively. Note that,
Aoy and Zopy are the mass and charge numbers of

2uEc.m.
FL2

compound nucleus, respectively. k = and

uw = m[A1As/(A1 + Az)] is the reduced mass. ‘m’ is
the nucleon mass. In the above expression, the term
‘Py’ is the preformation probability which contains the
structural information of the compound nuclear system.
Based on the QMFT, the P, is calculated by solving the
stationary Schrodinger equation in n-coordinates [35]

9 1 , .
{ 2m5nm8 + Vr(n, )}¢(n)—E¢(n),
(2)

here v = 0 refers to the ground state and v = 1,2, 3.....
correspond to the excited states. Note that, in the above
equation, 7 can be mass (n4) or charge (nz) dependent,
and subsequently, the solution of Eq.(2) gives Py as a
function of mass-asymmetry parameter 74 [36],

A >>|2\/BW%. 3)

On the other hand, the preformation probability as a
function of charge-asymmetry parameter 1z reads as [37]

VoNEr e @)

In Eqs.(3) and (4), the states 1(n(A;)) and ¥ (n(Z;)), re-
spectively, are the vibrational states. For fission from
excited states, the possible outcomes related to the ex-
citations of higher vibrational states are considered by
assuming them as Boltzmann-like wave function, such as

Po(na) =

Py(nz) =

W* =) [v¥|* exp(E¥/T). (5)

v=0

In the above equations, By, ,, and B,,,, are the smooth
hydro-dynamical parameters, for more details see [38].
In Eq.(1), the other term ‘P’ is called as the pene-
tration probability. This means the preformed clus-
ter /fragment formed inside the potential pocket starts
penetrating through the first classical turning point, i.e.
R = R, = Ri(1,T) + Ro(c2,T) + AR, and termi-
nates through the second turning point Rj, such that
V(R,) = V(Ry), for clarity see Fig.1, where total in-
teraction potential is plotted as a function of separation
distance. The idea of introducing neck-length parameter

AR within the DCM [40-42] is similar to that of saddle-
[43, 44] and scission-point [45] statistical fission model.
The permissible value of AR lies in the nuclear prox-
imity range of about 2 fm, since the surface interaction
between two fragments can take place around this range
of AR to experience the nuclear force.

The term P in Eq.(1) is calculated using the WKB ap-
proximation and given as [39]

Ry
%/ {2ulV(R) = Qeps}'/?dR| . (6)

a

P =exp l—

In the above equation, ‘Q.f¢’ is the effective @-value of
the decay channel.
In solving the Schrodinger equation, see Eq.(2), a term
Vr(n,T) involved defined as the fragmentation potential
is given as
2 2
Ve(n,T) = Y [Vipum(Ai, Zi, T)) + Y _[6U] exp(=T7/T5)
i=1 i=1
+VC(R7 Zi7 ﬂ)\iv oiv T) + W(Ra Ai7 ﬂ)\i; 0’i7 T)
+VN (R, Ay, Briy 0:,T). (7)

Here, V1 pas considered is the temperature-dependent lig-
uid drop model (LDM) of Davidson et al [46, 47]|. For
relevant details see Ref. [48]. The second term i.e. shell-
corrections is given by Myer and Switecki [49] with its T-
dependence from Davidson et al [46]. The constituents of
total potential, such as Coulomb potential (V¢), centrifu-
gal potential (V) and nuclear proximity potential (Vy),
are function of relative separation distance R, charge Z;
(mass A;) number, temperature T, deformations f3; and
orientation #; degrees of freedom.

For spherical-deformed or deformed-deformed combina-
tions, the repulsive Coulomb potential for coplanar ori-
ented nuclei is given by [50]

Z1Z262

Ve(R, Zi, Bri, 05, T) =

RMay;, T)
32125¢" Z Z 2)\+1 R T 1
i=1,2A=2,3

x Y, (6;) {ﬂ)\i + ;ﬁiﬁﬁ(o) (91')] ,
(8)

where YA(O) (0;) and R;(«;) represent the spherical har-
monic functions and nuclear radius term, respectively.
A = 2,3 stands for quadrupole and octupole deforma-
tions, respectively. The deformations of the nuclei, be-
longing to different mass-region are taken from the data
table of Mdller et al [51]. The multipole expansion of
the nuclear radius of deformed nuclei R;(a;) is described
in terms of the spherical harmonic function [52, 53], as
given below

Ri(au ) RO’L 1"’ Z ﬁ)\l ai 3 (9)

A=2,3
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FIG. 2: The color-map representing the fragmentation po-
tential V(n) for ?**Th* with respect to the fragment mass
number A, having isobars (of different charge number Z3).
The mass A; and charge number Z; of decaying partner are
also shown in the top and right axes, respectively.

in the above expression, the T-dependent nuclear radius
term Ro;(T') is given as [54]

Roi(T) = Ro;[1 + 0.00057°]. (10)
Here, Ro;(= 1.284;"% —0.76 + 0.8A4; /%) in fm [55] rep-
resents the radius of the equivalent spherical nucleus.

The temperature T is related to the excitation energy
E¢. y of the compound nucleus and given as [56]

A
Ein = Eem + Qin = %TQ - T (11)

The rotational energy is given as [50]

R0+ 1)

W(RuAiaﬁkiueiaT) = 2I(T)

(12)

The nuclear proximity potential (Vi) is obtained from
Blocki et al [55]. Here, a collective formulation for de-
formed and coplanar oriented nuclei is considered [57-60],
and Vi reads as

VN (Ai, 6)\1‘, Hi, T) = 47TR(T)’7b(T)(]5(80) (13)
Note that, Vy is a product of two terms, one
[47R(T)vb(T)] depends on the shape and geometry (rela-
tive orientation) of colliding nuclei, another term [¢(sg)]

is a function of single parameter, that is the minimum
separation distance (sg) between two colliding surfaces.
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FIG. 3: The color-map representing the fragmentation poten-
tial for 2?Th* with respect to the fragment charge number
Z3 having isotopes (of different mass number As).

III. RESULTS AND DISCUSSION

In the present work, the main purpose is to analyze the
influence of elongated (or cold) configuration of octupole
(83) deformed nuclei in the fission dynamics of even-even
isotopes of Thorium, i.e. 2227239Th*. The calculations
are done at the low value of excitation energy £ which
is relevant for the cold synthesis process. To carry for-
ward with this idea, the deformations (up to f3) and
corresponding cold optimum orientation [25] are included
in the framework of the Dynamical Cluster-decay Model
(DCM), which is developed on the basis of Quantum Me-
chanical Fragmentation Theory (QMFT). In the notion
of QMFT, the probable decaying fragments/cluster are
pre-born inside the excited Compound Nucleus (C'N) and
then they penetrate through the interaction potential.
With the use of the neck-length parameter AR, which
is the only parameter of DCM, one can fix the turning
point of the barrier penetration.

To have the knowledge of the turning points for pre-born
fragments of Th* isotopes, the neck-length parameter has
to be optimized first, in view of the fission data at the low
excitation energies, corresponding to the below-barrier
energies. In view of this, Section III A explores the fission
cross-sections by including deformations (up to f3) and
cold optimum orientation effects in DCM for 2?Th* com-
pound nucleus and compared the results with available
experimental data [34]'. Further, in Section III B, the de-

1 Note that, for below-barrier region, the experimental mea-
surements of fission cross-sections are available only for
160208 Ph—224Th* reaction.
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FIG. 4: (Color online) The variation of minimized fragmen-
tation potential with respect to the mass number of decaying
fragment, firstly for spherical (sph.) and then by including
quadrupole (B2;) and octupole (8s;) deformations along with
the related cold optimum orientations (95;;2‘3). Here, i=1,
2 refer to binary fragments A; and As, respectively.

cay analysis of 222,224,226,228,230* nyyclei is illustrated at

the same neck-length AR, obtained in fitting the data for
160 +298Ph reaction forming 2?Th* compound nucleus.
The above analysis is discussed in terms of the fragmen-
tation potential (V' (1)), which is minimized in reference
to the mass (A2) and charge number (Z3) of decaying
fragment. Subsequently, the preformation probability Py
(showing the inverse trend of V(7)) as a function of mass-
(na) and charge-asymmetry (7z) coordinates illustrates,
respectively, the mass- and charge-dispersion cases.

A. Fission cross-sections for **Th* nucleus formed
in 2°®Pb-based reaction

The minimization of fragmentation potential can be
done in reference to the mass number A, as well as charge
number Z3 of decaying nuclear partner from 22*Th* and
can be understood from Figs. 2 and 3, respectively. In
Fig. 2, the mass number As of fragment and its iso-
bars of different charge number Z5 are shown along the
horizontal and vertical axes, respectively. The color-map
represents the strength of fragmentation potential V()
for each As and corresponding Z,. The black spheres in
the dark purple region show the lowest or minimum value
of V(n) for the decay fragments, which helps in choos-
ing Zs for corresponding A, values. In other words, it is
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FIG. 5: (Color online) The minimized fragmentation potential
in reference to the fragment (a)-(c) mass Az and (d)-(f) charge
number Zs of ??2Th*, at low excitation energy E&n—=22.65
MeV and £ = 0h. The analysis is exercised at different values
of neck-length parameter, i.e. AR=0.0, 0.5 and 1.0 fm.

called the minimization of fragmentation potential in ref-
erence to the mass number of CN. Further in Fig. 3, for
each Zs of decay fragment, there are isotopes of different
mass number As and the spherical dots present in the
dark blue color indicate the minima of V(n) for an iso-
tope. This way, one can find the minimization of V() in
reference to the charge number. Note that, the mass and
charge numbers of other decay partner are A; = A — Ay
and Zy = Z — Zs, respectively, as shown in the opposite
axes of A; and Z5 of Figs. 2 and 3.

Further, the minimized potential V(7)) obtained for the
disintegration of 224Th* over the fragment mass A;—1-
223 (and A2=223-1) and charge number Z;=0-90 (and
Z5=90-0) is discussed to understand the fragmentation
structure with the inclusion of deformations (up to Ss3)
and cold optimum orientation effects. For an illustra-
tion, in Fig.4, the role of quadrupole/octupole deforma-
tions and associated cold optimum orientation can be
analyzed in reference to the spherical configuration of
decaying fragments in the fission valley /region (marked
in the figure). This region has the mass range of fission
fragment A, from 72 to 112. It is clearly seen from this



TABLE I: The detail of calculated fission cross-sections o

the above mentioned reaction is also given.

fDCM
18
deformation up to 3 and related cold optimum orientation (Hf;t and Hf;t

(mb) of *0+42®Pb—??*Th* reaction with the inclusion of

/#3). For comparison, the experimental data [34] of

Ein Ee.m. T o AR (fm) Linaz(B) o fM (mb)
(MeV) (MeV) (MeV) (mb) B2 B2, B3 B2 B2, B3 B2 B2, B3
2Z4Th* — Ay + As
22.65 68.69 0.974 0.0084440.0035 0.80 0.81 92 104 0.00649 0.00845
23.46 69.49 0.991 0.0462440.0145 0.81 0.87 95 105 0.0438 0.0431
24.37 70.41 1.009 0.4869+0.137 0.98 1.05 95 105 0.452 0.491
25.29 71.33 1.028 2.150340.634 1.00 1.08 98 108 2.201 2.0464
PATh* — Z1 + 2,
22.65 68.69 0.974 0.0084440.0035 0.25 0.30 111 123 0.00545 0.00866
23.46 69.49 0.991 0.0462440.0145 0.28 0.35 116 125 0.0428 0.0361
24.37 70.41 1.009 0.4869+0.137 0.42 0.48 118 126 0.305 0.335
25.29 71.33 1.028 2.150340.634 0.55 0.56 120 132 1.504 2.595
figure that, as one goes from spherical (sph.)+sph. to  are introduced through the mass- (77A — |£;2§|) and

quadrupole (quad.)+quad. and then to quad.+octupole
deformed pairs of decay fragments, the interaction dis-
tance increases, which in turn, lowers the potential bar-
rier with a larger extent. As a consequence, one can
see that, the minimization and structure of fragmenta-
tion potential modifies with a significant effect due to
incorporation of deformation and orientation degrees of
freedom.

Later, in the comparative analysis of mass- and charge-
dispersion cases, the behavior of V'(n) has been tested
for different values of neck-length parameter AR (=0.0,
0.5 and 1.0 fm), as shown in Fig.5. The above anal-
ysis is exercised at the lowest value of excitation en-
ergy, ie. FEfy=22.35 MeV, which is referred from
the available experimental data of fission cross-sections
for 160+298Pb—224Th* reaction at energies 22.65-25.29
MeV [34]. Since the present work is constrained to
study the fission process of above mentioned reaction,
so the relevant dips are specified in Fig.5 for fragmen-
tation potential. One can clearly see the dip of V()
near the symmetric region ( %:112 and ZCTN:45)
for quadrupole (B2) deformed nuclei associated with the
cold optimum orientation. Afterwards, the presence of
octupole (53, f3) deformed fragments along with the op-
timum orientation defining its elongated configuration
show the minima of V() in the asymmetric region which
competes with that of the near-symmetric region. Also,
it is important to note that, the magnitude and struc-
ture of potential observed in both the mass and charge
distributions of 224Th* is almost similar. The above re-
sults obtained due to [, (3-deformations and related
cold optimum orientations are consistently true for dif-
ferent choices of AR. In the calculation of preformation
probability Py, the mass- and charge-dispersion concepts

~
~

_ 121-2,]
Z1+Za
are treated as the dynamical factors in the collective clus-
terization approach of DCM. It is known that, the decay-
ing binary fragments with the minimum value of fragmen-
tation potential possess the highest preformation proba-
bility Py. In other words, it can be said that, the term
‘Py’ shows an inverse trend from that of V(7)) observed
in Fig.5. The fission fragments observed in the near-
symmetric and asymmetric regions in both the mass- and
charge-distribution cases are almost similar.

On the basis of above observation, we have calculated
the fission cross-sections (UﬁSM ) using DCM for both the
mass- and charge-distributions of 2?Th*, formed from
16()4-298Ph reaction, at energies below the Coulomb bar-
rier. The detail of theoretically and experimentally ob-
tained oy;s for the above mentioned reaction is given
in Table I. The calculations have been done initially
with the inclusion of Fs-deformation and related cold
optimum orientation (95&). Subsequently, the experi-
mental data has been addressed within the permissible
values of AR, for incident beam energies F. ,, =68.69 -
71.33 MeV. In the above calculations, the values of 4,4,
are obtained at a point when there is no contribution of
light particle. Later, due to involvement of deformations
(up to (3) along with 95;;6 %, there is an increment of
in 4,4, about 10% and the obtained UJ%SM are found

Eaxpt. .
closer to o,;.""". However, there is a very small change

in AR. Apart from this, one can also notice from Table
I that, the neck-length parameter reduces significantly,
as one moves from the mass-distribution to the charge-
distribution criteria. This means, for charge-dispersion
case, the interaction among decaying fragments takes
place at relatively smaller distance from that of the mass-

charge-asymmetry (77Z coordinates, which
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FIG. 7: (Color online) Same as Fig.6, but the variation of V() is shown with

of 222=20Thw* 5 71 + Zo.

dispersion/distribution of an excited compound nucleus.
Based on the above observations related to the neck-
length parameter and ¢,,,,-values, the fission dynamics
of all considered isotopes of 222:224,226,228,.230 T * has been
studied using DCM. There is a very small difference in
AR and £, 4,-values, while studying the fission dynam-
ics of isotopes of a compound nucleus [61, 62]. Thus, for
decay analysis of even-even isotopes of 2227230Th* via
mass-distribution at Ef =24.37 MeV, we have consid-
ered common AR=1.0 fm and /,,,,=100 A, using the
systematic of 2?4Th compound nucleus. Similarly, for
charge-distribution which takes place comparatively at
smaller distance, like AR=0.45 fm and /,,,,—120 h val-
ues can be taken into account.

B. Mass and charge dispersion of even-even
isotopes of 222-230p*

The study based on the fusion-fission phenomena is
not only for the calculation of fission cross-section, but
it also provides the idea of symmetric/asymmetric mass
and charge fragments produced during the disintegration

Fragment charge, Z,

10 20 30 40 0
Fragment charge, Z,

;
10 20 30 40
Fragment charge, Z,

20 30 40 50

respect to charge number Z; of even-even isotopes

of an excited C'N. In view of this, the structure of frag-
mentation potential V(n) is shown in Fig. 6 with re-
spect to the mass number A, of decaying fragment from
222,224,226,228,230Th* . The region of interest that is the
fission valley is marked in this figure. Interestingly, two
minima are observed in the fragmentation potential for
each considered isotopes of Th which belong to near-
symmetric and asymmetric mass region. The near mass-
symmetric region corresponds to the quadrupole (52) de-
formed fragments of elongated configuration. Whereas,
the presence of octupole deformation in one of the decay-
ing nuclear partner minimizes the fragmentation poten-
tial in the mass-asymmetric region (n4 ~0.3). Moreover,
one can notice in Fig. 6(a) for 222Th* that, the near-
symmetric fission shows deeper minima in V'(n) as com-
pared to the asymmetric fission fragments. For ?24Th*
case represented in Fig. 6(b), the minima of V(n) ob-
served in the asymmetric fission starts competing with
the near-symmetric dip. Moving ahead, a transition is
observed for heavy-mass isotopes, i.e. 226:228:230h* 5
shown in panels (c)-(e) of Fig.6. In other words, the min-
ima in V(n) becomes relatively deeper for octupole de-
formed fragments present in the asymmetric region, than



TABLE II: The detail of the most probable fission fragments of quadrupole (/32;; here i=1, 2) and octupole deformation (3s3;)
along with their related cold optimum orientations (95@ [7] and Hff,f 3 [25]) found respectively in the near mass/charge-symmetric

and asymmetric fission regions of even-even isotopes of 222-2%°Th* compound nuclei are listed in the following table.

Near mass/charge-symmetric region Mass/charge-asymmetric region
* . B B . B218 BazB
CN Fission ﬂ21 ﬂ22 003% 9012,? Fission ﬂ21 531 ﬂ22 532 9012,; 31 9012,? 32
fragments fragments
227h* | 138Cd7o+is*Mog2  -0.238  0.377  90°  180° | $2%Cess+49Cess 0.182 -0.116 0.143 0.0 0° 180°
24Th* | 129Cd+i9*Moga  0.140  0.377  0°  180° | (#¥Lags+53Asss  0.154 -0.104 0.163 0.0 0° 180°
226mh* | 129Cd7o+19°Mogs  0.140  0.377  0°  180° | (#Lags+53Asss  0.173 -0.128 0.163 0.0 0° 180°
28Th* | 122Cd7a+19°Mogs  -0.104  0.354  90°  180° | ¢'Bags+5iSeso  0.164 -0.126 0.053 0.0 0° 180°
20" | 130Sngy+i9%Zreo 0.00  0.364 0°  180° | ii'Bags+55Sesz 0.164 -0.126 0.125 0.0 0° 180°
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FIG. 8: The variation of preformation probability ‘Py’ as a function of mass number of decaying fragment (A2) from the even-
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orientation (6,2,

that of near-symmetric quadrupole deformed fragments.
Similar results have been observed while studying the
‘charge-dispersion’ of even-even isotopes of 2227230Th*,
as shown in panels (a)-(e) of Fig.7. Note that, from both
the mass- and charge-dispersion cases, the fission frag-
ments observed at deep valley location are identical.

In Table II, we have shown the atomic and neutron num-
bers, respectively at the left and right subscripts, of near-
symmetric and asymmetric fission fragments along with
their quadrupole (f32;), octupole (3s;) deformations and
related cold optimum orientations (Gg;t and Gg;f ). It
is known that, the minimization in fragmentation po-
tential occurs due to shell stabilization, which generally
comes for magic number of nucleons, either in one or both
the fission fragments. On the basis of this fact, it has
been analyzed in the near-symmetric region that, the fis-
sion fragments are quadrupole deformed and one of them
in decaying from light mass isotopes of Th (??2:224Th*)
has neutron number equal to 62, which is a deformed
magic number and provides shell stabilization [22]. On
the other hand, in the asymmetric fission region of heavy-
mass isotopes (?26:228:230Th*) the decaying fragment of

) and secondly higher-order deformations (up to 33)

and 072

ope Deing involved.

upto octupole deformation has atomic number close or
equal to 56. In the recent experimental works [24, 27, 63|,
it has been shown that, the nucleus of atomic number 56
(of 156Ba element) or close to it possessing octupole de-
formation gives extra stability. Due to these facts, one
can see minimization in V(n) with prominent effect. In
addition to the above, one can also notice from Table II
that, in near-symmetric region, the magnitude of 321 for
fragment A; is decreasing and becomes zero, as one goes
from 22*Th* to 23°Th* case. On the other hand, in the
asymmetric region, one of decay fragments is octupole de-
formed and another is quadrupole deformed. Here, the
magnitude of (31 is relatively larger for fragment A; of
heavy-mass isotopes of Th (#26:228:230Th*)  as compared
to that of light-mass isotopes. In our recent work [26],
it has been said that, for larger magnitude of (3, the
elongated configuration of octupole deformed nuclei en-
larges the interaction distance with a large extent and
gives relatively lower barrier height. As a consequence,
one can notice the corresponding effects in the fragmenta-
tion potential. From above analysis, one can notice that,
the presence of deformations as well as shell-stabilization
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(due to magicity in nucleon number) play a significant
role in the fission valley of Th.

Further, the role of deformation and orientation effect has
been explored in the calculation of preformation proba-
bility Py as a function of mass and charge number of fis-
sion fragments preformed inside the even-even isotopes of
222-230Th* | at a common excitation energy Ef \=24.37
MeV. It is known that, the fragments for which the frag-
mentation potential gets minimized have the highest pre-
formation probability. In a recent work [64], a transition

of symmetric to asymmetric fission has been shown, as
one moves from ??2Th to 23°Th compound nuclei. Addi-
tionally, in Ref.[65], the charge distribution of 2?%224Th
isotopes shows a rise in the asymmetric region, but lower
than symmetric fission, for excitation energy more than
11 MeV. Our calculations are in agreement with these
observations. To show this, the preformation probability
(Py) of even-even isotopes of 2227239Th* are discussed
and also shown in Figs. 8 and 9 respectively for mass-
and charge-dispersion cases. It is clear from these fig-
ures that, the octupole deformed nuclei always appear in
the asymmetric mass regions, irrespective of the choice
of mass and excitation energy range considered in the
present work. In the above analysis, the near-symmetric
fission is found dominant over asymmetric fission for
222Th* case, at Ef,y—=24.37 MeV. For 222Th*, the contri-
bution of near-symmetric and asymmetric components is
comparable. On the other hand, for heavy-mass isotopes
226,228,230Th* | the octupole deformed decaying nuclear
partner of atomic number equal or close to 56 (**°La
and '4Ba) in asymmetric region shows dominant behav-
ior. In other words, it can be said that, the asymmetric
fission fragments of octupole-quadrupole deformed kind
(15La+81As, 144 Ba+81Se and 144 Ba+86Se) enhances the
preformation probability Py with a larger extent. Also, in
a recent experimental work [27], the authors have given
the evidence of pear-shape nuclei (i.e. '**Ba) in asym-
metric region of heavy-mass actinides and the present
work is in line with the result of this paper.

Further, the ratio of preformation probability Py peaks
obtained near the symmetric region (Peak 1) and the
one in the asymmetric region (Peak 2) is shown in Fig.10
for 222:224,226,228,230Th* figsion nuclei. In this figure, the
ratio (ﬁzgg) is obtained for both the mass- as well as
charge-distributions of above said compound nuclei. It is
observed that, the peak ratio decreases with increase in
mass number of compound nuclei. Clearly, the lighter-
mass compound nuclei prefer near-symmetric fragmen-
tation of quadrupole-quadrupole deformed pairs of fis-
sion fragments. However, asymmetric fission of octupole-
quadrupole deformed fragments is prominent in the heav-
ier isotopes, i.e. 226,228,230 *




IV. SUMMARY

In this paper, we have included the deformations up to
B3 and related cold optimum orientation (fop¢), within
the Dynamical Cluster-decay Model, to study the nu-
clear fission dynamics of even-even isotopes of Thorium,
i.e. 2227230Th*  The above analysis is exercised at the
low excitation energy, which corresponds to the cold op-
timum configurations of the nuclei involved.

Initially, the neck-length parameter AR is optimized in
reference to the available experimental data of fission
cross-sections of 22*Th*, formed via 20%Pb-based reac-
tion, at the below-barrier energies. Subsequently, the
dips of fragmentation potential and corresponding peaks
of preformation probability are analyzed in the near-
symmetric (n4 and 1z =~ 0) and asymmetric fission (14
and 1z # 0) regions of considered isotopes. It is observed
that octupole deformed fragments appear in the asym-
metric region, irrespective of the mass of Th isotopes.
Note that, for both the mass- as well as charge-dispersion
fragmentations, the most probable fission fragments ob-
served are found identical. In the decay of light-mass iso-
topes of Th, i.e. 2?2224Th*, the near-symmetric fission
is preferred due to deformed magic number of neutrons
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(N = 62) of quadrupole deformed fragment. However,
the asymmetric fission involving octupole deformed frag-
ment (Z = 56; 144Ba or in its vicinity) is found prominent
in the case of heavier isotopes of Th, i.e. 226:228,230T]*
From above analysis, the near-symmetric and asymmet-
ric fission modes observed in the decay of Th isotopes,
due to involvement of deformations (up to f3) and re-
lated cold optimum orientation, are in agreement with
the experimental results.

Such investigations help in understanding the fission dy-
namics especially in the asymmetric region of heavy-mass
actinides. For further studies, one can explore the rele-
vance and importance of octupole deformed fragments
decaying from heavy and superheavy nuclei.
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