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Abstract: Numerous experimental and theoretical observations have concluded that the probability of the three
fragment emission (ternary fission) or binary fission increases when one proceeds towards the heavy mass region of
nuclear periodic table. Many factors affect fragment emission, such as the shell effect, deformation, orientation, and
fissility parameter. Binary and ternary fissions are observed for both ground and excited states of the nuclei. The col-
linear cluster tripartition (CCT) channel of the 235U(nth, f) reaction is studied, and we observe that the CCT may be
a sequential or simultaneous emission phenomenon. To date, different approaches have been introduced to study the
CCT process as a simultaneous or sequential process, but the decay dynamics of these modes have not been not fully
explored. Identifying the three fragments of the sequential process and exploring their related dynamics using an ex-
citation energy dependent approach would be of further interest. Hence, in this study, we investigate the sequential
decay mechanism of the 235U(nth, f) reaction using quantum mechanical fragmentation theory (QMFT). The decay
mechanism is considered in two steps, where initially, the nucleus splits into an asymmetric channel. In the second
step, the heavy fragment obtained in the first step divides into two fragments. Stage I analysis is conducted by calcu-
lating the fragmentation potential and preformation probability for the spherical and deformed choices of the decay-
ing fragments. The most probable fragment combination of stage I are identified with respect to the dips in the frag-
mentation structure and the corresponding maxima of the preformation probability (Pp). The light fragments of the
identified decay channels (obtained in step I) agree closely with the experimentally observed fragments. The excita-
tion energy of the decay channel is calculated using an iteration process. The excitation energy is shared using an ex-
citation energy dependent level density parameter. The obtained excitation energy of the identified heavy fragments
is further used to analyze the fragmentation, and the subsequent binary fragments of the sequential process are ob-
tained. The three identified fragments of the sequential process agree with experimental observations and are found
near the neutron or proton shell closure. Finally, the kinetic energy of the observed fragments is calculated, and the
middle fragment of the CCT mechanism is identified.
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I. INTRODUCTION

The irradiation of neutrons onto uranium isotopes re-
vealed an important phenomenon known as nuclear fis-
sion [1]. It is a very complex phenomenon and still not
fully understood as various tools and mechanisms are em-
ployed to understand the evolving process. The partition-
ing of a nucleus depends on various factors such as excit-
ation energy, mass asymmetry, shell effect, and deforma-
tion. The decay dynamics of the nucleus also alters when
transitioning from the lighter to heavy mass region. A

major property of nuclei belonging to the heavy mass re-
gion is that they can decay into two or three fragments,
and the process is termed binary or ternary fission, re-
spectively. Binary emission of the decaying fragments is
very common and fully understood, but ternary fission is
arare and a relatively complex process. Numerous exper-
imental and theoretical attempts [2—11] have been made
to understand the exotic ternary decay mechanism. Ref.
[12] concluded that the main reason for the three frag-
ment emission is the proton or neutron shell closure ef-
fect associated with the decaying fragments. The ternary
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decay mechanism is basically of two types, i.e., light
particle accompanied fission (LCP) or true ternary fis-
sion (TTF), and both phenomena depend on the mass of
the third fragment. In the LCP mode, a light third frag-
ment is emitted, whereas in TTF, three fragments of com-
parable size are emitted. Ternary fission has two prob-
able geometrical configurations: equatorial cluster tripar-
tition (ECT) and collinear cluster tripartition (CCT).
Studies [11, 13] have shown that the ECT process is suit-
able for the emission of the light third fragment, whereas
the CCT process is suitable for both the light and heavy
third fragment emission. Additionally, nuclear shapes
play an important role in three fragment emission [14,
15].

The behaviour of the nuclei belonging to the heavy
mass region was studied using the saddle point model
[14, 16], and the studies suggested that two or three neck
shapes are more probable when transitioning from the
lighter to heavier mass region. Over the last few decades,
different tools have been employed to explore the com-
petitive behaviour of fissioning nuclei. Particular atten-
tion has been given to the thermal neutron induced fis-
sion of heavy nuclei. The mass distribution and related
kinetics of three particle emission from the 2°U(n®, ) re-
action was studied experimentally by Schmitt et al. [17],
who concluded that shell effects have an important role in
both binary and ternary emission. Additionally, the neut-
ron induced fission of 2*U,?U, ?*Pu, and **!Pu nuclei
was studied in Ref. [18], where triton and alpha particles
were detected along with two fission fragments. The
study concluded that the probability of long range alpha
(LRA) particle emission increases with an increase in fis-
sility parameters.

Pyatkov et al. [19, 20] performed an experiment to
study the spontaneous fission of 22Cf nucleus and
thermal neutron induced reaction on 2**U nucleus within
the CCT geometrical channel of the ternary fission. In
this experiment, binary coincidences with two detectors
placed at a relative angle of 180° were measured, and the
third fragment was estimated using the missing mass
method. They concluded that there is probability of emis-
sion of Sn/Ni or Sn/Ge clusters, and the process may be a
simultaneous emission or sequential process. This experi-
ment provided a new view in the field of ternary fission,
and numerous approaches have been introduced to ex-
plore the CCT process. An analysis of the sequential de-
cay of the 2°U(n", f) reaction was conducted in Ref. [4]
using the DNS model, and the clusters of Ge and Se iso-
topes along with Ni and Zn isotopes were identified as
the probable decaying fragments in the CCT mechanism.
After this analysis, sequential ternary decay of 2>2Cf nuc-
leus was studied by Tashkhodjaev et al. [21], where the
relative yield of Ni and Sn nucleus was found to be large.
Similarly, the sequential emission of the fragments from
22Cf nucleus was studied and the kinetic energy of the

fragments calculated in Ref. [22]. The study concluded
that the kinetic energy of the middle fragment is the least
among the three. The study observed that the kinetic en-
ergy depends on the excitation energy of the decaying
fragments. Exploring the CCT mechanism using an excit-
ation energy dependent approach would be of further in-
terest. In this paper, a quantum mechanical fragmenta-
tion theory (QMFT) based approach is applied to explore
the sequential emission of the 2U(n", f) reaction. The
sequential process is considered to occur in two steps,
where the nucleus initially divides into two fragments and
one of the fragments further decays via binary fission.
The decaying fragments are identified using the frag-
mentation potential and preformation probability (Py).
The calculations are performed by determining the total
excitation energy of the decaying fragments using an iter-
ation process, and the excitation energy is shared using an
excitation energy dependent level density parameter.

The primary objectives of this study are (i) to analyze
the mass fragmentation of the 2°U* nucleus and identify
the probable decaying fragments, (ii) calculate the excita-
tion energy of the decay channel and sharing of energy
among the decaying fragments, (iii) perform a decay ana-
lysis of the heavy fragment at its respective excitation en-
ergy, and (iv) obtain the kinetic energy of the identified
fragments in exit channel. The remainder of the
manuscript is organized as follows. Section II describes
the methodology used, and the QMFT based model used
to analyze the sequential decay process is briefly dis-
cussed. The fragmentation analysis and sharing of the ex-
citation energy is presented in Sec. III. Finally, the sum-
mary of the results is provided in Sec. IV.

II. METHODOLOGY

In this study, the sequential decay of the 2U(n™, f)
reaction is investigated within the QMFT framework
[23—36]. The decay mechanism is considered in two
stages. In the first step, the parent nucleus decays via an
asymmetric decay channel 4,+4,, and in the second step,
the heavier fragment 4, should break into two fragments
A and A,. The pictorial representation of this mechan-
ism is shown in Fig. 1. The partitioning of the nucleus is
considered along the fission axes in both of the stages.
Here, the heavier fragment of the stage I does not change
the momentum direction when it divides into two frag-
ments. The decay of the compound nucleus is analyzed
using the excitation energy and an excitation energy de-
pendent level density parameter. The total excitation en-
ergy of the fission fragments is given [37, 38] as follows:

E'=E}+Q-V, (1)

where E7 is the excitation energy of the fissioning parent
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Fig. 1. (color online) Pictorial representation of the sequen-
tial decay of the Collinear cluster tripartition (CCT).

nucleus, V is the interaction potential of the decay chan-
nel, and Q is the O-value of the decay channel. The calcu-
lations are performed at temperature 7, which is related to
the total excitation energy E* as

E* = a(E)T?-T, )

here, a,(E*) denotes the excitation energy dependent level
density parameter [37, 39], expressed as

1- E*/E
a(E) = aay (1+ ZXRE B )
here, a;(4;) is obtained from [40]:
a;(A;) = 0.13374, - 0.06571A3 4)

and Ep=18.5 MeV. After T is calculated, the fragmenta-
tion potential is calculated as

2 2
Ve, T) = Y [Viom(AnZi T+ > _[6Udexp(~T%/T3)

i=1 i=1

+Ve(R,Z;, 51,0, T) + Vp(R,A;, B, 0i, T). Q)

Here, V,,, is the temperature dependent macroscopic li-
quid drop potential values obtained from Davidson et al.
[41]. 60U denotes the "empirical" microscopic shell cor-
rection as given in [42]; additionally, it is made 7-de-
pendent to vanish exponentially with Ty=1.5 MeV [43].
For both V,,,, and dU, the parts of the binding energy
(B.E.) are obtained using the macro-microscopic re-nor-
malization method of Strutinsky [44]. J6U is strongly af-
fected by the E* of the nucleus (see Eq. (5)) and begins
fading at sufficiently higher energies [43]. The “optim-
um” orientations 6™ for the hot-compact and cold-elong-
ated configurations are obtained from Table 1 of Ref.

[45]. The deformation values are obtained from Ref. [46].
In Eq. (5), V¢ and V, are the Coulomb and proximity po-
tentials, respectively (for a description, see Ref. [29, 47]).
The fragmentation potential V(#, T) is futher employed
to calculate the preformation yields Py(A;) of the decay-
ing fragments (A;), which is obtained by solving the
Schrodinger equation in #-coordinate at fixed R = R,,

oo 1 8
————— 1V, ’T v = E , 6
{ 2 /B0 By n >}w<n> v, (6)

where v=0,1,2,3... referring to ground state (v =0) and
excited state solutions, with the ground state preforma-
tion probability P, given as

2
Py = @A) /B ~— (7

ACN

The higher values of v also contribute to the excited
states, and these contributions enter via excitation of
higher vibrational states. For these excited states, the
wave function is given by

P’ =y Pexp(—E"/T). ®)

v=0

Py is the probability of finding certain mass fragments at
position R on the decay path and is calculated using col-
lective clusterization to estimate the fission products. B,,
in Eq. (7) represents the smooth hydrodynamical mass
parameter [48]. Furthermore, for the binary fission, the
total excitation energy E* should be distributed among
the two fission fragments and is proportional to their level
density parameters. Based on this, the excitation energy
between the decaying fragments is calculated using the
level density parameter [37, 38]:

E*a;

* i
E; = :
a)+ap

)

here, E; denotes the excitation energy of one of the de-

Table 1. Calculated Q-value, proton and neutron numbers,
and barrier height for the spherical and cold choices of decay
fragments.

Barrier height/MeV
Spherical Cold

Decay channel Q Value/MeV (N1,Z1)H( N2, Z2)

70Ni+166 Gd 158.64 187.79 17654  (42,28)+(102,64)
72Ni+104 Gd 158.41 188.64 177.51  (44,28)+(102,64)
80 Ge+19Nd 174.33 193.69  186.64  (48,32)+(96,60)
82Ge+194Nd 177.59 199.95 189.26  (50,32)+(94,60)
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cay fragment, and a; represents the corresponding level
density parameter.

III. CALCULATIONS AND DISCUSSIONS

This section represents the sequential decay analysis
of the 2»U(n", f) reaction using the temperature depend-
ent fragmentation approach. The decay mechanism is
considered to occur in two stages. In the first stage, one
of the three fragments is identified along with a comple-
mentary heavy fragment. The total excitation energy of
the decay channel is calculated and is divided among the
two fragments using the level density parameter. The
heavy fragment further divides into two fragments owing
to its instability in the second stage. First, Sec. III.A ana-
lyzes the fragmentation of the 2*U* nucleus using the
fragmentation potential, and the preformation probability
and most probable decaying fragments are identified. The
barrier characteristics of the identified decay channels are
compared for light and heavy fragments as the first frag-
ments of the sequential emission. Subsequently, in Sec.
II1.B, the total excitation energy of the decay channel is
calculated using an iteration process, and the sharing of
the excitation energy among the fragments is estimated
using the excitation energy dependent level density para-
meter. In Sec. III.C, the decay of the heavy fragment in
stage I is presented, and fragments of the sequential frag-
mentation are identified. The kinetic energy of each frag-
ment is calculated, and related dynamics are explored.
Sec. IV summarizes the observed results.

A. Decay analysis of 2*U* nucleus and identification of
the probable fragments
In this section, stage I of the decay of the?**U* nucle-
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us is analyzed using the fragmentation potential and pre-
formation probability. First, the fragmentation potential is
calculated for the 2°U* nucleus at E* = 6.55 MeV (excit-
ation energy of the nucleus due to thermal energy in-
duced by neutrons) for the spherical and deformed
choices of the decaying fragments. The calculated frag-
mentation potential is plotted as a function of fragment
mass A, in Fig. 2 for the (a) spherical and (b) deformed
(cold) choices of the decaying fragments. Note that the
decay fragments with the minimum fragmentation poten-
tial value (or present at the dips of the fragmentation
structure) represent the most probable decay channel.

It is evident from the figure that the asymmetric fis-
sion distribution is obtained for the spherical and de-
formed choices of the decaying fragments. The experi-
mental observations of [49] support the asymmetric mass
distribution for the 2*U(n®, f) reaction; hence, our res-
ults agree with the experiment. Furthermore, in the exper-
imental observation of the CCT [18, 19] of the 2*U(n", f)
reaction, $7%72Ni and ®8Ge fragments were detected
along with complementary '28130.132Sn fragments, and the
third fragment was detected using the missing mass ap-
proach. As our analysis is a sequential process, among the
three decay fragments, Fragment A, obtained in step I is
identified and compared with an experimentally ob-
served fragment. The other two fragments A; and A, are
identified in Sec. III.C. Fragment A; of the experiment-
ally observed CCT decay channel lies in 68—82 mass re-
gion. Hence, to identify A;, we have plotted the frag-
mentation potential for A;= 60—90 in inset of Fig. 2 for
the (a) spherical and (b) B8,-deformed choices of the de-
caying fragments. Here, the dips of the fragmentation po-
tential represent the probable decaying fragments. We ob-
serve from the fragmentation structure that 7°Ni, 7>Ni,
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(color online) Fragmentation potential 7 plotted as a function of fragment mass A, for the (a) spherical and (b) deformed
choices of the decaying fragments. The inset of the figures represents the fragmentation potential for 4,=60—90.
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76Zn, ¥Ge, 32Ge, and % Se represent the most probable
A, fragments for the spherical choice of the decaying
fragments. For the §8,-deformed choice of the fragments,
the identified fragments A; are "Ni, 7>Ni, 7*Zn, 3°Ge,
8Ge, #Ge, and ¥Br. The identified fragments °Ni, 7>Ni,
80Ge, and %2Ge were also detected in the experimental
results. Hence, the first step of our analysis agrees with
the experimental observation [19]. After the fragmenta-
tion potential, the other factor used to identify fragments
is the preformation probability of the decaying fragments.
The preformation probability is calculated by solving
Schrodinger's equation in the 7-coordinate and plotted as
a function of fragment mass A; (i=1,2) for the (a) spheric-
al and (b) deformed choices of the decaying fragments.
This is shown in Fig. 3. Note that the preformation distri-
bution also supports asymmetric fission distribution for
both spherical and B,-deformed choices of the decaying
fragments as we observed using the fragmentation struc-
ture. Here, the peaks in the preformation probability rep-
resent the most probable fragments. The insets in Fig. 3
(a) and (b) represent the preformation probability values
for A;=65-85. The identified fragments are °Ni, 7>Ni,
80Ge, and 32Ge for both spherical and deformed choices
of the fragments. Hence, "°Ni, 7>Ni, 3Ge, and 32Ge are
considered the most probable A, fragments of stage I
These identified decay fragments and their complement-
ary fragments lie near the proton and neutron shell clos-
ure.

It is important to mention here that, in the experi-
mental observation, heavy Sn fragments were observed,
and these fragments are evident in the calculated frag-
mentation structure and preformation probability distribu-
tion for both choices of the decaying fragments. These Sn

fragments may be emitted along with complementary
fragments in the first stage of the sequential analysis. It
will be of interest to observe which of these two choices
dominate in stage I. For this analysis, the scattering po-
tential of the light A, and heavy (Sn) A, fragments is cal-
culated and plotted as a function of the R-coordinate, as
shown in Fig. 4 for the spherical choice of the decaying
fragments. The figure shows that the barrier height of the
decay channel increases with an increase in the mass
number of the light A, fragment (see Fig. 4 (a)) and al-
most equal for the heavy A, fragment (see Fig. 4 (b)).
The light A, fragment combinations of Fig. 4 (a) have a
lower barrier height than the heavy A, fragment combina-
tions (Fig. 4 (b)). The barrier characteristics are also stud-
ied using the deformed choice of the decaying fragments
and are shown in Fig. 5. Note that the barrier height is re-
latively lower for the deformed choice than for the spher-
ical choice of the decaying fragments. The difference in
the barrier height is basically due to the larger Coulomb
repulsion and the change in the nuclear proximity poten-
tial. The light A, fragment has a lower barrier height than
the heavy one for both spherical and deformed choices of
the decaying fragments. Hence, we may conclude that the
light A, fragments are more probable than the heavy A,
fragment in stage I. After this analysis, the excitation en-
ergy of the decaying fragments is calculated and the res-
ults are discussed in the next section.

B. Sharing of the excitation energy using level density
parameter

In the previous section, the decay channel is identi-
fied using the fragmentation potential and preformation
probability. Furthermore, the barrier characteristics of the
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(color online) Calculated preformation probability P, plotted as a function of fragment mass 4;, (i=1,2) for the (a) spherical
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decay channel are studied, and °Ni, >Ni, 3°Ge, and #Ge
are considered the most probable A; fragments of stage I.
In this section, the total excitation energy of the decay
channel is calculated using the scattering potential at the
touching configuration of the decaying fragments.

The QMEFT uses the terms of the mass asymmetry co-
ordinate (7) and relative separation coordinate (R). After
the preformation analysis using mass asymmetry coordin-
ate (1), the subsequent decay dynamics are examined us-
ing the scattering potential (/), which is calculated in
terms of the R-coordinate. The scattering potential is cal-
culated for the decay channel °Ni+!%°Gd and is shown in
Fig. 6 at T= 0 MeV. Note that the total excitation energy
of the decay channel can be calculated by subtracting the
interaction potential value from the sum of the O value
and E*(see Eq. (1)). Furthermore, the barrier height for
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Fig. 4.  (color online) Calculated scattering potential as a
function of the R-coordinate for the (a) light and (b) heavy 4,
fragments using a spherical choice of the decaying fragments.
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Fig. 5.  (color online) Calculated scattering potential as a
function of the R-coordinate for the (a) light and (b) heavy 4,
fragment using a deformed choice of the decaying fragments.

the spherical and the cold choice of the identified decay
channels are calculated and listed in Table 1. The table
also presents the calculated Q value and shell effects as-
sociated with the decay channel. Note from the table that
the Q-value of the decay channel increases with an in-
crease in the size of the smaller fragment. Furthermore,
the barrier height of the decay channel increases with an
increase in the size of the A, fragment. All the identified
decay fragments lie in the neighbourhood of proton and
neutron shell closure.

The total excitation energy is calculated using an iter-
ation process using Eq. (1), where the scattering potential
is initially calculated at 7=0 MeV, and the correspond-
ing Ey* is obtained. Furthermore, using this E;*, we ob-
tain the total excitation energy (Ey*) of the decay chan-
nel. This approach is used in Refs. [37, 38], which con-
sider that the damping of the shell effects is small at the
obtained excitation energies of the fission fragments.
First, the excitation energy is obtained using 7= 0 MeV.
For the four cases, °Ni+'%Gd, °Ni+!'°Gd, 8 Ge+!5°Nd,
and #Get!3Nd, the excitation energies are calculated
and shown in Fig. 7. The figure indicates that for the
spherical choice of the decaying fragments, the excita-
tion energy increases up to 8°Ge and decreases for #2Ge.
After this strange observation of the excitation energy of
the decay channel %2Ge+'>*Nd, the deformation effects
are included [46] (8.1= 0.053, B»=0.270). As a next step,
the excitation energy is calculated using the deformed
choice of the decaying fragments. For the deformed
choice of the decaying fragments, the excitation energy
increases with an increase in fragment mass. Hence, the
deformation effects play an important role in the estima-
tion of the excitation energy of the decaying fragments.
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Fig. 6. Calculated scattering potential of the decay channel
as a function of the R-coordinate. The total excitation energy
of the decay channel can be calculated using Q,,, and £* and
can be easily observed in the figure.
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After the calculation of the excitation energy (E;*) at
T =0 MeV, the level density parameter at these excita-
tion energy is calculated using Eq. (3). This level density
parameter is used to calculate the value of Ey* using Eq.
(1). For this process, temperature dependent binding ener-
gies (TDBEs) are calculated at their respective T values.
Using these TDBEs, we calculate Q. and estimate the
interaction potential at respective T values. The calcu-
lated value of the E}+Q and the scattering potential V' is
plotted as a function of fragment mass A; for the spheric-
al choice of the decaying fragments and shown in Fig. 8.
We observe that the E}+Q value is higher than V value
for °Ni and 7?Ni. Furthermore, the value is lower for the
80Ge and 32Ge fragments, which correspond to a negat-
ive E* value. Similar results can be observed in Fig. 9,
which presents the values obtained using the deformed
choice of the decaying fragments. Hence, the fragment
combinations °Ni + Gd and 7’Ni + '*Gd are more
probable decay channels than #Ge + *Nd and 32Ge +
I134Nd. Similar analysis is made in Ref. [50], where the
emission probability of the heavy fragments increased
with a higher value of E}. Hence, we proceed with °Ni
and 7>Ni along with their complementary fragments. The
obtained values of Ey* for the 7°Ni and 7>Ni decay chan-
nels are 4.91 and 5.93, respectively, for the spherical
choice and 4.52 and 11.40, respectively, for the de-
formed choice of the decaying channel. Thereafter, the
level density parameter for both of the fragments is calcu-
lated at this excitation energy, and the sharing of the ex-
citation is performed using the relation Eq. (9). The
shared excitation energy of each fragment of the decay
channel for the spherical and deformed choice is shown
in Table 2. The heavy fragment has a higher value of the
excitation energy than the lighter fragment. The decay of
the heavy fragment A, at this excitation energy is ana-
lyzed in the next section.

C. Decay analysis of the heavy fragment A, at the re-
spective excitation energy

In the previous section, Ni+!'°Gd and 7?Ni+!*Gd
channels are identified as the probable decay channels of
the 2$U(n"™, f) reaction. The excitation energy of the de-
cay channels is calculated. We also observe that the
heavy fragment (A,) of the decay channel has more excit-
ation energy than the light fragment (A;). Hence, the
probability of splitting of a heavy fragment is higher than
that of light fragments. It is relevant to note that, the de-
cay analysis of Gd isotopes was made in Ref. [51], and
concluded that these nuclei may lead to heavy Sn iso-
topes as daughter fragment. The fissile nature of various
nuclei was also studied in Ref. [52], which showed that
the nuclei whose fissility parameter lie between 30.5 and
43.3 are more favourable as the three fragment emission.
The fissility parameter for 22U nucleus is 35.86; hence,

16

—¥%— Spherical

—A— Deformed (cold) | A
14+ /
A
*

124

] / \
84 *
61
4

*/*

N 2N 9Ge 82Ge
Fragment Mass A,

*

Excitation energy E, (MeV)

Fig. 7.
for the identified decaying fragment.

(color online) Calculated excitation energy (MeV)

R Sphrical |
170-
> \
D
=
1651
160+

ON{ 2N 0Ge 2Ge
Fragment A,

Fig. 8. (color online) Graphical representation of Ef"+Q
and the interaction potential value at touching state for the
spherical choice of decaying fragments.

three fragment emission is probable for this nucleus. The
abovementioned points demonstrate that the three frag-
ment emission is applicable for the?**U nucleus. Hence,
the Gd isotopes can further exhibit binary division. First,
the fragmentation potential is calculated, as shown in Fig.
10, for the '%*Gd and '°Gd nuclei for the (a,c) spherical
and (b,d) deformed choices of the decaying fragments for
A3;=25—45. The most probable decaying fragment com-
bination A;+A, can be obtained with reference to the dips
in the fragmentation structure. The obtained combination
of the decaying fragments is marked in the figure and is
shown in Table 3. The table shows that the identified
fragment pairs remain unchanged independent of the de-
formation effect. The most probable decaying fragment
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Fig. 9. (color online) Graphical representation of Ef*+Qy

and the interaction potential value at touching state for the de-
formed choice of decaying fragments.

Table 2. Shared energy values E; and E, of the excitation
energy En* in MeV for the fragments A; and A, using excita-
tion energy based level density parameter.

Spherical Deformed
Decay channel " " " -
EI EZ El E2
TONj+166 Gd 3.817 1.095 3.902 1.115
2Ni+104 Gd 4.891 1.995 8.765 2.635

combination contains Mg, Te, Si. and Sn isotopes.The
obtained decaying fragments lie near the neutron and pro-
ton shell closure. In the experimental attempt of CCT,
isotopes of Ni, Si, and Sn are obtained, and the third frag-
ment is identified using the missing mass method. This
analysis shows that Si isotopes may appear as the middle
fragments. In addition, the Mg and S isotopes appear
along with Te or Cd isotopes in the second step of the
CCT mechanism. An experimental verification of these
fragments would be of further interest.

After identifying the A; and A, fragments, we ana-
lyze the recognition of the middle and side fragment of
the CCT mechanism. This is accomplished by calculat-
ing the total kinetic energy (TKE) of the decaying frag-
ments. After the decaying fragments are identified, the
kinetic energy of these channels is calculated using the
TKE relation from Ref. [53]:

02904(21 +Zz)2 A]A2

TKE = )
AP +A — (A1 + A1 (A1 +A42)

(10)

The kinetic energy is shared using the reduced mass
concept, and the obtained values of the kinetic energy of
each fragment are shown in Fig. 11. Note that the kinetic
energy is higher for the Sn fragments and lower for Ni

Table 3.

Most probable decay channel obtained in stage II

for 1Gd and '°°Gd nuclei for the spherical and deformed

choices of the decaying fragments.

S. 16434 166 54

no. Spherical Deformed Spherical Deformed

I 30Mg+!¥Te  30Mgt+!¥Te - _

2. RMg+PTe Mg+ PTe RMgtHTe  2Mg+ M Te
3. 34gi4130g, 346 130G, 3Mgip12g, 3Mgip12g,
4. 36Gi+128g, 36gi+128g, 36Gi4+130g, 36Gi4+130g,
5. 38gi+126g, 38gi+126g, 38gi+128gn 38gi+128g,
6. 40g 124 g 40gp124 g — —

isotopes. In contrast, the Si isotopes have the least value
compared with the other two fragments of the decay
channel. Hence, the Si fragment is the middle fragment of
the decay channel. Similar results were obtained for 2°2Cf
isotopes in Ref. [22], where the kinetic energy of the
middle fragment was significantly lower than those of the
other two fragments. Hence, the kinetic energy of the
middle fragment remains low in spontaneous and in-
duced fission processes.

IV. SUMMARY

The decay of the 2»U(n™, f) reaction is analyzed us-
ing a QMFT based approach. CCT is studied as a sequen-
tial process, where the nucleus division occurs in two
stages. In the first stage, the nucleus divides into asym-
metric fragments, and the heavier fragment further di-
vides into two fragments. Stage I is analyzed using the
fragmentation potential and preformation probability for
the spherical and deformed choices of the decaying frag-
ments. The most probable A; fragments identified are
7ONi, 72Ni, 3°Ge, and 3?Ge nuclei. In addition, the frag-
mentation structure suggests heavy Sn isotopes as prob-
able decaying fragments. We compare the barrier charac-
teristics of the light fragments ("°Ni, 7?Ni, #Ge, and
8Ge) and heavy Sn isotopes and observe that lighter
fragments have a higher emission probability.

The excitation energy of the identified decay chan-
nels is calculated using an iteration process. Initially, the
excitation energy E; is calculated, which increases with
an increase in the fragment mass A, of the decay channel
for the deformed choice of the decaying fragments. This
energy is further used to calculate the total excitation en-
ergy Ej of the decaying fragments using the temperature
dependent binding energies (TDBEs) and temperature de-
pendent interaction potential. In this process, *Ni+'%°Gd
and "?Ni+!*Gd are observed to be the most probable de-
cay channels. The obtained Ej; is shared among the de-
caying fragments using an excitation energy dependent
level density parameter. The fragmentation of the ob-
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al and deformed choices of the decaying fragments.
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Fig. 11.  (color online) Calculated kinetic energies of the
three fragments for the cases obtained in stage II of the se-
quential decay mechanism.

tained heavier fragments ('%°Gd and '%*Gd) is analyzed at

(color online) Fragmentation potential ¥ for 164196 Gd* calculated as a function of fragment mass Az = 25-45 for the spheric-

corresponding shared excitation energies. The identified
A; and A, fragments are 3032Mg, 3+-40Sj, 126-1328n  and
132.134 e, respectively. The identified decay channel con-
taining Ni, Si, and Sn isotopes agree with experimental
observations. The fragmentation structure also suggest
few additional tri-partition combinations containing Ni,
Mg, Sn, and Cd isotopes, for which experimental verific-
ation would be of further interest. The total kinetic en-
ergy of the decay fragments is calculated for both stages,
and the energy sharing is estimated using the reduced
mass approach. The middle fragment of the sequential
CCT mechanism is identified using the kinetic energy of
the fragments. The fragmentation of the CCT mechanism
as a simultaneous process (where three fragment emis-
sions occur simultaneously) and comparison with the se-
quential process would be of further interest.
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